atmosphere

A

Article

Energy Retrofit Optimization by Means of Genetic Algorithms
as an Answer to Fuel Poverty Mitigation in Social
Housing Buildings

Adriana Ciardiello 1, Jacopo Dell’Olmo 2, Marco Ferrero *, Lorenzo Mario Pastore 2, Federica Rosso !

and Ferdinando Salata 2

Citation: Ciardiello, A.; Dell’Olmo,
J.; Ferrero, M.; Pastore, L.M.; Rosso,
F.; Salata, F. Energy Retrofit
Optimization by Means of Genetic
Algorithms as an Answer to Fuel
Poverty Mitigation in Social
Housing Buildings. Atmosphere 2023,
14, 1. https://doi.org/10.3390/
atmos14010001

Academic Editor: Jihui Yuan

Received: 19 November 2022
Revised: 15 December 2022

Accepted: 16 December 2022
Published: 20 December 2022

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 DICEA, Sapienza University of Rome, Via Eudossiana 18, 00184 Rome, Italy
2 DIAEE, Sapienza University of Rome, Via Eudossiana 18, 00184 Rome, Italy
* Correspondence: marco.ferrero@uniromal.it

Abstract: In accordance with national regulations, the renovation of the residential sector is an ur-
gent task for achieving significant reductions in energy consumption and CO:z emissions of the ex-
isting building stock. Social housing is particularly in need of such interventions, given the higher
vulnerability of its inhabitants and its crucial role in furthering social welfare and environmental
sustainability objectives. Both passive and active strategies have proved their efficacy in advancing
towards these goals and also in mitigating increasing fuel poverty in low-income families. However,
to optimize the best combination of such retrofit strategies, advanced optimization methodologies
can be applied. Here, a multi-objective optimization methodology is implemented by a genetic al-
gorithm (aNSGA-II) coupled to EnergyPlus dynamic energy simulations. Then, the energy con-
sumption of the optimal solution is considered by means of EnergyPLAN simulations for the further
application of active strategies. The two-step method is tested on a relevant case study, a social
housing building in Rome, Italy. Results show that the applied method reduced the energy demand
by 51% with passive strategies only. Active strategy implementation allowed for a further reduction
of 69% in CO:z emissions and 51% in energy costs. The two-step method proved effective in mitigat-
ing fuel poverty and decarbonizing the residential sector.

Keywords: multi-objective optimization; fuel poverty; genetic algorithm; social housing; retrofit;
passive strategies; active strategies; building energy simulation

1. Introduction

The residential sector accounts for more than 25% of the total energy consumption in
Europe [1]. In the last ten years, the renovation rate in this sector has increased, but the
achievement of the required standards for the built environment imposed by European
regulations to advance towards climate neutrality in 2050 is still far to reach. Indeed, the
annual rate of deep renovations of the existing building stock in the EU is around 0.2%
and the vast majority of these renovations are implemented as individual or step-by-step
measures [2]. In particular, one of the most crucial challenges in building renovation is
the choice of the optimal combination of passive strategies to apply to the envelope of the
building [3], as dispersions through the external envelope account for 50% of the energy
demand [4]. Moreover, HVAC systems have a shorter life compared to the architectural
and structural parts of a building and are easier to substitute; thus, the choices made for
the envelope are those with longer-term effects. More interesting data are that 22.3% of
the European building stock was built before 1946 and around 44% between 1946 and
1980 [5]. Thus, the majority of the existing building stock is obsolete from an energy per-
formance point of view, as they are older than the first regulations on building energy
performance [6].
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Nowadays, the European Green Deal and other incentive-based programs in Europe
encourage long-term strategies aimed toward a more sustainable building stock, starting
with the renovation of public buildings [7]. In greater detail, social housing, representing
more than 27 million dwellings and about 7% of the total housing stock in EU countries
[6], is fundamental to stimulating economic recovery and social welfare policy and to sup-
porting environmental sustainability objectives [8]. Indeed, retrofit improvements of so-
cial housing buildings respond to the need to mitigate fuel poverty, especially among the
most vulnerable population [9]. Fuel poverty is a growing social problem and amplifies
health inequalities [10], whereby households are unable to meet their energy needs due
to low incomes, high energy prices, and poor building performances [11]. Most often, fuel
poverty is considered synonymous with energy poverty, but, as they are actually two dis-
tinct issues, we will refer to fuel poverty in this article, while energy poverty instead
means the lack of access to modern energy services, such as electricity and clean cooking
energy, that is mainly diffuse in Africa, India, and other developing countries in Asia [12].
The indicators of fuel poverty are the inability to keep homes adequately warm, arrears
on utility bills, and leak/damp/rot in the dwelling [13]. Meanwhile, an indicator of energy
poverty is a lack of availability of energy services. Both fuel poverty and energy poverty,
however, share some similarities, in that they are common to all climate areas, especially
relevant in the residential sector among low-income households, and they further aggra-
vate poverty, inequality, health issues, and social development [11]. In social housing
buildings, usually passive strategies for the envelope are preferred more than modifying
the energy systems or installing renewable energy equipment, which leads to overlooking
the multidimensionality of the issue of fuel and energy poverty, as it ignores the re-
strictions they impose on cooking, lighting, and domestic hot water [14]. Therefore, the
sole implementation of passive strategies is not sufficient to solve fuel and energy poverty
in social housing. Aggravating the current scenario, recently, the cost of energy under-
went tremendous growth, making the transition to renewable sources and energy effi-
ciency strategies for our buildings increasingly urgent [15]. The energy inflation rate is
higher than 25%, especially with respect to gas, which is commonly used for heating in
the residential sector [15]. This can bring about an increase in domestic thermal discomfort
and, as a consequence, economic implications on public healthcare [16].

