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ARTICLE INFO ABSTRACT
Keywords: The retrofitting of existing buildings is a challenging strategic objective towards achieving the European climate
ZEB neutrality target by 2050. According to the Renovation Wave plan, the European Union aims to renovate around

Mediterranean climate

Exoskel 35 million existing inefficient buildings to the highest energy efficiency level by 2030, requiring innovative
xoskeleton

o - technological solutions to succeed in this ambitious goal. Along this line, this paper proposes a prototype of a
Building energy retrofitting . L s 1 « '
Existing buildings novel solar exoskeleton for the energy and architectural retrofitting of existing buildings, called “en-SOLEX”. The
BEM system comprises a self-supporting external steel frame that envelops buildings like a double skin. It combines
RES integration passive solar gain control, such as shading and greening, with high-efficiency active solar systems, including PV

panels. The system’s modular and flexible design makes it easy to install, allowing for retrofitting from the
outside without affecting occupancy, reducing the time and cost of its implementation. The energy-saving po-
tential of the system, thermal and daylight comfort, and payback period with different facade configurations
were evaluated on a multi-family residential building in a Mediterranean climate. The energy simulations
demonstrate that the proposed solution can significantly reduce the energy required for space heating and
cooling, by 33.4% and 25.5% respectively. A maximum reduction of 80.7% and 60.5% for heating and cooling is
achieved by integrating the “en-SOLEX” system with generator replacement. The integration of renewable energy
sources leads to surplus electricity generation, which causes the building to exceed its average annual electricity
demand regardless of the building orientation, thus transforming the existing building into a NetPlus one.

are most easily achievable and cost-effective [3]. Buildings are respon-
sible for approximately 40 % of the EU’s final energy consumption and
36 % of its carbon dioxide emissions [4]. The residential sector alone
accounts for 26.1 % of final energy consumption and 16.6 % of gross
inland energy consumption [5]. These significant shares emphasize the
reasons why European energy policy is increasingly focusing on effi-
ciency measures in the building sector [6]. In this sense, the Energy
Performance of Buildings Directive (EPBD) introduced in 2010 the
obligation to build only nearly Zero Energy Buildings (nZEB) from 2021
onward [7].

While the number of nZEBs is increasing across Europe [8], they are
primarily limited to new constructions and represent only a small
portion of the overall European building stock. Therefore, in 2018, the
Therefore, a comprehensive energy transition plan involving all sectors recast of the European Directive 844/2018 [9], placed particular stress

of European society is necessary to achieve this ambitious target in less on the energy renovation of existing buildings, which make up the
than a decade [2]. largest share in Europe. The latest draft of the EPDB revision, updated

following the “Fit for 55” package, further emphasizes the importance of
improving the energy efficiency of existing buildings as a key objective

1. Introduction

For several decades, the European Commission has been pursuing
the objectives of reducing energy consumption and increasing energy
efficiency in the building sector. The European Green Deal has set new
targets for the transition from fossil fuels to renewable energy, to ach-
ieve climate neutrality by 2050 [1]. The European Union has recently
adopted the “Fit for 55" package to implement the Green Deal Act,
which aims to reduce net greenhouse gas emissions by 55 % by 2030
compared to 1990 levels. It is important to note that the EU only
managed to decrease its emissions by 20 % between 1990 and 2020,
highlighting the magnitude of the action needed to reach this goal.

The building sector has always been identified as one of the most
energy-intensive, but it is also the sector where energy efficiency targets
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Nomenclature RES renewable energy source
RMSE root mean square error
BIPV building integrated photovoltaic S simulated data
COP coefficient of performance
CV(RMSE) coefficient of variation Symbology ) o
D daylight factor e delivered electricity
EER energy efficiency ratio e® exported electricity
EPBD Energy Performance of Buildings Directive 8 electr1c1ty. generatlon
EU European Union ne(t) net electricity
HP heat pump st self-consumed electricity
M measured data Tonr mean radiant temperature
MBE mean bias error Top operative temperature
nZEB nearly zero energy building A thermal conductivity
PBP payback period Dr reference daylight factor
PV photovoltaic Drm minimum reference daylight factor
RC renewable energy coverage

for an effective energy transition in the European Union.

Indeed, a significant quota of the building stock in Europe is more
than 50 years old and has been identified as inefficient, requiring the
significant implementation of retrofit measures to reduce energy de-
mand and CO; emissions [10]. For instance, in Italy, about 86 % of the
existing building stock was built before 1991 [11], when the first
regulation that effectively promoted energy efficiency in the building
sector came into force. As a result, the majority of the Italian building
stock has significant energy efficiency shortages and needs to be
significantly renovated, given the European targets for decarbonisation
of the building sector [12]. In line with the European Green Deal, the EU
has developed a “renovation” strategy and action plan, which includes
specific measures to increase renovation activities. According to the
Renovation Wave plan, around 35 million existing buildings need to be
upgraded to the highest energy efficiency level by 2030, and innovative
technological solutions are required to achieve this ambitious goal [13].

While achieving nearly zero energy targets for new buildings is
relatively easy, upgrading existing buildings to meet these standards is
much more complex [14]. Decreasing energy consumption in existing
buildings is, in fact, a costly process. This is due to the higher density of
the consolidated urban context, the inherently energy-intensive nature
of existing buildings, and the considerable heat dispersion of the
building envelope [3,15,16]. Furthermore, integrating renewable en-
ergy sources (RES) into existing buildings may not effectively cover the
overall building energy demand due to limited available surfaces and
poor structural load-bearing capacity, particularly in high-density urban
areas [17,18].

Several studies focused on the energy refurbishment of existing
buildings to improve their energy performance [19-25]. One primary
method for developing low-carbon buildings is to upgrade the thermal
efficiency of the building envelope components passively [26]. This can
be achieved by adding additional layers of thermal insulation to opaque
envelope surfaces [23,27] or replacing existing windows with double or
triple-glazing systems to reduce heat loss through envelope surfaces and
thermal bridges [28].

Passive retrofitting is recognised as essential for the development of
low-carbon buildings. By improving the thermal transmittance of the
building envelope, depending on climatic zones, it is possible to achieve
heating energy savings of up to 58.3 % [29]. Additionally, the integra-
tion of innovative materials, such as Phase Change Materials (PCMs), in
existing building envelopes can further increase the total annual energy
saving [30]. Along this line, research by Dardouri et al. [31] demon-
strated that integrating PCMs with 6-cm-thick EPS insulation panels led
to a notable enhancement in the energy-saving performance of the
insulation, increasing from 26.9 % to 46.3 %, thereby improving the
building’s thermal behaviour even during the cooling period.

When implementing these strategies, especially in hot climates, it is
crucial to address the issue of overheating during cooling months
[32,33]. Enhancing hybrid or natural ventilation within the building
during the cooling period has been proven to be effective in reducing
overheating issues caused by over-insulation of the external envelope
[34-37]. Even the addition of a fixed or shading system can significantly
reduce the overheating risk reducing energy demand for cooling and
improving thermal comfort [38-40]. Such renovation strategies pri-
marily focus on curbing the building’s energy consumption, neglecting
the critical need to significantly enhance on-site energy generation to
meet the majority of the building’s energy demand [41].

To address this issue, an even more effective solution is the use of
active retrofitting measures combined with the integration of renewable
energy sources. The retrofitting of existing heat generation with a
combined use of heat pumps and photovoltaic (PV) systems, is consid-
ered the most cost-effective solution to cover existing building demand
and reduce grid energy load [42,43].

In the context of retrofitting energy in residential buildings, the most
commonly employed actions include external wall insulation, the
replacement of obsolete plant systems and the integration of PV tech-
nology. Ballarini et al. [44] evaluated the most effective energy effi-
ciency measures and found that replacing both envelope components
and heat generators produces an average of 65 % energy savings. Along
the same line, Calise et al. [45] demonstrated that the integrated use of a
heat pump, thermal insulation, and a photovoltaic field, with a lithium-
ion battery resulted in a 52 % reduction in primary energy consumption
and a 49 % reduction in CO, emissions, increasing the self-consumed
electricity of existing retrofitted building.

Nevertheless, the integration of renewable energy into existing
buildings often requires a large area to meet the building’s energy needs.
Therefore, most measures for integrating photovoltaics only focus on the
available roof surface, which is usually insufficient, especially for high-
rise buildings. For this reason, new solutions involving building inte-
grated photovoltaics (BIPV) are becoming increasingly popular [46-48].
Xiang et al. [49] evaluated the energy performance of a novel BIPV
system. The study discovered that PV panels of varying colours can
cover up to 62.3 % of the annual household energy consumption for a
high-rise building in Norway.

Recent research tries to offer holistic solutions to the retrofitting of
existing buildings aiming to improve both their energy and seismic
performance [50,51]. Along this line, Evola et al. [52] investigated the
energy performance of a prefabricated timber-based retrofit solution
which allows reducing the energy need for space heating and space
cooling by 66 % and 25 %, respectively.

Santarsiero et al. [53] proposed an RC exoskeleton equipped with
insulation panels for the retrofit of a school building. The suggested
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reinforced concrete (RC) exoskeleton, incorporating insulation panels,
led to a notable enhancement in the seismic capacity-demand ratio,
increasing it by a factor of five. Simultaneously, thanks to PV integration
on the roof and heat generator replacement, the total non-renewable
energy consumption was reduced by approximately 80 %.