Therefore, the energy retrofitting of the existing stock, and especially of the social
housing stock, are even more important to face the upcoming challenges related to energy
price increases, which further aggravate fuel poverty. Indeed, energy retrofitting can re-
duce the energy bills for households and improve their comfort, health, and quality of life,
and at the same time, reduce the environmental impact of the building stock. For all these
reasons, the energy retrofitting of the social housing building stock is an urgent task. Ret-
rofit strategies should greatly reduce both energy consumption and CO: emissions, but,
at the same time, they should be cost-effective; thus, focusing on technical, financial, and
social added values simultaneously is necessary [17]. Therefore, a highly complex prob-
lem is outlined, considering multiple objectives and multiple variables —where each can
have a wide range of possible values [5].

Such a complexity has been commonly considered with traditional scenario-by-sce-
nario analyses for finding the most convenient solutions. Rosso et al. [6] considered the
energy performance improvement of a social housing case study in Rome, Italy, by means
of a scenario-by-scenario consideration of different sustainable, bio-based thermal insula-
tion panels and glazing passive strategies, and with the best scenario they assessed a re-
duction in yearly energy consumption by up to 36%. Barbosa and colleagues [18] consid-
ered increasing insulation as a solution to reduce vulnerability in the case of 1960s” South-
ern Europe housing, focusing on decreasing discomfort hours, and were able to assess a
48% decrease. With respect to Southern Europe, Ozarisoy and Altan [19] considered the
performance of shading devices for reducing overheating in social housing case studies
and suggest a retrofit design policy that considers passive cooling design strategies. The
urge to act on the social housing building stock is evidenced by Escandon and colleagues
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[20], which assessed that 38% of postwar social housing buildings are at risk of overheat-
ing at present, and 100% of them will be in 2050 if they remain in the current conditions,
posing a serious threat to the vulnerable population living there. Finally, Santangelo and
colleagues [21] verified that 20% of the European population cannot adequately heat their
houses due to fuel poverty and that retrofitting this stock would mitigate this issue. All of
these studies, while focusing on the social housing building stock in Southern Europe,
which is a relevant case study due to the quantity of such buildings [22], apply a scenario-
by-scenario approach. In order to surpass the limitations produced by scenario-by-sce-
nario approaches, e.g., the reduced number of solutions that can be considered and the
computational time that is devoted to such approaches, we propose a methodology that
allows a rapid and broader consideration of solutions to the complex challenge of evalu-
ating the most suitable solution for retrofitting the social housing building stock.

Indeed, optimization algorithms can be used, coupled with energy simulation soft-
ware [23], to deal with such a complex problem and to explore this wide space of solu-
tions. These advanced digital tools can support the designer during the decision-making
phase and can address the design problem to advance toward more sustainable and com-
fortable solutions. Indeed, the space of solutions of the possible passive strategies to im-
plement in building retrofits would be too wide to manually explore with a scenario-by-
scenario approach, and “intelligent” algorithms can be used to automatically converge
towards optimal solutions. In the scientific literature, the most common optimization al-
gorithm used in building design optimization problems is the genetic algorithm [24].

Multi-objective optimization in building design is an active research field [25]. Deal-
ing with conflicting objectives, the optimization process does not provide only one solu-
tion —the absolute optimum —but a set of optimal solutions called Pareto solutions. This
allows the designer to choose one of the selected solutions based on his preferences and
requests. Moreover, it can be useful to explore different combinations and to allow for
architectural variability. Building energy optimization for existing buildings is a topic of
increasing interest and different methods were employed in the scientific literature with
respect to the theoretical framework, objective functions, genes, and software [26,27]. Re-
search is still needed to find an approach that can be shared worldwide and used for dif-
ferent design problems. With this work, we contribute to the advancing research in this
developing field by applying the multi-objective optimization of building performance to
the context of building energy retrofitting, in the relevant case study of social housing.
While the application is for a specific case, even if relevant and significant, the proposed
methodology is of general value and can be applied to other contexts. In the next section,
the aim and contribution of the work will be discussed in detail. Section 3 deals with the
method of the present work, while the results and discussion are illustrated in Section 4,
and Section 5 deals with the conclusions.

2. Aim and Contribution of the Work

Based on the above-discussed context, this work aims to expand the discussion on
the multi-objective optimization of retrofit actions aiming towards more sustainable and
comfortable buildings, with a specific focus on the social housing context, which is partic-
ularly in need of such an action. Indeed, the paper proposes a multi-objective approach
for the energy renovation of the social housing building stock and fuel poverty mitigation.
This kind of approach aims to consider, simultaneously, the architectural, energy, and
economic aspects of the design to address more efficient and cost-effective passive strate-
gies. Moreover, the output of the optimization of the building envelope is used to also
consider a renovation of the energy system, i.e., active strategies. Advanced tools are used
for conducting dynamic energy simulations of the building (EnergyPlus) and the system
(EnergyPLAN). The workflow is set to be applied to different design problems. Indeed,
each building would require a specific and tailored optimization to better address a deep
and effective energy renovation. Therefore, even if applied here to a specific relevant and
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significant case study, that of the social housing in Rome, the proposed workflow can be
applied to other contexts.

The objectives of such a multi-objective optimization are the reduction in investment
costs and the reduction in the energy demand with respect to the reference building (the
case study as it is), by means of the applications of combinations of passive strategies, i.e.,
integrated design solutions [3]. The result is a set of optimized solutions, among which
the optimal solution is the one that minimizes to the maximum extent all of the objectives
at the same time. After optimizing the passive strategies, active strategies are also consid-
ered in the workflow to further tackle fuel poverty with respect to electricity and natural
gas consumption, taking into consideration the recent increase in energy prices due to
geopolitical instabilities [28]. The two-step workflow allows us to disentangle the role of
passive strategies and active strategies in mitigating fuel poverty, considering that, as
demonstrated in the literature [14], neither passive strategies nor active strategies alone
are sufficient for advancing towards this aim.

3. Method

In order to find suitable retrofit strategies that are tailored for each specific building,
the proposed workflow is built on a significant and relevant case study. Figure 1 summa-
rizes the methodological workflow of this research, which is briefly outlined here but de-
scribed in more detail in the following subsections. The digital model of the case study is
first prepared with Rhinoceros 3D and Grasshopper as a graphic interface (Figure 1a),
then, the energy model is created by means of a Grasshopper plug-in, i.e., Honeybee, and
the .idf file is exported with the OpenStudio features included in Honeybee (Figure 1b).
Then, architecturally compatible retrofit strategies are taken into account. With these base
considerations, the optimization problem is outlined considering energy demand and in-
vestment costs as objective functions and genes (i.e., passive retrofit strategies), and con-
straints are set (Figure 1c). An active archive Non-Dominated Sorting Genetic Algorithm
(aNSGA-II) written in Python is used for the optimization (Figure 1d), coupled with the
building energy simulation software, i.e., EnergyPlus (Figure le). After running the sim-
ulations, the optimal combination of strategies for the retrofit intervention is chosen from
the Pareto curve of optimal solutions (Figure 1f). Then, for the optimal solution, the energy
system renovation with heat pumps and photovoltaic panels is simulated with Ener-
gyPLAN and analyzed (Figure 1g). Evaluations of the influence of passive and active
strategies on energy, emissions, and cost savings are drawn, also considering the recent
rise of energy costs (Figure 1h).
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Figure 1. Methodological workflow with steps a-h. Legend: PS—passive strategies; AS—active strat-

egies; HPs—heat pumps; PV —photovoltaic; EC—energy consumption; CO2—CO:z emissions; IC—
investment costs; ECs —energy costs.