Nevertheless, these solutions are hardly able to provide net zero
goals in existing residential building renovation. Thus, a promising
innovative solution is spreading the use of steel exoskeletons for the
energy retrofitting of existing buildings [54-56]. The use of steel exo-
skeletons is a technological solution for enhancing building facade
performance, reducing building energy demand, and increasing building
structural capacity [57]. The exoskeleton acts as an external framework,
enveloping the existing buildings either partially or entirely, creating
usually discrete connections at specific points with the existing building
structure. This addition enhances the strength and rigidity of the exist-
ing structure even against seismic forces, while also creating a new
external envelope configuration, such as integrated double-skin or
ventilated facade designs [58]. The exoskeleton envelope can be posi-
tioned both against the building or set apart from the existing facade to
create additional living spaces, balconies, solar greenhouses and buffer
zones improving thermal comfort and liveability.
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Steel exoskeletons may have significant implications for sustain-
ability and environmental performance, in addition to their structural
and architectural benefits. These external frameworks can improve en-
ergy efficiency and reduce energy demands in the retrofitted building,
contributing to the overall sustainability of the built environment
[59,60]. The use of renewable energy technologies, such as photovoltaic
panels and solar shading devices, can improve the energy performance
of buildings. Furthermore, despite steel representing a material with
greater embodied energy, around 32-35 MJ/kg [61], the lightweight
nature of steel construction and its high structural strength per square
meter compared to other construction materials reduces the carbon
footprint associated with transportation and installation [62]. When
comparing the embodied energy of potential exoskeleton materials, such
as steel, aluminum, and structural timber, steel exhibits a higher
embodied energy than timber but a lower energy demand compared to
aluminum production. Conversely, when considering the entire LCA
assessment of the material from cradle to cradle, the high percentage of
recycled content in steel and the ability to be recycled multiple times
without significant degradation in quality reinforce its sustainability
profile, positioning it as a viable solution compared to traditional
building materials such as reinforced concrete and structural timber
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Fig. 1. Exoskeleton for reinforced concrete buildings: a) Marini et al. [62], b) Ferrante et al. [66], ¢c) Weber et al. [60], d) D’Agostino et al. [18], e) Labo et al. [56]

and f) D’Urso et al. [67].
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where glues and preservatives combined with the natural degradation of
the material may make it difficult to reuse and recycle [63,64].

Another benefit of these solutions is that they primarily require
intervention from outside the building, minimizing the need for reno-
vations and optimizing implementation time and costs without causing
interference from occupants.

Despite their many benefits, steel exoskeletons also present chal-
lenges and considerations that must be addressed during the design and
implementation process. Factors such as material selection, structural
detailing and compatibility with the existing building must be carefully
evaluated to ensure optimal performance and longevity [55]. In addi-
tion, the cost implications of incorporating steel exoskeletons into
building projects can be a barrier to widespread adoption, requiring a
thorough cost-benefit analysis to justify the investment.

Bellini et al. [65] proposed a combining seismic retrofit with energy
refurbishment for the sustainable renovation of reinforced concrete
buildings. The steel exoskeleton system which features solar green-
houses on the southern facade, along with thermal insulation using EPS,
new energy-efficient windows, and adjustable louvre shading systems
for controlling solar radiation can ensure a 70 % reduction in heating
energy consumption of a retrofitted building (Fig. 1a).

Along the same line, Ferrante et al. [66] developed a multifunctional
steel exoskeleton within the Pro-GET-onE project. This exoskeleton in-
tegrates various technologies to create thermal buffer zones, such as
balconies or additional space, which help to reduce solar radiation
during the summer months, provide solar heating during the winter, and
support plug-and-play installations for new HVAC systems (Fig. 1b).
Additionally, the exoskeleton integrates photovoltaic (PV) panels on the
roof. The system can reduce energy consumption by up to 75 % during
the winter months, with overall reductions of 35 % reported based on
simulations conducted for three case study locations (Greece, Italy and
Romania).

An alternative integrated exoskeleton system can be implemented by
using diagonal grids, or “diagrids,” as exoskeletons. These grids incor-
porate facade elements directly, offering structural, energy, and archi-
tectural enhancements. Weber et al. [60] designed a diagrid steel
exoskeleton for mid-rise and high-rise new buildings. The system can
reduce embodied and operational carbon by 37-80 % and 24-48 %,
respectively. In addition, the diagrid system equipped with PV panels
can achieve a net zero target with on-site production exceeding 134 % to
127 % of the building energy needs depending on building heights
(Fig. 1c).

A diagrid exoskeleton with PV panels for the energy and seismic
retrofit of existing buildings was proposed by D’Agostino et al. [18]. The
system can cover 47.5 % to 54 % of building electricity demand by PV
on-site generation using PV panels integrated into windows (Fig. 1d).

Labo et al. [56] presented an optimised design approach for the
diagrid system (Fig. 1e). This approach was aimed at minimising the
impacts and costs of the intervention throughout the life cycle of the
building. Similarly, a parametric optimisation algorithm was employed
by D’Urso et al. [67] to identify the most material-efficient diagrid
exoskeleton (Fig. 1f). Subsequently, several design concepts for inte-
grated retrofitting were developed, including renewable energy gener-
ation options such as building-integrated photovoltaics (BIPVs), vertical
gardens or “green walls” that enhance passive cooling, and solar shading
devices, such as louvre systems, to regulate solar radiation and natural
lighting. However, this study focused on the structural optimisation
analysis of the steel system without providing information about the
potential energy savings produced by the system. Although diagrid
systems allow for greater flexibility and ease of structural integration
with the existing building and require less available space for their use,
these systems are more complex to design, necessitating the imple-
mentation of tailored solutions. Furthermore, due to the nature of their
structure and their spatial layout, they do not facilitate straightforward
integration of renewable sources or reduce their efficiency.

With recent advancements in district and community-level
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strategies, exemplified by the emergence of concepts such as Positive
Energy Districts (PEDs), there is an increasing need for deep renovation
within the residential building sector. Therefore, to significantly
improve the energy performance and efficiency of existing buildings,
innovative strategies are essential. Such interventions have the potential
to transform retrofitted residential buildings into postive energy pro-
ducers at the district level [68,69].

This paper proposes an innovative solution: a solar exoskeleton
designed for both energy optimization and architectural retrofitting of
existing buildings, called “en-SOLEX”. The system comprises a steel
exoskeleton that incorporates passive energy-saving strategies,
including shading and insulation, with high-efficiency active solar
technologies, such as photovoltaic panels. By integrating the system into
existing buildings, the aim is to provide an innovative and flexible so-
lution for architects and public organizations to transition from energy-
intensive to net-positive energy buildings.

2. The “en-SOLEX” system

The en-SOLEX system is a stand-alone self-supporting steel frame
exoskeleton that is applied directly to the exterior of an existing building
to improve its energy performance. The system aims to increase the
available surface area for the integration of RES in existing medium and
high-rise buildings, which is particularly important as these buildings
often have limited space available for solar panels, typically limited to
the roof surface. The exoskeleton’s metal structure is designed as a
simple steel frame composed of beams and pillars connected by plates
using screws and bolts. This design choice was made to reduce both the
cost and complexity of the intervention when compared to diagrid
exoskeleton systems.

The EN-SOLEX system has been mainly developed for implementa-
tion in apartment blocks; its primary focus of application is on post-
Second World War reinforced concrete structures, which account for
approximately 50 % of the European building stock [70]. These build-
ings, frequently found in deteriorating urban suburbs, are typically
multi-storey frame structures isolated from neighbouring buildings.
They are characterized by poor and undistinguished architectural fea-
tures, high operational energy demands, low living comfort, and sig-
nificant seismic vulnerability.

This building typology is chosen for the development of the system
based on the typological archetypes analysis from the existing Italian
building stock according to the TABULA project [71,72]. The TABULA
project identified several national building typologies classes within the
existing European building stock based on a set of model residential
buildings that reflect common morphological and energy characteris-
tics. Among the studied classes, the class 6, which includes multi-family
buildings built between 1976 and 1990, was selected.

This building typology class is typically characterised by a rectan-
gular floor plan, with the longer sides between 15 and 24 m and the
shorter sides between 8 and 12 m, usually shared with adjacent building
units. Such buildings tend to have similar geometric and structural
characteristics, consisting of a central staircase and two apartments of
varying sizes per floor. Geometrically, they are often characterised by a
linear external profile and a modular structural grid. Given a floor height
of 2.7 m for the housing spaces [73], based on the typical inter-storey
between reinforced concrete beams of the typological existing build-
ing structural frame and the typical building plan length, the steel frame
exoskeleton operates on a modular grid of 3 m x 3 m, constructed using
200 mm H-section pillars and 140 mm I-section beams (Fig. 2). It
comprises two primary elements: a frame aligned parallel to the build-
ing’s facade, functioning as an anchoring mechanism, and an outer
facade tilted at a 5° angle from the vertical axis, aimed at enhancing the
solar absorption capabilities of the integrated photovoltaic systems. The
tilt of the secondary structure with respect to the vertical was limited to
5° to minimise the space required for the system integration at the
ground floor, as the height of the building varies (up to 3 m considering a
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building height of 21 m), while simultaneously increasing the photo-
voltaic panels’ productivity.

In addition to the main structure, a secondary grid consisting of steel
T-section profiles is employed. This secondary grid forms a 1 m x 1 m
matrix, facilitating the placement of diverse panels. The module size of
1 m was taken considering the minimum height for a balcony parapet.
Wooden horizontal beams are integrated into the main frame at each
floor level to create supplementary external zones. These extra spaces
create liveable areas such as greenhouses, balconies, or verandas that
may act as buffer zones between the building’s interior and exterior,
further enhancing the thermal comfort experienced by occupants within
the building, lowering summer temperatures, moderating winter tem-
peratures, and improving indoor thermal comfort [38,74-77].

The modularity of the primary structural grid allows for adaptation
to varying inter-storey heights of the building without alteration to the
secondary grid frame, thereby reducing the design process of the system.
The exoskeleton frame wraps around the building like a second skin,
including the roof of the building with a truss beam frame that can hold
the structural load of PV and solar thermal panels (Fig. 3).

The self-supporting frame of the system allows the panels’ weight to
be supported directly by the structure, avoiding any additional loads on
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the existing structure. This is especially crucial as the existing structure
may not be able to withstand the additional loads of RES integration,
particularly in terms of seismic vulnerability.

The grid’s inner frame, which stands parallel to the existing building
facade, is designed to integrate thermal insulation sandwich panels
made of rockwool with metal cladding. The thickness of the panels can
vary from 6 to 24 cm, depending on the building’s energy needs and
climatic zone with a ranging thermal transmittance from 0.61 to 0.09
W/m’K.

The exoskeleton’s modularity enables the use of a pre-defined tech-
nological curtain wall that can be customised through a range of possible
configurations. These configurations can be modified to suit the specific
intervention site and orientation. As a result, the secondary frame can be
equipped with a predefined kit of prefabricated panels. Each panel has a
surface area of 1 square metre and is equipped with specific anchors for
easy attachment to the secondary frame, reducing the time and cost of
intervention. An illustrative technical detail drawing of the module,
module anchors and system frame is provided in Appendix 1 for
reference.