3.1. The Case Study Building

The energy retrofit optimization is applied and verified on a significant and relevant
case study, pertaining to the social housing building stock of Rome, Italy. The case study
building is significant because it is representative of 1960s-1970s social housing com-
plexes, common in many Italian and European outskirts, which were built with innova-
tive prefabricated methods but were lacking in energy efficiency and thermal perfor-
mance, further degrading overtime. This is even more severe considering that the build-
ings pertain to social housing and, thus, to a vulnerable part of the population. In addition,
to aggravate this aspect, fuel poverty in Italy is slightly increasing. According to the latest
data made available by the ENEA for the annual report of the Italian Observatory on En-
ergy Poverty (OIPE), between 2016 and 2018 the phenomenon affected approximately 40
thousand more families, equivalent to 8.8% at the national level [29].

The selected case study is a building designed by Lucio Passarelli in the late 1970s in
the northeast area of the city for the social housing complex “Vigne Nuove” [30]. In par-
ticular, the selected building is building C, chosen among the three residential buildings
in that area, as shown in Figure 2a. It is a linear block building with the distinctive char-
acteristic of external cylindrical staircase volumes (Figure 2b).
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Figure 2. Case study building: site plan with building A, B and C (a); pictures of the facade and the
cylindrical staircase volume of building C (b).

The case study consists of seven floors of apartments; the ground floor is open and
the roof consists of common spaces employed as terraces and small closed volumes for
private storage. Each floor has two typologies of apartments, both of which have double
exposure. Moreover, the functional distribution of each floor is always defined by the se-
quence of living areas, service blocks (kitchens, bathrooms, and loggias), and bedrooms
(as illustrated in Figure 3). The building consists of 108 apartments and the total area of
the conditioned zone is 13,000 m2.
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Figure 3. Case study building: Functional distribution (a) and section of a standard floor plan (b).

With respect to the geographical area and climate where the case study building is
located, Rome, Italy is in a Csa climate according to the Koppen—Geiger classification [31].
It is considered to be a temperate climate characterized by hot, dry summers and wet
winters. As for the Italian climate classification, the building is located in zone D [32].

3.2. The Building Energy Model

The building 3D model is created by means of Rhinoceros and Grasshopper. Then,
the energy characteristics of the building are implemented by Honeybee, a Grasshopper
plug-in that connects Rhino geometry and Grasshopper functionality to a selection of
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advanced energy modeling and simulation programs. Table 1 describes the envelope ele-
ments of the building with a description of the layers and their thermo-physical features,
based on [33] an in situ survey by the authors. Since no direct measurements have been
conducted, the thermo-physical features of the materials are defined by the authors’ ex-
perience and the technical specifications of the commercial products. The .idf file is then
exported to be used in the optimization process, conducted by means of an in-house im-
plemented genetic algorithm written in Python and connected to EnergyPlus [34] with the
Eppy library [35]. For the energy system renovation phase, the outputs of EnergyPlus are
used as inputs for EnergyPLAN [36].

Table 1. Description of layers and thermo-physical features of the envelope from the innermost to
the outermost layer.

Outdoor Wall
Layers Thickness Conductivity Density Specific Heat Transmittance
[m] [W/mK] [kg/m3] [J/kgKI [W/(m?K)]
Gypsum block 0.10 0.27 950 840
Air gap 0.20 - - - 1.16
Gritted concrete 0.10 0.52 1550 1000
Loggia Wall
Layers Thickness Conductivity Density Specific Heat Transmittance
[m] [W/mK] [kg/m?3] [J/kgKI] [W/(m?2K)]
Inner plaster 0.015 0.32 950 1000
Gypsum block 0.10 0.25 750 840 1.06
Expanded clay block 0.15 0.42 1100 1000
Roof
Layers Thickness Conductivity Density Specific Heat Transmittance
[m] [W/mK] [kg/m3] [J/kgK1 [W/(m2K)]
Inner plaster 0.015 0.32 950 1000
Predalles slab 0.24 0.58 1670 1000
Polyurethane 0.03 0.04 32 1400 0.66
Lightweight concrete 0.04 1.00 1100 1000
Tiles 0.02 1.30 2300 840
Aluminum Frame Window
Layers Thickness Conductivity Density Specific Heat Transmittance
[m] [W/mK] [-] [-] [W/(m?K)]
Single glass 0.004 1.00 0.82 0.88 5.8

With respect to the thermal zones, the residential floors are modeled as one thermal
zone, based on the consideration of the homogeneous functional distribution of all the
floors and the double exposure of all the apartments. The simulation parameters are set
in accordance with Italian technical codes [37]. The residential thermal zone is a condi-
tioned area, with an occupancy schedule from the late afternoon until the early morning
(recalling a typical working day). On the contrary, during the weekends, the occupants
are considered at home until late morning. The number of occupants is evaluated based
on the apartments’ size, and all apartments are considered occupied. In order to define
the thermal loads, an Ideal Load Air System is considered, and the thermostat is set at 20
°C during the heating season and 26 °C during the cooling season. The natural ventilation
is set to 0.5 vol/h [37]. In addition, there are non-conditioned zones for the staircases, the
storage volumes on the roof, the loggias, and the open ground floor. The staircases and
ground floor are employed in the late afternoon (when occupants come back from work)
and early morning (when occupants go to work). The climate file related to Roma Fium-
icino was selected from the EnergyPlus weather data repository, available online [38], to
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be employed for the hourly time-steps simulations carried on for the whole year. The same
thermal zones and simulation parameters are considered during the energy simulation of
the building with the implementation of the retrofit strategies described in the next sub-
section. Figure 4 shows the energy model with its thermal zones.

- Storage
- Staircase
- Loggia
- Ground floor
- Residential

Figure 4. Exploded view of thermal zones of the energy model.

3.3. Retrofit Strategies

Based on the analysis of the current status of the building, different architecturally
compatible strategies are considered for the energy renovation of the building. These ret-
rofit strategies—which constitute the “genes” of the building for the genetic optimiza-
tion —are the following: (i) adding mid and internal thermal insulation to the external cav-
ity walls, (ii) adding internal thermal insulation to the loggia walls, (iii) adding external
thermal insulation to the roof, (iv) changing the solar reflectance of the finishing layer of
the roof, (v) changing the windows, (vi) closing the loggias with operable glazing, (vii)
adding solar shading in the loggias, and (viii) closing the open ground floor with operable
glazing. For each gene, a range of possible solutions are considered, and the costs are eval-
uated based on the regional price list for Lazio [39] where the case study is located. Table
2 shows the list of the investigated genes, the range of variability, and the related costs.
The lower value of the range of variability of the considered genes is defined in accordance
with the minimum transmittance requirements of current Italian regulations for climate
zone D, where the building is located [40]. Only the thermal insulation in the cavity of the
outdoor wall is set at a constant of 20 cm, as it is the thickness of the cavity. For this reason,
the material of the thermal insulation is considered as a gene and not the thickness of this
layer.
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Table 2. Investigated genes for the energy retrofit, range of variability, and costs.

Gene Range of Variability Costs

a.1 Expanded clay

.1 45.20 €/m?
a.2 Expanded granular cork m

Thermal insulation out-

door wall a.2 60.76 €/m?
. a.3 Polyurethane foam
1 a a Alr gap b. Polyurethane board 0-6 a.370.50 €/m?
b. Internal layer O b. 44 €/m?

cm (steps of 2 cm)

Internal thermal insula- Polyurethane board 0-6 cm

2
tion loggia wall (steps of 2 cm) 44 €/m

External thermal insula- Polyurethane board

3
tion roof 0-7-8-9 cm 450 €/m

Solar reflectance of the Solar reflectance
finishing 1 f th 4 2
inishing layer of the 10-90% (steps of 10%) 0 €/m

roof
I
WO0. U =1.80 W/m2K 270.20 €/m?
W1. U =1.60 W/m2K 326.00 €/m?
PVC frame windows W2.U=1.40 Wm2K 366.00 €/m?
W3. U =110 Wm2K 390.00 €/m?
W4. U =0.90 Wm2K 422.00 €/m?
W5. U =0.70 W/m2K 478.00 €/m?
' / % Closing loggia Yes/No 210 €/m?
Solar shading Yes/No 75 €/m?
Closing ground floor ~ Yes/No 210 €/m2

3.4. Optimization of the Passive Strategies by Means of Genetic Algorithm

The formulation of the optimization problem is based on the need to simultaneously
consider the energy and economic aspects of the retrofit interventions in order to find an
energy- and cost-efficient solution. Therefore, a multi-objective optimization is conducted,
dealing with the minimization of the energy demand (ED) and investment costs (IC). The
problem can be summarized by the following equation:
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F(x) = min [ED(x), IC(x)]

The ED is the annual energy demand for space conditioning, including space heating
and cooling, determined by the sum of EnergyPlus hourly outputs. The IC is the sum of
each retrofit action cost implemented on the building based on the regional price list [39].
Therefore, the space of solutions is a two-dimensional space with 82,944 possible alterna-
tives, considering all the genes (the retrofit passive strategies described in the previous
subsection) and their range of variability.