Five different classes of modules have been designed for different
functions: firstly, the En-PV module, comprising a photovoltaic panel

| |
||
|
B

3

L1
1]

g

=== ...

Available modules

en-Opaque . en-PV

en-Green

en-Glass

en-Shading

Fig. 4. Some combinations of different modules and examples of kit configurations.
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with an approximate surface area of 1 m? and a peak power output of
200 Wy; secondly, the En-Opaque module, showcasing a variety of
opaque panels crafted from porcelain stoneware, earthenware, or stone.
Thirdly, the En-Glass module is made of laminated tempered glass.
Fourthly, the En-Shade module offers options for horizontal or vertical
brise-soleil crafted from wood or aluminium. Lastly, the En-Green
module presents a pre-assembled solution tailored for low-intensity
greenery integration. The combination of the facade panels thanks to
its modularity and flexibility can be adapted to fit the orientation of
existing buildings and the site’s climatic conditions based on building
energy demand (Fig. 4).

In particular, the En-PV module is selected created on its dimensions,
which were already present on the market, to reduce the system cost.
This module allows for the integration of RES in both the facade and the
roof, thereby ensuring the necessary coverage of building energy
demand.

Their positioning is mainly reserved for facades exposed to the
South, to optimise the efficiency of the photovoltaic system.

The En-Opaque and En-Shading modules are developed with the
specific objective of providing the required shading effect to reduce the
solar radiation load during the cooling season, particularly in low-
latitude locations. The En-Opaque modules provide fixed shading,
while the En-Shading modules are equipped with adjustable horizontal
or vertical brise-soleil according to the orientation of the building
facade, to maximise the shading effect during the cooling period and
minimise it during the heating season. The horizontal module should be
installed on the South side, while the vertical module should be installed
on the East and West sides.

Furthermore, the En-Glass module is designed to enclose the
exoskeleton area in front of the windows, thereby minimising the
reduction in daylight. Alternatively, it can be employed to create a
bioclimatic greenhouse [78,79]. The operational mode of the green-
house should be carefully analysed according to the orientation and the
season period to avoid overheating risk. The En-Green module is pro-
posed as a shading or wind barrier alternative to enhance the biophilia
effect [80] and mitigate the urban heat island effect [81], despite the
higher maintenance costs [82,83].

Both the structural grid elements and the panel types are designed to
be modular and prefabricated. To ensure the adaptability of the
exoskeleton structure to varying building dimensions, the panel modules
have been designed with specific sub-modules measuring 0.25 x 1 m and
0.50 x 1 m. The system can be easily and quickly assembled from the
outside of the existing building without affecting building occupancy
and reducing the time and cost of its implementation. The modularity of
the external facade grid allows for easy upgrades and adjustments to the
facade modules without compromising the overall system.

The proposed retrofitting system can significantly reduce its envi-
ronmental impact as each element can be easily removed, fixed, or
changed to meet changing energy and design needs. Furthermore, the
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system can be easily dismantled and its components reused in other
retrofitting interventions. Moreover, the exoskeleton structure allows
for the incorporation of external lifts or fire escapes, thereby providing a
potential solution to architectural barriers and safety issues in existing
buildings. Fig. 5 shows the application of the “en-SOLEX” system to an
existing residential building block. As can be seen, the system allows
various fagade designs, resulting in a unique and targeted outcome for
each building.

3. Case study

To evaluate the potential energy performance achievable through
the retrofit system, energy dynamics simulations were carried out on a
multi-storey building belonging to a social housing residential cluster
located in a southeastern suburb of Bari, Italy. The case study building is
part of a residential apartment blocks built in the 1970 s, consisting of a
total of seven multi-family buildings with 6 to 8 storeys. The analysis
was conducted on a six-storey south-facing building with a plan length
of 18 m and a depth of 11 m (Fig. 6).

Each floor contains two mirrored apartments, each measuring 78
square meters, resulting in a total of ten apartments within the building
(Fig. 7).

Table 1 shows the key building and site characteristics. The building
has a reinforced concrete frame structure with a 25-cm-thick reinforced
concrete slab lightened with hollow bricks. The external walls are made
of hollow bricks (A = 0.4 W/mK) without insulation and plastered on
both sides, with an overall thickness of 30 ¢cm and a thermal trans-
mittance of 1.15 W/m?K. The flat roof consists 25-cm-thick reinforced
concrete slab lightened with hollow bricks and it lacks insulation.
Gypsum plaster is present on the inner side, and the roof is covered with
bitumen waterproof membrane over a slope screed made of lightweight
concrete. This results in an overall thermal transmittance of 1.45 W/
m?K.

Windows are made of aluminium frames without thermal breaks and
incorporate double glazing filled with air, characterized by an overall
thermal transmittance of 3.70 W/m?K and a ggl,n Of 0.75. The building
has an overall net conditioned area of 818.4 m? and an overall net
conditioned volume of 2197.5 m®, resulting in a surface-to-volume ratio
of 0.38. The plant system features an autonomous heating system for
each apartment, which includes a standard boiler supplied by natural
gas and installed outside. The system has an average seasonal efficiency
(nu) of 0.85 and feeds water aluminium radiators (T, = 80 °C) in each
room. For summer air-conditioning, several split air-conditioners with
an EER of 2.7 are installed. The case study was chosen according to
Section 2. It represents the target building for the implementation of the
proposed retrofitting measure. It is a multi-storey apartment blocks with
a rectangular shape, a linear external profile and a regular structural
grid. It falls into the class 6 of the TABULA project, it was built between
the 1975 and 1990 period and it is characterised by high energy
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Fig. 5. Examples of possible retrofitted facade using the en-SOLEX system.
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Table 1

Site climatic properties and case study building features.

Climatic characteristics

Latitude ° N 41°7'45"
Longitude ° E 16°5211"
Minimum Dry Bulb Temperature °C 0 (11th Jan.)
Maximum Dry Bulb Temperature °C 39 (10th Aug.)
Climatic zone (D.P.R. 412/93) — C

Heating Degree Days C-d)/yr 1185

Max direct solar radiation W/m? 932 (25th May)

Building Features

N

Net conditioned building area m 818.4
Net conditioned building volume m> 2197.5
Surface-to-volume ratio m! 0.38
Scattering surface m? 1723.15
Windows-to-wall ratio % 26

demand.

4. Methodology

To evaluate the energy benefits of the retrofitting measure, a dy-
namic simulation of the overall building-plant system analysis on an
hourly basis was performed in DesignBuilder Software v. 7.2.0.6, using

the EnergyPlus simulation engine. The existing building is firstly
modelled in its current state to provide a baseline scenario.

The building energy model (BEM) is calibrated by comparing the
energy consumption of the simulated building with the measured energy
consumption from the natural gas and electricity bills over the last three
years. The calibration of BEM is conducted according to option D of
ASHRAE Guidelines 14-2023. The model is calibrated if the mean bias
error (MBE), calculated as in Eq.1, between the measured and simulated
values on a monthly basis is less than or equal to &+ 5 % and the coef-
ficient of variation (CV(RMSE)), defined as in Eq. (2), is less than or
equal to 15 %.

Zperiad (M -S )momh

MBE = x 100[% (€D)]
Zpen'od (M)month [ ]
CV(RMSE mon) = RMSEneh 100[%) )
month

Where M and S refer to measured and simulated monthly data, RMSE is
the root mean square error on a monthly basis and A is the average value
of measured data.

As the main aim of the system, compared to the other existing exo-
skeletons, is to maximise the RES integration and the on-site energy
production, the simulated scenarios focused on maximising the En-PV
modules implementation on the facade surface according to the
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possible windows-to-wall ratio (WWR) scenarios and building energy
need. Specifically, three different en-SOLEX south facade configuration
scenarios were performed (Fig. 8). The first scenario, RC50, consists of a
south-facing facade with a RES coverage of 50 % of the total facade area.

Considering the ASHRAE 90.1 recommendation of 24-30 % WWR,
this facade configuration is suitable for buildings with up to 40 % WWR.
The southern exoskeleton facade is equipped with a total of 180 En-PV
modules for a total peak power of 36 kW, 48 En-Opaque modules and
48 En-Glass modules. En-Glass modules are used as the parapet, while
the other available grid areas are fitted with En-Opaque modules to
simulate the limits of building energy performance conditions based on
system integration. As fixed shading, the En-Opaque modules maximise
solar radiation load reduction during the cooling season, while mini-
mising solar gain during the heating season.

The second scenario, RC30, considers a RES coverage of 30 % of the
total facade area. This facade configuration uses 108 En-PV modules for
a total peak power of 21.6 kWp, 120 En-Opaque modules and 48 En-
Glass modules and can be applied to buildings with a WWR of up to
60 %. The final scenario, RC20, is characterised by a 20 % RES coverage
with a total of 72 En-PV panels, 156 En-Opaque modules and 48 En-
Glass modules. This facade configuration is suitable for buildings with

Scenario 1 (RC50)
50% RES facade integration

Energy & Buildings 333 (2025) 115416

up to 80 % WWR.

All scenarios consider the application of 8-cm-thick sandwich panels
directly to the external wall on both sides of the exoskeleton, to achieve
the thermal transmittance threshold foreseen by Italian regulation for
climatic zone C [84]. The east and west sides of the building were
considered adiabatic, as the building exhibits two blind sides in common
with the other residential block buildings, thus no additional insulation
was provided.

All the scenarios are equipped with the same northern exoskeleton
facade made by the same combination of En-Opaque, En-Glass and En-
Green modules. Although the northern facade of the exoskeleton does
not contribute directly to improving the energy performance of the
building, and its use may not be cost-effective in terms of a cost-benefit
analysis, since it has to symmetrically support the load of the metal roof
exoskeleton structure, it was decided to equip it with a series of panels
that can make the retrofit harmonious. Also, the roof configuration is
kept constant among the scenarios. A total of 100 En-PV modules are
installed on the roof frame providing a total of 20 kW, Additionally, the
upper part of the exoskeleton tilted at 30°, allows for the integration of
34 m? of solar thermal panels.