A genetic algorithm is used to explore the space of solutions in a faster and more
efficient way. Indeed, the algorithm is set to automatically converge towards optimal so-
lutions with respect to the considered objective functions. From the 82,944 possible solu-
tions, only 2000 are simulated, allowing a significant reduction in the computational time.

The optimization algorithm used is an in-house developed active archive Non-Dom-
inated Sorting Genetic Algorithm (aNSGA-II) [41]. This algorithm is still not widely em-
ployed in the literature, but its high efficiency is demonstrated in different works [42—44].
The genetic algorithm is implemented by using Python and coupled to EnergyPlus with
the Eppy library [35]. In this way, Python can automatically launch EnergyPlus simula-
tions, manipulate EnergyPlus input files (.idf), and read and post-process EnergyPlus out-
put files (.csv).

The outputs of the optimization are a set of optimal solutions along the Pareto curve,
among which the designer can choose the fittest one depending on the needs of the dif-
ferent stakeholders. In this case, as the building is public, we hypothesize that the best
solution for all the stakeholders is the solution that simultaneously minimizes the two
objectives.

3.5. Implementation of Active Strategies and Renewable Energies

Once the best combination of passive strategies is found by means of the multi-ob-
jective optimization and the cooling and heating needs of the building have been greatly
reduced, we consider the renovation of the heating and cooling system, taking into ac-
count the best practices for active strategies in buildings in the Mediterranean area. In-
deed, the installation of reversible heat pumps for heating and cooling, coupled with pho-
tovoltaic panels, is considered in the scientific literature to be the most useful system ren-
ovation for the decarbonization of the residential sector [45]. At the same time, the high
performance of heat pumps allows a reduction in primary energy consumption compared
to gas-fueled technologies. Moreover, the recent high increase in fossil fuel prices neces-
sitates an urgent transition to electricity and renewable energy sources, as well as the mit-
igation of fuel poverty in social housing buildings.

The outputs of the EnergyPlus simulations are used as inputs for the original and the
renovated energy system simulations by means of EnergyPLAN [36], a software devel-
oped by Aalborg University, Denmark and already widely used in the scientific literature
[46,47]. It is an input/output computer tool that works with hourly steps over a whole
year. EnergyPLAN has been mainly applied at a regional and national scale [48]; never-
theless, several works have used the software to model and design distributed energy
systems [49].

The heating system of the reference building is a traditional natural gas boiler (effi-
ciency 92%). Air-to-air heat pumps, characterized by a COP of 2.7, are applied to supply
the cooling demand in the reference scenario. The electricity demand has been modeled
according to [50], which provides average electricity consumption values for dwellings in
Italy. Reversible air-to-water heat pumps have been considered to supply the heating and
cooling demand in the renovated scenario. Table 3 shows the technical specification of the
new energy system considered [51].



Atmosphere 2023, 14, 1 11 of 18
Table 3. Technical specifications of the renovated energy system.
Heati i
System eating  Cooling ), gpg
Capacity Capacity
[kW] [kW] - -
Air-to-water heat pumps for heating and 05 360 335 281

cooling

A photovoltaic system, characterized by a peak power of 130.6 kWp, was imple-
mented. Such a system was modeled in order to be placed on the roof of the storage vol-
umes, thus keeping the common terraces available for the inhabitants of the building. The
producibility of the photovoltaic system is 1439 kWh/kW/year [52]. Assumptions on cap-
ital expenditure, operation and maintenance costs, and the lifetimes of the investigated
new technologies are reported in Table 4, as well as the related references.

Table 4. Assumptions on capital expenditure (CAPEX), operation and maintenance (O&M) costs,
and lifetimes of the technologies.

System g:;f];’; CAPEX O&M Costs Lifetime  Ref.
(% of INV)  (Years)

Air-to-water HPs €/kWn 382 5.84% 15 [53]

PV plant €/kWa 850 1.58% 25 [54]

4. Results and Discussion

The results of the multi-objective optimization are shown in Figure 5, where the two-
dimensional space is illustrated, and the dots represent the simulated buildings.

Compared to the reference building, the optimal solution of passive strategies opti-
mization (optimal PS) adds vertical insulation in the cavity of the external wall with ex-
panded clay, replaces the windows with W0 windows, and closes the loggias with opera-
ble glazing. In such a way, all the vertical surfaces —which are the main external surfaces
of the building, considering its high and thin linear shape—are implemented and the
transmittance of these elements is greatly reduced. Table 5 compares the transmittance of
the implemented genes with the original one of the envelope of the reference building.

Table 5. Transmittance of the implemented genes.