South-facing fagade with a 50 %
RES coverage
180 En-PV modules (36 kWp)
48 En-Opaque modules
e 48 En-Glass modules

L

[

[

-

-

South-facing fagade with a 30 %
RES coverage

Scenario 2 (RC30)
30% RES facade integration

e 108 En-PV modules (21,6 kWp)
e 120 En-Opaque modules

fﬁ e 48 En-Glass modules

o

South-facing fagade with a 20 %
RES coverage

Scenario 3 (RC20) ]
20% RES facade integration

e 72 En-PV modules (14,4 kWp)
e 156 En-Opaque modules

|| e 48 En-Glass modules

e

=

M En-PV module M Solar thermal module

D En-Opaque module E En-Glass module

Fig. 8. Representation of the different scenarios analysed based on the configuration of the south facade of the en-SOLEX system.
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4.1. Simulation input

The IGDG weather data for Bari-Palese were used. The setpoint
temperature was fixed at 20 °C for the heating period and 26 °C for the
cooling period according to requirements for residential buildings
consistent with category II of UNI EN 16798-1. The heating and cooling
system schedule was set to be always available (24 h per day). The en-
ergy needs for heating, cooling, ventilation, hot water production,
lighting, and appliance electrical needs and the PV energy generation
were assessed.

Based on the available beds in the apartments, an occupancy of 4
people for each apartment is considered, for an overall occupancy of 40
people. Scheduled daily occupancy and internal heat gain for the
different thermal zones used in the simulation are summarized in
Table 2.

The lighting system has a power density of 2.5 W/m?2-100 Ix. The
infiltration rate of the model is set at 0.5 h™!. Natural ventilation ranges
from 5 to 12 vol/h and is activated when the indoor temperature ranges
from 21 °C to 25 °C. To prevent overheating or overcooling, a temper-
ature differential of 1 °C between indoor and outdoor temperatures has
been set in the simulations.

Seven simulations were performed. The first simulation analysed the
building energy consumption without integrating the en-SOLEX system,
serving as a baseline scenario. Only shading provided by the existing
balconies was considered.

The next three simulations evaluated the en-SOLEX integration
based on three different facade configuration scenarios (Fig. 8). The
final three simulations involved the first three scenarios RC50, RC30 and
RC20 combined with the replacement of the existing gas boiler with a
centralised air-to-water heat pump (COP = 4.0 and EER = 5.2) with fan
coil units to achieve complete electrification of the building’s energy
needs (Fig. 9). To assess the variability of heat pump behaviour as a
function of the temperatures the ASAP HighT COPFT curve for heating
mode and AirCooled CentEIRFT available in the EnergyPlus database
were implemented.

To describe the matching degree between on-site energy generation
and the building load, the load match index fi,qq,[85] is defined as the
average value over an evaluation period of how the on-site generation
covers the energy load was evaluated following Equation (3).

fload = l/N'zyear(min[lvg(t) /l(t)]) (3

where [(t) represents the energy load, g(t) is the onsite electricity pro-
duction, and N is the number of samples in the evaluation period. If
hourly resolution data is used for a complete year evaluation period,
there will be 8760 samples.

Finally, to evaluate the positive target of the building thanks to the

Table 2
Scheduled daily occupancy and internal heat gain for each thermal zone.

Thermal Occupancy daily time Appliances and
zone occupancy load [W/
m?]
From Monday to ~ Weekend From Weekend
Friday Monday to
Friday
Master from 10 pm. to 8  from10p.m.to10  2.67 3.58
bedroom a.m. a.m.
Double from 6 p.m. to 8 from 10 p.m. to 9 2.67 3.58
bedroom a.m. a.m.
Living from 8 am. to 10  from 9 a.m. to 11 9 9
room a.m. from 4 p.m. a.m. from 4 p.m.
to 12 a.m. to 12 a.m.
Kitchen- from7 a.m.to9a. from 7 a.m. to9 a. 9 9
Dining m., from 12 p.m. m., from 12 p.m.
room to 2 p.m. from 8 to 2 p.m. from 8 p.

p.m. to 10 p.m.

m. to 10 p.m.

10
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retrofitted system integration, the difference between the energy
exported from the building to the grid, e(t), and the energy supplied, d
(1), known as the net exported energy, represented by ne(t), is evaluated
according to Equation (4) [85]:

ne(t) = e(t) — d(t) “@

5. Results
5.1. Energy analysis of the baseline scenario

According to the dynamic simulation results, the building has a total
energy consumption of 76,953.1 kWh/year. Natural gas powers 66 %
(50,730.3 kWh/year), while the remaining 34 % (26,223.2 kWh/year) is
supplied by grid electricity (Fig. 10).

The building heating (H) and domestic hot water (DHW) are supplied
by natural gas, accounting for 59 % (45,435 kWh/year) and 7 %
(5,295.3 kWh/year) of the total energy consumption, respectively. The
other building services are supplied by grid electricity. Cooling (C) ac-
counts for 6 % (4.177,3 kWh/year), interior lighting for 7 % (5,658.7
kWh/year) and interior equipment for 21 % (16,386.9 kWh/year).

When comparing the simulated energy consumption with the energy
bills as described in section 4 (Fig. 11), it was found that the average
electricity consumption was lower than the simulated value, resulting in
25,570 kWh/year. However, the natural gas consumption was higher
than the simulated one, resulting in an overall natural gas need of
52,379 kWh/year. Specifically, the monitored electricity consumption is
observed to be lower than the simulated throughout the year, except
during the cooling months, where higher intensity use of cooling sys-
tems is evident. Conversely, the consumption of natural gas was
observed to exceed the simulated value during the heating season,
whereas it subsequently declined as the heating period ends.

The resulting MBE accounts —1.4 % for electricity and 3.1 % for
natural gas. The CV(RMSEonth) was 13.3 % for electricity and 14.6 %
for natural gas. Both indices are consistent with the ASHRAE 14-2023
limits. Therefore, the simulation model can be considered calibrated.

Table 3 provides the total yearly energy consumption and per square
meter for each building service.

5.2. Comparison of en-SOLEX system scenarios

Fig. 12 shows the monthly comparison of heating and cooling con-
sumption between the base case and retrofitted scenarios. The integra-
tion of the en-SOLEX system results in a significant reduction in heating
and cooling needs in all analysed scenarios. Compared to the baseline
scenario, scenarios RC50, RC30 and RC20 all show a reduction in energy
consumption for both cooling and heating. The heating and cooling
energy savings are almost the same for the three scenarios, as the passive
measures characteristic doesn’t change depending on the scenario.

The heating energy consumption in the three scenarios is reduced by
33 % compared to the base case while cooling needs are reduced by up to
25.9 % (Table 4). The heating energy requirement is primarily reduced
by integrating additional insulation into the external wall. Conversely,
the reduction in building cooling energy needs is mainly due to the
exoskeleton shading systems reducing summer solar loads.

The benefit of the retrofit measure is more evident when combined
generator replacement as in the RC50 + HP, RC30 + HP and RC20 + HP
scenarios, resulting in maximum heating and cooling reductions of up to
80.7 % in the RC50 + HP scenario and up to 60.5 % in the RC20 + HP
scenario.

As can be seen in Fig. 13, the incident solar radiation is greatly
reduced by the shading effect of the retrofit measure, especially during
the summer period, from a maximum of 0.68 kW/m? to 0.21 kW/m?
reducing the cooling energy needs of the building.

The loss of solar gain due to the shading effect of the system, during
the winter period, is compensated by the reduction in the transmittance
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Scenario 1 (RC50)
50% RES facade integration

Scenario 2 (RC30)
30% RES facade integration

Scenario 3 (RC20)
20% RES facade integration

Scenario 4 (RC50+HP) Scenario 5 (RC30+HP) Scenario 6 (RC20+HP)
50% RES fagade integration 30% RES fagade integration 20% RES fagade integration
+ + +
Heat Pump Heat Pump Heat Pump

Fig. 9. Design builder 3D model for each analysed scenario.

of the vertical walls achieved by the introduction of insulation in the
facade. In any case, the lower inclination of the sun rays during the
winter period does not significantly reduce the radiation on the window
components, whose values are slightly lower than those of the baseline
scenario. As a result, even the indoor operative temperatures and
especially the mean radiant temperature of the building, during the
summer period, are significantly reduced.

Fig. 14 shows the comparison of the hourly variation of operative
temperatures and mean radiant temperatures for a typical summer week
(20-27 July) in a free-running simulation between the base case and the
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RC50 scenario for a master bedroom on the 3rd floor facing southwest.
Compared to the base case scenario, the en-SOLEX system produces a
reduction of up to 2.03 °C in the operating temperature (on 21 July at
10.00) and 2.14 °C in the mean radiant temperature (on 21 July at 9.00)
improving the thermal comfort within the building and increasing the
thermal building resiliency. This effect can also be investigated by
conducting a comprehensive indoor thermal comfort evaluation
throughout the year, by the acceptability limits set in Category II of the
EN 16798-1 standard [86]. As evidenced in Table 5, the en-SOLEX
system is effective in reducing the overall number of unmet hours. In
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Fig. 10. Baseline building energy consumption by energy service (a) and by energy vector (b).
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Fig. 11. Energy consumption comparison between simulated and measured data on a monthly basis for electricity (a) and natural gas (b).

Table 3

Yearly energy consumption for each building service.

Services Total energy Total energy %

consumption consumption

per square meter

Heating 45,434.9  kWh/year 55.53  kWh/m? year 59 %
Cooling 4,177.3  kWh/year 5.11  kWh/m? year 6 %
DHW 5,295.3  kWh/year 6.47  kWh/m? year 7 %
Indoor Lighting 5,658.7  kWh/year 6.92  kWh/m? year 7 %
Equipment 16,386.9  kWh/year 20.03  kWh/m? year 21 %
Total energy 76,953.1  kWh/year 94.05  kWh/m? year 100 %
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particular, with regard to the various thermal zones in the southwest-
facing apartment on the third floor, a reduction in discomfort hours
ranging from 23 to 38 % was observed when comparing the baseline
scenario to the retrofitted one. The greatest reduction was observed in
the master bedroom, followed by the living room, where the reduction
was 33 %. The kitchen exhibited a percentage reduction of 31 %, while
the double bedroom demonstrated an overall reduction of 23 %.