T itt
Implemented Genes r?‘l;smm_iKT]lce
Reference Optimal PS
Outdoor wall 1.16 0.23
Windows 5.8 1.8
Loggia glasses - 5.7

With these genes implemented, the optimal PS solution allows a reduction in the ED
by 51%. In greater detail, the reduction of the ED for heating is 63% and for cooling, 14%.
The IC is equal to 911.4 k€, of which 64% corresponds to the new window implementation,
18% to the thermal insulation with expanded clay in the external cavity walls, and 18% to
the closing of the loggias with operable glazing.
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Figure 5. Space of solutions of the multi-objective optimization of passive strategies.

Once the optimal combination of the passive strategies is found by the optimization
process, we consider the active strategies, simulating the original and renovated heating
and cooling systems by means of EnergyPLAN. Figures 6-9 show the comparison be-
tween the reference building, the optimal PS solution, and the solution with the imple-
mentation of active strategies (PS+AS solution) with respect to the final energy consump-
tion (Figure 6), CO: emissions (Figure 7), investment costs (Figure 8), and energy costs
(Figure 9). In each figure, the reference building pie chart—the first on the left—is always
considered as the reference for scaling the other pie charts of the PS solution and PS+AS
solution, based on the percentage reduction for each objective. The energy consumption
is determined by the sum of EnergyPlus and EnergyPLAN hourly outputs; the CO2 emis-
sions are the emissions caused by the building energy consumption during a year, and
they are evaluated based on emission factors in the Italian energy and power sector [55];
the investment costs are the costs of materials and their application for each retrofit strat-
egy implemented on the building, and they are evaluated based on a regional price list
[39]; the energy costs are the costs of the energy consumed by the building during a year,
and they are evaluated in accordance with national energy price statistics available for
2019 and 2022 [56].

As we can see from Figure 6, the optimal PS solution allows a 43% reduction in the
total energy consumption and, in particular, a 63% reduction of natural gas for heating.
However, with a further investment cost of 273,000 €, the PS+AS solution can bring to the
total electrification a further 18% reduction in the electricity need compared to the optimal
PS solution, corresponding to a reduction in the total energy consumption of 73% with
respect to the reference scenario.
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Energy consumption [MWh]
reference: PS solution: PS+AS solution:
1066.78 605.05 279.40

71425‘ 352.53 26374. 341.31 279.40
= Natural Gas * Electricity

Figure 6. Comparison of the reference building, the optimal PS solution, and the PS+AS solution
with respect to energy consumption.

Moreover, the total CO:2 emissions are reduced by 39% with the PS solution and 69%
with the PS+AS solution compared to the reference building (Figure 7). Therefore, the
PS+AS solution is on the path to furthering decarbonization, and towards the goal of an
all-electric building powered by solar or other zero-carbon and renewable sources.

co, emissions [tCOZeq]
reference: PS solution: PS+AS solution:
238.72 144.96 75.19

14385‘ 94.87 53.12’ 91.85 75.19
= Natural Gas + Electricity

Figure 7. Comparison of the reference building, the optimal PS solution, and the PS+AS solution
with respect to CO2 emissions.

With respect to the investment costs in the PS+AS solution, almost half of the costs
are related to the new windows implementation (49%), and the thermal insulation, the
loggia’s glazing closing system, and the heat pumps each represent 14% of the total in-
vestment, and the photovoltaic panels 9% (Figure 8).

Investment costs [k€]

1400
oPv

1200 BHP
Closing loggia
1000 mwoU1.80

1184.22

g0 @ Expanded clay

600
400

200

0 0
reference PS solution PS+AS solution

Figure 8. Comparison of the reference building, the optimal PS solution, and the PS+AS solution
with respect to investment costs.
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As shown in Figure 9, the total energy costs (electricity and natural gas costs) are
reduced by 26% with the optimal PS solution and by 51% with the PS+AS solution com-
pared to the reference building energy costs. Moreover, we considered the increase in en-
ergy prices from 2019 (when the study was conducted) (Figure 9a) to the most recent
prices available for 2022 (Figure 9b). Indeed, over the past year, geopolitical instabilities
have caused the price of gas in Europe to rise sharply. As a consequence, final prices for
residential users increased, representing a significant weight in household expenditure.
This can exacerbate the existing fuel poverty conditions that can be found when analyzing
social housing buildings and further increase the number of families affected by this phe-
nomenon. For these reasons, the analysis of energy expenditure for heating and cooling
needs was also carried out by imposing the recent energy carrier prices for end users.
According to [56], the cost of energy and transport charges in Italy increased to 405 €/MWh
and 97 €/ MWh for electricity and gas, respectively. In Figure 9, the economic analysis is
carried out for the two different energy price scenarios, considering the pie chart area of
the reference solution for 2019 energy prices as the reference for scaling the other pie
charts.