5.2.1. Electricity generation of en-SOLEX system scenarios

In terms of PV energy production, scenario RC50 generates a total of
55,426.5 kWh/year, while scenario RC30 generates 43,063.4 kWh/year
and scenario RC20 generates 36,863.3 kWh/year. The electricity
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Fig. 12. Monthly heating (a) and cooling (b) energy consumption among analysed scenarios.

Table 4
Heating and cooling energy consumption comparison among scenarios.

Scenario Heating energy consumption Cooling energy consumption
kWh/year A% kWh/year A%

Base case 45,435.0 4,177.2

RC50 30,277.6 -33.4 % 3,111.5 -25.5%

RC30 30,399.9 -33.1% 3,098.0 -25.8%

RC20 30,433.6 -33.0% 3,094.7 -25.9 %

RC50 + HP 8,774.0 -80.7 % 1,687.9 -59.6 %

RC30 + HP 8,813.2 —80.6 % 1,668.6 —60.1 %

RC20 + HP 8,896.1 —80.4 % 1,651.7 —60.5 %

supplied by PV placed on the roof remains constant in all simulations
and accounts for 43.7 %, 56.2 %, and 65.7 % of total generation for
scenarios RC50, RC30, and RC20, respectively (Table 6). In all RC sce-
narios, on-site generation exceeds the building energy needs compared
to the base case electricity requirements. Scenario RC50 covers the
building electricity consumption by 225.4 %, RC30 by 175 %.1 and
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RC20 by 150 % (Table 8).

When considering the building’s total energy consumption with the
share of natural gas, the RES coverage decreases, reaching values of
101.1 % in the RC50 scenario, 78.5 % in the RC30 scenario and 67.2 %
in the RC20 scenario.

Based on the reference case electricity consumption (Fig. 15), sce-
nario RC50 covers the monthly building electricity needs for the entire
year. Scenario RC30 covers the monthly electricity consumption from
February to November, while scenario RC20 covers the monthly elec-
tricity consumption from April to October.

Focusing on the en-SOLEX system combined with heat generator
replacement scenarios, which provides full electrification of the build-
ing’s energy needs, as the RES percentage on the facade decreases, the
energy consumption covered by the renewable source drops.

The RC50 + HP scenario covers the total energy consumption from
March to November, the RC30 + HP scenario from March to October,
and the RC20 + HP scenario only from April to October. However,
despite the increased building electricity need, scenario RC50 + HP still
generates 165.2 % more electricity than the building requires, while
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Fig. 13. Incident solar radiation on the South facade at noon comparison between base case scenario and en-SOLEX one on 21 December, 21 March, 21 June and

21 September.

scenario RC30 + HP generates 135 %. On the other hand, scenario RC20
+ HP covers 69.5 % of the building’s energy consumption.

Although the total energy produced on site is significantly higher
than the building’s energy needs in almost all scenarios, there is a
mismatch between hourly production and consumption throughout the
year, particularly in winter. The annual load match index on an hourly
basis ranges from 41.7 % in scenario RC20 + HP to 44.7 % in scenario
RC50 (Table 7).

Table 8 shows the comparison between building energy

14

consumption, building electricity generation, g(t), the amount of
exported e(t), delivered electricity d(t) and self-consumed electricity s
(t). The data shows that scenario RC50 exported 170 % of generated
electricity, RC30 exported 126.7 % and RC20 exported 105.1 %. On the
other side, scenario RC50 + HP exported 129.6 %, scenario RC30 + HP
95.8 % and scenario RC20 + HP 79.4 %. Based on the building’s energy
needs, higher electricity production leads to a higher level of self-
consumption.

The scenario with the highest quota of self-consumption is RC50 with
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Fig. 14. Operative temperature and Mean radiant temperature variation for a typical summer week in free-running mode between the base case and “en-SOLEX”

retrofitted solution.

Table 5
Unmet hours according to EN 16798-1 Category II acceptability limit.
Without en- With en-SOLEX A%
SOLEX
South- Master Bedroom  1596.5 995.0 —38 %
West Kitchen 960.0 659.5 -31%
Double Bedroom  1596.5 1222.0 -23 %
Living Room 968.0 646.5 -33%
Table 6
PV electricity production by roof and facade for each scenario.
Scenario PV electricity production
Roof Facade
RC50 43.7 % 56.3 %
RC30 56.2 % 43.8 %
RC20 65.7 % 34.3%
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43.2 %, followed by the RC50 + HP scenario with a share of 35.5 % for
the heat generator replacement scenarios. When comparing scenarios
with the same RES coverage, those with only the en-SOLEX system
exported more electricity to the grid. The amount of electricity exported
ranged from 42,033.7 kWh in scenario RC50 to 25,831.1 kWh in sce-
nario RC20.

Based on the en-SOLEX facade configuration, as the total on-site
electricity generation decreases, the amount of electricity from the
grid increases, reaching up to 67.5 % with scenarios RC30 + HP.

Looking at the net electricity balance (ne(t)) between the building
and the grid, it can be seen that all the retrofit scenarios result in a
positive balance between the electricity exported and the electricity
supplied by the grid. Specifically, the RC50 scenario results in a net
balance of 114.1 %, the RC30 scenario 66 % and the RC20 scenario 42.5
%. Even with the full electrification of building energy needs the net
balance remains positive ranging from 65.2 % with scenario RC50 + HP
t0 9.9 % with scenario RC20 + HP, turning the retrofitted building into a
positive one.
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Fig. 15. Comparison of the monthly electricity consumption between the base case scenario and the retrofitted scenario PV production.

Table 7
Yearly, Monthly and Hourly Load match index among scenarios.
Scenario Yearly Monthly Hourly
Load Match Index RC50 100 % 100 % 44.7 %
RC30 100 % 97 % 43.1 %
RC20 100 % 93 % 41.8 %
RC50 + HP 100 % 91 % 43.5 %
RC30 + HP 100 % 91 % 42.3 %
RC20 + HP 100 % 90 % 41.7 %

5.3. Analysis of different building orientations

The optimal orientation allows for the greatest exposure to the sun,
thereby enhancing energy production. However, many buildings are not
positioned in ideal orientations, which can have a detrimental effect on

the effectiveness of photovoltaic systems. By analysing a range of ori-
entations, this analysis aimed to provide a more comprehensive under-
standing of the system’s adaptability and performance in real-world
conditions, where optimal solar alignment is not always possible. The
same scenarios were analysed by altering the orientation of the en-
SOLEX facade configuration, varying its position from east to west.

Table 9 presents a summary of the results from the analysis detailed
in Appendix 2, with a focus on the electricity generated in comparison to
the energy consumption of the corresponding scenarios, as well as the
net electricity exported.

As can be seen, despite the non-optimal orientation, the en-SOLEX
system it’s able to ensure a surplus of building energy consumption and
the net positive energy target. As expected, the efficiency of the
photovoltaic system declines under the variation in the azimuth angle.
The system reaches a limit value for PV electricity generation in the West
and East sides, respectively, of 182.7 % and 180 % of the corresponding

Table 8
Generated, exported, self-consumed and delivered electricity comparison among the analysed scenarios.
Scenario RC50 RC30 RC20
kWh/year kWh/year kWh/year
Electricity Consumption v 24594.8 24584.6 24581.9
Generated Electricity g 55426.5 225.4 % 43063.4 175.1 % 36863.3 150.0 %
Exported Electricity e(t) 42033.7 170.0 % 31114.2 126.7 % 25831.1 105.1 %
Delivered Electricity daw 13973.3 56.8 % 14818.6 60.3 % 15392.9 62.6 %
Self-consumed electricity s(t) 10621.5 43.2 % 9766.0 39.7 % 9189.0 37.4 %
Net exported Electricity ne(t) 28060.4 114.1 % 16325.7 66.0 % 10438.1 42.5 %
Scenario RC50 + HP RC30 + HP RC20 + HP
kWh/year kWh/year kWh/year
Electricity Consumption (] 31882.5 31882.5 31882.5
Generated Electricity g 55426.5 165.2 % 43063.4 135.0 % 36866.4 69.5 %
Exported Electricity e(t) 41321.0 129.6 % 30555.8 95.8 % 25306.3 79.4 %
Delivered Electricity da 20548.3 64.5 % 21523.0 67.5 % 22165.8 62.6 %
Self-consumed electricity st 11334.2 35.5 % 10359.5 32.5% 9716.7 30.5%
Net exported Electricity ne(t) 20772.7 65.2 % 9032.1 28.3 % 3140.6 9.9 %
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Table 9
Generated and net exported electricity comparison among the analysed sce-
narios based on orientation.

Generated Electricity

RC50 RC30 RC20 RC50 + RC30 + RC20 +
HP HP HP
East 182.0 147.0 129.2 143.9 % 116.0 % 102.0 %
% % %
South- 213.9 167.6 144.4 165.8 % 129.9 % 111.8 %
East % % %
South 225.4 175.2 150.0 173.8 % 135.1 % 115.6 %
% % %
South- 213.8 167.6 144.4 165.8 % 129.9 % 111.9 %
West % % %
West 182.7 147.3 129.6 144.0 % 116.1 % 102.1 %
% % %
Net exported electricity
RC50 RC30 RC20 RC50 + RC30 + RC20 +
HP HP HP
East 72.9 % 39.6 % 22.8% 36.7 % 10.2 % 3.1%
South- 103.2 59.3 % 37.2% 57.5 % 23.4% 6.3 %
East %
South 114.1 66.4 % 42.5 % 65.2 % 28.3 % 9.9 %
%
South- 103.1 59.3 % 37.2% 57.6 % 23.4% 6.3 %
West %
West 73.5% 40.0 % 231 % 36.8 % 10.3 % 3.0 %

scenario energy consumption. The results reveal a slight difference be-
tween the West and East orientations, with the East side showing the
least effective performance. Compared to the South orientation, the East
orientation experiences the highest reduction in generated electricity,
ranging from 11.8 % in the RC20 + HP scenario to 19.2 % in the RC50
scenario. Notwithstanding a decrease in on-site generation, all scenarios
demonstrate a net energy balance between the energy required from the
grid and the energy exported of a value greater than zero, thereby
achieving the objective of a positive net energy building. The lowest
value, corresponding to 3 %, is observed in the east-facing RC20 + HP
scenario. This outcome is due to the combination of the lowest installed
capacity of photovoltaics in this scenario, along with the higher energy
consumption compared to scenarios that do not include a heat pump.