Energy costs [k€]

reference: PS solution: PS+AS solution:
12242 88.06 56.72
50.85 71.56 18.78 69.29 56.72
o
o
o
«
< = Natural Gas + Electricity
reference: PS solution: PS+AS solution:
238.44 175.67 115.95

146.30  34.02 141.64 115.95

b. 2022

= Natural Gas * Electricity

Figure 9. Comparison of the reference building, the optimal PS solution, and the PS+AS solution
with respect to energy costs in (a,b) energy price scenarios.

Rising prices strongly affect the energy expenditure of all building configurations.
Nevertheless, the renovated building after the proposed interventions allows a significant
reduction in annual energy costs. In such a way, building renovations represent a means
of mitigating the effects of rising energy carrier prices. Indeed, the PS+AS solution brings
a 51% energy costs reduction, thus mitigating the consequences of fuel poverty conditions.
Moreover, the implementation of renewable energy sources allows the community to not
be affected by price increases. Thus, the goal is to further reduce fossil fuel consumption
and increase the share of energy generation by renewable sources, linked to passive strat-
egies implementation on building envelopes.
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5. Conclusions

In recent years, thanks to an intensive awareness-raising process, civil society has
understood the importance of decreasing the global impact of anthropogenic actions on
the exploitation of energy resources from fossil fuels. The main reason is not due to the
fear of their excessive depletion over time, which would limit their stocks in the future,
but to implement more environmentally conscious behavior, which is necessary to miti-
gate ongoing climate change. In fact, it is unlikely that, although noble, care for environ-
mental protection is the sole motivation to push for the renovation of the building stock
of our cities to decrease energy consumption. Indeed, for achieving overall sustainability,
environmental, social, and also economic aspects should be taken into consideration. It is
necessary to ensure that the most economically vulnerable parts of the population receive
enough attention regarding their energy needs. Indeed, modern society has needs that go
beyond the need for food and water. For low-income families, it is necessary to equate the
right to access renewable energy sources (in any case, with the aim of guaranteeing ade-
quate standards of indoor conditions and, therefore, the health of the inhabitants) with
the right to access primary and inalienable resources such as water and food. Thus, social
housing should be considered among the first public buildings to be afforded the possi-
bility of reducing their energy consumption and the ability to use mainly free energy
sources such as solar energy for environmental, social, and economic sustainability. More-
over, in order to consider a building renovation that presents realistic outcomes, due to
the economic aspect, there is a need to minimize energy demand and, at the same time,
the costs of the installation of retrofit strategies.

For all these reasons, this research conducted a multi-objective energy retrofit opti-
mization taking into consideration energy and economic aspects simultaneously for the
optimization of building retrofit strategies. The workflow is applied and verified on an
existing social housing located in Rome, which constitutes a relevant case study, but the
method is applicable to different contexts and generalizable. Based on the analysis of the
current status of the case study building, architecturally compatible strategies are taken
into account as genes of the optimization process. The results of this multi-objective opti-
mization are a set of optimal solutions, among which the designer can choose the fittest
one for the specific design problem. Therefore, the proposed approach can greatly support
the decision-making process of retrofit design by exploring and simulating a wide space
of solutions. This is possible by means of the genetic algorithm that reduced the energy
simulations required from 82,944 to 2000 total simulations.

In this work, the optimal combination of passive strategies solutions is chosen among
the Pareto frontier as the solution that simultaneously minimizes all the objective func-
tions, i.e., energy demand and investment costs. The results demonstrate that high energy
demand reductions (around 50%) can be achieved using this approach. The output of the
optimization is then used as an input for the simulation of the heating and cooling system
renovation by means of reversible heat pumps combined with photovoltaic panels, which
is instead related to active strategies. The implementation of this scenario can greatly re-
duce CO:z emissions (-69%) and energy costs (-51%). The passive and active strategies
solution can be an answer to increasing fuel poverty and to the urgent need for the decar-
bonization of our building stock.

However, it should be noted that recent research studies have shown that the energy
consumption of a building, especially a social housing building, is significantly related to
the occupancy profiles and the presence of several unoccupied apartments. Therefore, fu-
ture research should address occupancy uncertainty as well.

The proposed method is set to be applied to different design problems and could
support the activities of professionals and policymakers regarding retrofit actions to be
undertaken on social housing to address the energy efficiencies of buildings, to improve
the comfort and health of vulnerable people, and to mitigate fuel poverty conditions of
low-income families.
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