Table 10 shows the PV electricity production by roof and fagade for
each scenario based on different en-SOLEX orientations. The analysis
indicates that, despite the southern orientation typically being more
favourable for photovoltaic performance, the contribution of photo-
voltaics integrated into the facade in other orientations remains
significant.

The observed reductions in energy generation are relatively minor,
indicating that facade-integrated photovoltaics can still provide an
effective solution. This demonstrates the feasibility of such systems in
suboptimal orientations, where the reduction in efficiency is not sig-
nificant enough to negate their overall contribution to energy
production.

Fig. 16 provides an overview of the percentage of generated elec-
tricity in comparison to the corresponding scenario energy consumption

Table 10
PV electricity production by roof and fagade for each scenario based on different
en-SOLEX orientations.

RC50 RC30 RC20

Roof Facade Roof Facade Roof Facade
East 48 % 52 % 60 % 40 % 68 % 32%
South-East 43 % 57 % 55 % 40 % 64 % 32%
South 44 % 56 % 56 % 45 % 66 % 36 %
South-West 43 % 57 % 55 % 44 % 64 % 34 %
West 48 % 52 % 60 % 45 % 68 % 36 %
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and of the net exported electricity according to the different en-SOLEX
system orientations. In the case of the N-W, N and N-E orientations, the
primary en-SOLEX facade with En-PV modules is oriented in a manner
that allows it to face the sun to S-E, S and S-W, respectively.

5.4. Energy performance analysis of the en-SOLEX system combined with
a deep renovation strategies

A final set of simulations was conducted to evaluate the combined
impact of implementing the en-SOLEX system alongside deep renova-
tion strategies on the building’s energy performance. Specifically, as the
replacement of the heat generator and the insulation of the external
walls had already been considered, the analysis was extended to
encompass a more comprehensive retrofitting approach. This included
the replacement of existing windows and the insulation of the flat roof.
These additional energy retrofitting measures were selected based on
literature, which identifies them as cost-effective strategies for
improving energy efficiency in building refurbishment actions
[3,28,87]. A 78 % reduction in the flat roof’s thermal transmittance,
bringing it to a value compliant with the Italian standard of 0.32 W/
m2K, was analysed. This improvement was achieved by considering the
addition of 12-cm-thick EPS insulation panels on the flat roof stratig-
raphy. Additionally, the existing aluminium window frames without
thermal breaks, equipped with double glazing filled with air and having
an overall thermal transmittance of 3.70 W/m2K, were replaced with
PVC frames incorporating thermal breaks. The new windows feature
low-emissivity (LoE) double glazing filled with argon, resulting in a
reduced overall thermal transmittance of 2.0 W/m2K. No additional
insulation was foreseen for the East and the West sides of the building, as
they are considered adiabatic in the simulation.

Table 11 provides a comparison of the heating and cooling energy
savings resulting from the implementation of deep renovation strategies
(indicated with “*) relative to the base case scenario and to corre-
sponding scenarios in which these strategies are not employed.

As expected, the proposed deep renovation strategies increase the
energy saving both for cooling and heating energy consumption. A
percentage drop up to 83.9 % in heating and 60.3 % in cooling energy
consumption is achieved by the RC + HP* scenarios compared with the
base case scenario. Conversely, a lower energy saving is achieved by the
scenarios without the heat generator replacement. A maximum energy
saving of up to 44.9 % for heating occurs with the RC50* scenario, while
scenarios RC20* and RC30* achieved the highest cooling energy saving
of 27.1 %.

Consistent with the outcomes of the previous simulations, variations
in facade configurations across the RC50, RC30, and RC20 scenarios
primarily affect the number of installed photovoltaic modules, while the
levels of shading and insulation remain constant. Consequently, the
differences in performance outcomes between these scenarios are min-
imal, with only slight deviations observed in the results. In comparison
to the corresponding scenario, the application of deep renovation stra-
tegies, primarily aimed at reducing energy losses through the building
envelope, has been shown to significantly improve energy savings,
particularly for heating. The most notable impact is a reduction in
heating energy demand, reaching up to 17.9 %. However, these reno-
vation measures prove largely ineffective in reducing cooling energy
demand, with a maximum decrease of only 1.7 %.

The reduction in consumption leads to an increase in the energy
generated and exported by the different scenarios (Table 12). In
particular, the RC50* scenario achieves a maximum energy generation
equivalent to 226.3 % of the building’s energy consumption, while the
RC50 + HP* scenario reaches up to 182.7 %. Additionally, net electricity
export increases significantly, with the RC50* scenario achieving a
value of 114.9 %, compared to 73.6 % in the RC50 + HP + scenario,
which incorporates full electrification of the building’s energy services.
These results demonstrate the substantial potential of the RC50* sce-
nario for energy self-sufficiency and surplus electricity export, while the
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Fig. 16. Generated electricity (a) and net exported electricity (b) for each retrofitted scenario according to the different building orientations.

Table 11

Heating and cooling energy consumption comparison among scenarios with and without deep renovations strategies compared to the base case scenario.

Heating consumption

Cooling consumption

kWh/ A% compared to base case A% compared to the corresponding ~ kWh/ A% compared to base case A% compared to the corresponding
year scenario scenario year scenario scenario

Base case 45435.0 — - 4177.2 - -
RC50 30277.6 -33.4% - 3111.5 —-25.5% -
RC50* 25026.6 —44.9 % 17.3 % 3059.5 —26.8 % 1.7 %
RC30 30399.9 -33.1% - 3098.0 —25.8 % -
RC30* 25121.7 —44.7 % 17.4 % 3046.9 —-27.1% 1.6 %
RC20 30433.6 -33.0 % — 3094.7 —25.9% —
RC20* 25149.1 —44.6 % 17.4 % 3043.7 —-27.1% 1.6 %
RC50 + 8774.0 —80.7 % - 1687.9 —59.6 % -

HP
RC50 + 7304.5 —83.9% 16.7 % 1659.6 —60.3 % 1.7 %

HP*
RC30 + 8813.2 —80.6 % - 1668.6 —60.1 % -

HP
RC30 + 7304.5 —83.9 % 171 % 1659.6 —60.3 % 0.5 %

HpP*
RC20 + 8896.1 —80.4 % — 1651.7 —60.5 % =

HP
RC20 + 7304.5 —-83.9% 17.9 % 1659.6 —60.3 % —-0.5%

HP*

Table 12
Generated, exported, self-consumed and delivered electricity comparison among the deep retrofitted analysed scenarios.
Roof insulation + Windows replacement
Scenario RC50% RC30* RC20*
kWh/year kWh/year kWh/year
Electricity consumption 1(t) 24497.6 — 24497.6 - 24485.2 —
Generated Electricity g(t) 55426.6 226.3 % 43063.4 175.8 % 36863.2 150.6 %
Exported Electricity e(t) 42080.9 171.8 % 31190.1 127.3 % 25875.6 105.7 %
Delivered Electricity d(t) 13923.3 56.8 % 14767.5 60.3 % 15340.7 62.7 %
Self-consumed Electricity s(t) 10574.3 43.2 % 9730.1 39.7 % 9144.5 37.3%
Net exported Electricity ne(t) 28157.6 1149 % 16422.6 67.0 % 10534.9 43.0 %
Scenario RC50 + HP* RC30 + HP* RC20 + HP*
kWh/year kWh/year kWh/year

Electricity consumption 1(t) 30337.2 — 30337.2 - 30337.2 -
Generated Electricity g(t) 55426.6 182.7 % 43063.4 141.9 % 36863.2 121.5%
Exported Electricity e(t) 41498.2 136.8 % 30702.7 101.2 % 25440.6 83.9%
Delivered Electricity d( 19180.3 63.2 % 20125.4 66.3 % 20754.8 68.4 %
Self-consumed Electricity s(t) 11156.9 36.8 % 10211.8 33.7% 9582.4 31.6 %
Net exported Electricity ne(t) 22317.9 73.6 % 10577.4 349 % 4685.8 15.4 %
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RC50 + HP* scenario, despite the complete electrification, shows a percentages ranging from 12.9 % in the RC50 + HP* scenario to 56.8 %
relatively lower but still considerable level of energy generation and in the RC20 + HP* scenario compared to the relative corresponding
export. While the percentage increase in exported energy is relatively scenario.

minor in all scenarios in comparison to the solutions that solely involve

the en-SOLEX system, the results that entail the replacement of the heat

generator demonstrate a considerable surge in net exported energy, with
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Fig. 17. Minimum Daylight factor (Dyy) (a) and Reference Daylight Factor (Dt) (b) consistency analysis with EN 17037 without and without en-SOLEX system.
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5.5. Daylight evaluation

Although the shading effect created by the exoskeleton panels
proved to be positive in reducing consumption, at the same time this
reduces the availability of natural daylight inside the building. A con-
sistency analysis with the daylight limits of EN 17037 [88] (Fig. 17),
reveals that, while the minimum daylight factor (Dry) and reference
daylight factor (D) limits for the analysed location are met for 95 % and
50 % of the floor plane, respectively, when the system is applied, a
reduction in the average daylight factor is observed. This reduction
ranges from 11 % in the living room to 29 % in the master bedroom
(Table 13).

This indicates a generally sufficient provision of natural daylight
when the system is implemented. However, the reduction in the average
daylight factor, suggests a trade-off between achieving the specified
minimum daylight levels and maintaining overall daylight uniformity.
Thus, this aspect should be carefully evaluated case by case according to
the windows’ surface and the room depth of the specific existing
building.

5.6. Cost-effectiveness analysis

Since the cost implications of incorporating steel exoskeletons into
building projects can be a barrier to widespread adoption, a thorough
cost-benefit analysis to justify the investment is needed. To evaluate the
cost-effectiveness of the different strategies, the simple payback period
(PBP) was calculated by comparing the initial investment cost with the
total energy savings achieved by each solution relative to the base case.
Additionally, the payback period was assessed considering state in-
centives for energy retrofitting of existing buildings, which offer a 50 %
reduction in the projected investment cost for multi-family building
energy retrofitting actions such as heat generator replacement with heat
pump, insulation addition over 25 % of scattering surfaces, imple-
mentation of shading systems and RES integration.

To estimate the potential economic benefits arising from the imple-
mentation of the en-SOLEX system, the saved energy thanks to the
system application compared to the baseline scenario was multiplied by
the respective average unit costs of 0.244 €/kWh for electricity and 0.11
€/kWh for natural gas, plus the energy savings from self-consumed
electricity and the revenue generated from electricity exported to the
grid were considered. The calculation of energy savings was based on
the reduction in electricity demand from the grid due to self-
consumption, which was multiplied by the corresponding average unit
cost of 0.244 €/kWh for grid-delivered electricity. Similarly, the surplus
electricity exported to the grid was valued at the respective energy price
of 0.16 €/kWh paid by the energy supplier [5]. For the evaluation of
investment costs, specific unit prices were applied, encompassing both
material and installation expenses. The cost for the exoskeleton steel
frame, including additional insulation, was set at 350 €/m?2. The En-PV
modules were valued at 120 €/module, while the En-Opaque and En-
glass modules were priced at 50 €/module. An overall cost of 60,000 €
was set for the replacement of heat generator with heat pump and the
replacement of all terminal units in the building.

The analysis presented in Table 14 shows that the system integration
is associated with significant costs, as evidenced by the extended

Table 13
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payback period, which ranges from a maximum of 36.7 years to a
minimum of 26.5 years. In particular, interventions that include
generator replacement, although initially more expensive, result in a
shorter payback period compared to solutions that do not include
generator replacement. A critical observation from the analysis is that as
the percentage of RES integrated into the exoskeleton system increases,
the payback period decreases accordingly. This finding highlights the
importance of RES integration in improving the cost-effectiveness of the
intervention, as it leads to more favourable results in the cost-benefit
analysis. Therefore, solutions that include a higher quota of RES inte-
gration are more advantageous in terms of financial returns.

In addition, the payback period improves significantly when
considering the impact of government incentives to support energy ef-
ficiency improvements in buildings. These incentives significantly
improve the economic viability of the intervention, reducing the
payback period to a more acceptable level. Specifically, under the in-
fluence of government incentives, the payback period ranges from a
minimum of 13.2 years in the RC50 + HP scenario to a maximum of
18.3 years in the RC20 scenario. This demonstrates the potential role of
policy interventions in accelerating the payback and making such pro-
jects more economically viable.

6. Discussion

This study introduces an innovative multifunctional solar exoskel-
eton as an energy retrofitting solution aimed at maximizing the inte-
gration of RES and enhancing on-site energy production in existing
buildings, ultimately achieving a net-positive energy goal. The research
highlights that, compared to other existing exoskeleton systems, the en-
SOLEX system significantly surpasses energy demands in existing
buildings, achieving up to 173 % of energy demand coverage based on
the total electrification of building energy needs, ensuring a net-positive
energy balance in all the scenarios analysed.

In contrast, other systems, such as the diagrid exoskeleton proposed
by D’Agostino et al. [18], manage to cover only 47 % of a building’s
energy consumption. Furthermore, the en-SOLEX system demonstrates
superior performance in electricity generation compared to other ret-
rofitting technologies, such as double-skin facades with photovoltaic
(PV) integration. For example, the energy retrofitting system studied by
Barone et al. [77] can cover up to 95 % of a building’s energy demand,
which, while effective, does not reach the same level of energy surplus as
en-SOLEX.

Nevertheless, the en-SOLEX system presents some limitations. Its
application is restricted to buildings with linear profiles and regular
structural grids, which reduces its feasibility in more complex archi-
tectural forms. Additionally, the presence of balconies or protruding
features on the building facade poses challenges to integration, as these
elements would need to be removed for successful installation. More-
over, the system requires approximately up to three meters of ground
space on each side of the building for proper implementation depending
on building height, a condition that is particularly difficult to meet in
densely urbanized areas where space is often limited.

While the en-SOLEX system offers substantial benefits in terms of
energy efficiency and production, particularly when compared to other
existing solutions, its practical application is constrained by

Average Daylight factor (DF), minimum daylight factor (D) and reference daylight factor (D) comparison with and without the en-SOLEX system.

Room Average Daylight Factor (%) Dm

Fplane% (95 %)

Dr
Fplane% (50 %)

Without en-Solex With en-Solex A%

Without en-Solex

With en-Solex A% Without en-Solex With en-Solex A%

Master Bedroom 4,5 3,2 —29 % 100 %
Kitchen 2,8 2,3 —-18 % 100 %
Double Bedroom 4,6 3,3 —27 % 100 %
Living Room 3,7 3,3 -11% 100 %

100 % 0% 100 % 100 % 0%
100 % 0% 100 % 90 % —-10 %
100 % 0% 100 % 100 % 0%
100 % 0% 100 % 100 % 0%
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Table 14

Evaluation of the payback period achieved by each scenario.
Investment Cost Investment Cost with government incentives Energy saved and exported. PBP PBP*

Steel Frame En-Modules HP Total year year

RC50 259,200 € 52,200 € - 311,400 € 155,700 € 11,244 € 27.7 13.8
RC30 259,200 € 47,160 € - 306,360 € 153,180 € 9,285 € 33.0 16.5
RC20 259,200 € 44,640 € - 303,840 € 151,920 € 8,289 € 36.7 18.3
RC50 + HP 259,200 € 52,200 € 60,000 € 371,400 € 185,700 € 14,017 € 26.5 13.2
RC30 + HP 259,200 € 47,160 € 60,000 € 366,360 € 183,180 € 12,057 € 30.4 15.2
RC20 + HP 259,200 € 44,640 € 60,000 € 363,840 € 181,920 € 11,055 € 32.9 16.5

architectural and morphological considerations. This highlights the
need for further research and development to increase the flexibility and
adaptability of such systems, especially in urban environments where
retrofitting opportunities are often limited by space constraints and
building design features.

Furthermore, the system was designed with the primary goal of
enhancing the energy efficiency of existing buildings, without address-
ing structural renovation, to offer a more flexible and adaptable solution
not depending on the structural behaviour of the existing building.
However, in earthquake-prone regions, solely focusing on energy effi-
ciency retrofits without considering seismic retrofit is a limited strategy
[51,57,89]. Renovating a building for energy performance alone be-
comes ineffective if the building remains vulnerable to seismic events,
which could potentially damage or destroy the structure, including the
newly installed energy-efficient systems. In such contexts, an integrated
approach that combines both energy efficiency improvements and
seismic reinforcement is not only recommended but essential. A holistic
renovation strategy would ensure that buildings are both resilient to
seismic hazards and optimized for energy performance. Therefore,
future development on the project will investigate the integration of
seismic dampers which will connect the structural node of the exoskel-
eton frame to the structural frame of the existing building to combine
energy and seismic upgrades within the retrofitting exoskeleton.

The simulation methodology employed in the paper is subject to
certain limitations that should be acknowledged. One of the primary
constraints is that the simulation considers the building isolated. While
this approach allows for a generalized analysis of the system’s energy
efficiency, it overlooks potential obstructions caused by neighbouring
buildings, which could negatively impact the performance of the PV
system by reducing its generation efficiency. Future research should
incorporate these external factors to provide a more comprehensive
assessment of system performance in realistic urban environments.
Furthermore, the current simulations are focused predominantly on
evaluating the system’s effectiveness in maximizing on-site renewable
energy production, particularly through the integration of photovoltaic
and shading systems. However, the potential impacts of varying facade
configurations — possible through the use of different en-SOLEX system
modules —have not been explored in this study. Future investigations
could extend this analysis to include the use of greenery panels, biocli-
matic greenhouses, and other adaptive shading system technologies.

Another limitation is the use of a fixed facade system in the simu-
lations. For instance, the En-Opaque modules, which provide fixed
shading, were shown to be effective in reducing solar radiation during
the cooling season while negatively minimizing solar gains during the
heating season. Nonetheless, the literature suggests that optimizing
facade systems according to specific climatic conditions and building
orientations could further enhance the energy efficiency of the system
[39,48,90].

It is also important to note that the simulation method evaluated the
energy performance of the building at a specific location. However, it is
well recognised that the production efficiency of photovoltaics is also
dependent on the latitude and average solar irradiation of the site. Thus,
changing the building site location could affect the overall results of the
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system RES generation. To address this issue, Table 15 shows the PV
generation achievable by the en-SOLEX system application as the lati-
tude changes according to the main Italian cities.

Based on the analysis, specific recommendations can be provided for
the application of the en-SOLEX system to the building’s window-to-
wall ratio (WWR) and annual energy consumption. For buildings with
a WWR of up to 40 %, the RC50 facade configuration is recommended,
particularly when energy consumption does not exceed a value of
51,851.3 to 57,134 kWh/year, depending on the site latitude. In cases
where the WWR is increased to 60 %, the RC30 facade configuration is
recommended, provided that the building’s energy consumption re-
mains below a value between 39,075.6 kWh and 43,798 kWh/year.
Lastly, for buildings with a WWR of up to 80 %, the RC20 facade
configuration is the most suitable, with a maximum energy consumption
ranging from 32.675.3 to 37,131 kWh/year.

7. Conclusions

This paper proposes a novel solar exoskeleton for the energy and
architectural retrofitting of existing buildings, called “en-SOLEX”. The
system, which consists of a self-supporting external steel frame, com-
bines passive solar gain control such as shading and greening with high-
efficiency active solar systems, including PV panels, optimised for
integration into existing building facades. The system aims to increase
the surface area available for integrating renewable energy systems in
high-density existing buildings. This is crucial as these buildings often
have limited space for solar panels, which are typically restricted to the
roof surface.

Furthermore, the self-supporting frame of the system enables the
panels’ load to be directly supported by the structure, thus avoiding
additional loads on the existing structure, as they may not able be to
withstand additional loads, especially in terms of seismic vulnerability.

The system can be assembled quickly and easily from the outside of
the existing building without affecting building occupancy, reducing the
time and cost of implementation. The external facade grid’s modularity
enables easy upgrades and adjustments to the facade modules without
compromising the overall system, reducing the environmental impact of
retrofitting measures.

The integration of the en-SOLEX system in an existing building was
dynamically simulated, demonstrating how the system can reduce en-
ergy demand for space heating and cooling by 33.4 % and 25.5 %,
respectively. The en-SOLEX system, when combined with generator
replacement, can reduce maximum heating and cooling by 80.7 % and
60.5 %, respectively. Furthermore, if combined with deep renovation
strategies such as windows replacement and flat roof insulation a higher
reduction up to 84 % in heating energy consumption can be achieved.

The integration of RES results in surplus electricity generation,
achieving a net positive target for the existing building. The scenarios
RC50, RC30, and RC20 exceed the building’s electricity demand by 215
%, 170 %, and 150 %, respectively. Meanwhile, scenario RC50 + HP,
which fully electrifies building energy needs, even with higher building
electricity demand, still generates 165.2 % more electricity than the
building requires. Despite fully electrifying building energy needs, the
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Table 15

PV generated electricity with the en-SOLEX system according to Italian main cities latitude.
Latitude Location RC50 RC30 RC20
46° 30' N Bolzano 53,485.1 kWh/year 39,906.7 kWh/year 33,117.9 kWh/year
45° 28' N Milano 52,111.7 kWh/year 39,154.2 kWh/year 32,675.3 kWh/year
44° 30'N Bologna 51,851.3 kWh/year 39,075.6 kWh/year 32,687.2 kWh/year
43° 46' N Firenze 52,284.5 kWh/year 39,491.1 kWh/year 33,094.8 kWh/year
41° 54'N Roma 56,629.3 kWh/year 42,834.3 kWh/year 35,955.2 kWh/year
41° 07'N Bari 55,426.5 kWh/year 43,063.4 kWh/year 36,863.3 kWh/year
38° 06' N Palermo 57,134.2 kWh/year 43,798.1 kWh/year 37,131.6 kWh/year

net balance remains positive, ranging from 65.2 % with scenario RC50
+ HP to 9.9 % with scenario RC20 + HP, turning the retrofitted building
into a net energy producer. The surplus electricity exported to the grid
allows the retrofitted buildings to provide surplus energy at the district
level helping the energy transition of existing urban clusters.

By analysing the system’s impact on indoor comfort, it is evident
that, while the en-SOLEX system results in a reduction in natural light
within the building — albeit within the regulatory limits — it substan-
tially mitigates the hours of thermal discomfort. In particular, a reduc-
tion in discomfort hours ranging from 23 to 38 % was observed when
comparing the baseline scenario to the retrofitted one.

Even when optimal solar alignment is not feasible due to the varying
orientation of existing buildings, the en-SOLEX system demonstrates the
ability to achieve a surplus in building energy consumption and meet the
net positive energy target. Compared to the south-facing orientation, the
east-facing orientation exhibits the greatest reduction in electricity
generation, with decreases ranging from 11.8 % in the RC20 + HP
scenario to 19.2 % in the RC50 scenario. Although the on-site energy
generation is reduced due to the suboptimal orientations, all scenarios
ensure a positive net energy balance.

The study’s findings indicate that the implementation of the system
incurs a significant financial burden when subjected to a cost-benefit
analysis under standard economic conditions. The payback period for
the intervention ranges from a maximum of 36.7 years to a minimum of
26.5 years. However, the economic feasibility improves significantly
when accounting for government incentives designed to promote energy
efficiency in buildings. Specifically, the payback period decreases to a
range of 13.2 years in the RC50 + HP scenario and as low as 18.3 year in
the RC20 scenario. This underscores the critical role of policy measures
in expediting the return on investment and enhancing the economic
attractiveness of such projects.

The prospective evolution of the system will examine the impact of
additional facade configuration modules, including greenery and a
bioclimatic greenhouse, on the energy performance of a retrofitted
building utilising the en-SOLEX system. Furthermore, an optimisation of
the facade modules of the exoskeleton based on building orientation and
climatic conditions will be conducted to maximise energy savings and

Appendix 1
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thermal comfort within the building. Additionally, a structural load
analysis will be performed to enable the system to provide both energy
and structural retrofitting measures simultaneously.
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Fig. 18. Technical detail drawing of the en-SOLEX system.

Appendix 2
Table 16
Generated, exported, self-consumed and delivered electricity comparison among the analysed scenarios based on different building orientations.
East
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year

(continued on next page)
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Table 16 (continued)

East
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year
Electrity 1(t) 26106.1 - 26066.4 - 26060.7 - 33022.6 - 33022.6 - 33022.6 -
consumption
Generated Electricity — g(t) 47521.6 182.0 38304.9 147.0 33681.9 129.2 47521.6 143.9 38304.9 116.0 33681.9 102.0
% % % % % %
Exported Electricity e(t) 32,803 125.7 25,026 96.0 % 21454.6 82.3 % 32499.2 98.4 % 24756.9 75.0 % 21162.7 64.1 %

%
Delivered Electricity d( 13763.6 52.7 % 14702.8 56.4 % 15517.5 59.5 % 20376.3 61.7 % 21389.8 64.8 % 22187.5 67.2 %

Self-consumed s(t) 12342.5 47.3 % 11363.6 43.6 % 10543.2 40.5 % 12646.3 38.3% 11632.8 35.2% 10835.1 32.8%
Electricity
Net exported ne 19039.4 72.9 % 10323.3 39.6 % 5937.1 22.8% 12122.8 36.7 % 3369.7 10.2 % 1022.7 3.1%
Electricity t)
South-East
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year
Electrity 1(t) 25015.4 - 24996.9 - 24990.5 - 32264.8 - 32264.8 - 32264.8 -
consumption
Generated Electricity — g(t) 53498.6 213.9 41903.8 167.6 36,088 144.4 53498.6 165.8 41903.8 129.9 36,088 111.8
% % % % % %
Exported Electricity e(t) 39051.3 156.1 28965.7 115.9 24194.6 96.8 % 38481.9 119.3 28488.6 88.3 % 23754.1 73.6 %
% % %
Delivered Electricity d() 13243.1 52.9 % 14,154 56.6 % 14901.5 59.6 % 19923.1 61.7 % 20944.8 64.9 % 21735.3 67.4 %
Self-consumed s(t) 11772.3 47.1 % 10842.9 43.4 % 10,089 40.4 % 12341.7 38.3% 11,320 35.1 % 10529.5 32.6 %
Electricity
Net exported ne 25808.2 103.2 14811.7 59.3 % 9293 37.2% 18558.7 57.5 % 7547.4 23.4% 2021.8 6.3 %
Electricity (1) %
South
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year
Electrity 1(t) 24594.8 - 24584.6 - 24581.9 - 31882.5 - 31882.5 - 31882.5 -
consumption
Generated Electricity — g(t) 55426.5 225.4 43063.4 175.2 36863.3 150.0 55426.5 173.8 43063.4 135.1 36863.3 115.6
% % % % % %
Exported Electricity e(t) 42033.7 170.9 31114.2 126.6 25831.1 105.1 41321.0 129.6 30555.8 95.8 % 25306.3 79.4 %
% % % %
Delivered Electricity d() 13973.3 56.8 % 14818.6 60.3 % 15392.9 62.6 % 20548.3 64.5 % 21523.0 67.5 % 22165.8 69.5 %
Self-consumed s(t) 10621.5 43.2% 9766.0 39.7 % 9189.0 37.4% 11334.2 35.5% 10359.5 325 % 9716.8 30.5 %
Electricity
Net exported ne 28060.4 114.1 16295.6 66.3 % 10438.2 42.5 % 20772.7 65.2 % 9032.8 28.3 % 3140.6 9.9 %
Electricity (1) %
South West
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year
Electrity 1(t) 25027.2 - 24998.2 - 24992.4 - 32263.1 - 32263.1 - 32263.1 -
consumption
Generated Electricity g(t) 53507.3 213.8 41,909 167.6 36,092 144.4 53507.3 165.8 41,909 129.9 36,092 111.9
% % % % % %
Exported Electricity e(t) 40646.6 162.4 30449.2 121.8 25425.6 101.7 40102.1 124.3 29924.7 92.8 % 24912.3 77.2%
% % % %
Delivered Electricity d() 14841.9 59.3 % 15633.8 62.5 % 16130.6 64.5 % 21533.3 66.7 % 22374.2 69.3 % 22,888 70.9 %
Self-consumed s(t) 10185.3 40.7 % 9364.4 37.5% 8861.8 35.5% 10729.8 33.3% 9888.9 30.7 % 9375.1 29.1 %
Electricity
Net exported ne 25804.7 103.1 14815.3 59.3 % 9294.9 37.2% 18568.7 57.6 % 7554.1 23.4 % 2026.9 6.3 %
Electricity ) %
West
Scenario RC50 RC30 RC20 RC50 + HP RC30 + HP RC20 + HP
kWh/ kWh/ kWh/ kWh/ kWh/ kWh/
year year year year year year
Electrity 1(t) 26002.5 - 25994.2 - 25988.9 - 32993.1 - 32993.1 - 32993.1 -
consumption
Generated Electricity g(t) 47512.6 182.7 38298.4 147.3 33677.5 129.6 47512.6 144.0 38298.4 116.1 33677.5 102.1
% % % % % %
Exported Electricity e(t) 34516.7 132.7 26615.7 102.4 22,753 87.5% 34170.6 103.6 26257.8 79.6 % 22382.3 67.8 %
% % %
Delivered Electricity d() 15402.3 59.2 % 16226.4 62.4 % 16748.3 64.4 % 22026.8 66.8 % 22867.4 69.3 % 23381.8 70.9 %
Self-consumed s(t) 10600.2 40.8 % 9767.8 37.6 % 9240.6 35.6 % 10966.3 33.2% 10125.7 30.7 % 9611.3 29.1 %
Electricity
Net exported ne 19114.4 73.5 % 10389.3 40.0 % 6004.7 231 % 12143.8 36.8 % 3390.4 10.3 % 999.5 3.0%
Electricity )
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