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Abstract: In the framework of the current energy transition, the building sector is experiencing a smart revolution,
recognizing how the adoption of advanced control strategies and smart management systems can increase buildings
energy efficiency and improve occupants’ comfort. As a key element for smart buildings, solar shading devices
coupled with effective control systems need to be strategically assessed. The investment decision-making process
for selecting the proper shading systems is influenced by the existence of potential conflicts from economic,
environmental, social, and energy standpoints, thus asking to be supported by innovative methodological
approaches able to include all these aspects in the decisional framework. To this purpose, the work aims to propose
a multi-disciplinary methodological framework to support decision-makers in ranking a set of solar shading device
and relative control strategy, integrating energy dynamic simulations with multi-criteria decision analysis
techniques. The analysis focuses on office buildings, recognizing their huge impact in terms of energy
consumptions and the need to guarantee proper indoor conditions to increase employees’ productivity and
wellbeing. To test the applicability of the multi-step methodology for this building category, the proposed approach
is applied to an office building located in the North-West of Italy, aiming to assess and compare different
alternative combinations of shadings devices and management strategies. The advanced features of building energy
modelling and simulation and the application of PROMETHEE |1 (Preference Ranking Organization METHod for
Enrichment Evaluation 11) method as multi-criteria analysis allows to provide recommendations to decision-
makers to identify the systems to be installed, able to guarantee the best trade-off between internal comfort,
operational energy, and environmental costs for the building under investigation.

Keywords: smart buildings, solar shading devices, building management, dynamic energy simulation, multi-
criteria decision analysis (MCDA), PROMETHEE Il method.

1. Introduction

Being recognized as optimal agents in the energy transition framework (Cabeza and Urge-Vorsatz, 2020), the
promotion of smart and efficient buildings is a key priority to effectively drive the decarbonization of the entire
sector (Santamouris and Vasilakopoulou, 2021). The 2018 revision of the Energy Performance of Building
Directive (EPBD) has recognized smartness as crucial enabler for the building sector to achieve its emission targets
(European Commission, 2018); pushing for the adoption of smart solutions, the Smart Readiness Indicator (SRI)
is also introduced, as a valuable tool to evaluate the capability of buildings to adapt to both energy systems and
occupants’ needs (Becchio et al., 2021). Moreover, the apparent consequences of climate change and global
warming phenomena, especially in terms of external temperature increases, is affecting buildings air conditioning
demands, asking them to be equipped with efficient HVAC systems for heating and cooling provision (Crespi et
al., 2021) and with advanced solutions for improving their passive characteristics. In line with the above, to reduce
the space cooling demands and to enhance the natural lighting conditions of indoor spaces, well-designed solar
shading devices represent an effective design strategy (Prowler, 2016). Recognized as valuable instruments to
dynamically respond to solar radiation, there exists a wide range of solar shading solutions, varying in terms of
installation (e.g., external, internal, or between-glass systems) or of type of use (e.g., fixed or movable solutions)
(Bellia et al., 2014). If adequately installed and managed, solar shadings allow to reduce both heating and cooling
needs, maximizing solar gains in winter, and reducing loads in summer; indeed, coupled with proper building
automation mechanisms, these systems may help achieving significant energy savings (Bustamante et al., 2017;
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Becchio et al., 2021). Moreover, the use of smart solar shadings can effectively influence occupants’ comfort, in
terms of both visual and thermal performances (Van Den Wymelenberg, 2012; Bustamante et al., 2017; De Loyola
Ramos Garcia et al., 2021). Solar shading devices can be manually operated by occupants according to their
comfort perceptions or be automatically controlled through an efficient combination of sensors and actuators,
which can enable the opening or closing of the different shading systems according to specific variables (e.g.,
internal temperature, external temperature, external solar radiation on window, etc.). In line with this, the use of
smart automation and control strategies can increase their capability of optimizing the use of energy resources and
building systems (Becchio et al., 2021). Indeed, monitoring and supervision, and user, grid and climate responses
are defined as the basic features of a smart building, which must be equipped with proper technological solutions
able to enhance its flexibility and capability to react against external variables, like weather and grid conditions,
or internal factors, like users’ interactions (Al Dankheel et al., 2020).

Despite the well-recognized energy-related benefits that shading installations may guarantee, the investment
decision-making process is profoundly influenced by other aspects, reflecting the perspective of the stakeholders
potentially involved in the decision context (Jafari et al., 2018). In this regard, building investments are typically
evaluated according to the private investor’s perspective, whose needs and interests are mainly influenced by the
financial attractiveness of the analysed solutions. However, it is becoming increasingly important to include into
the decision-making process also other objectives, which are spreading, mainly at policy scale, to push the market
towards more environmental-friendly solutions, responding to the ambitious efforts requested to the building sector
to reduce its impact over time (Crespi et al., 2020), and technologies able to respond to occupants’ needs. From
one side, to make environmental-friendly solutions more attractive to private investors, proper policy measures
have been promoted. In line with the scope of the paper, specific incentive mechanisms to support interventions
in new and existing buildings exist; for the sake of exemplification, in Italy, the "2020 Relaunch Decree" allows
to implement energy efficiency interventions in buildings with a 110% tax deduction (Ministry of Economic
Development, 2020), including the installation of shading systems, recognizing their benefits in terms of energy
and emissions savings. From the other side, due to the actual concerns related to the need to make buildings
healthier and more comfortable, a human-centred approach is required in the attempt to include occupant-related
criteria into building investment decision-making processes. In line with this, purely techno-economic-based
decisions are no longer enough for building analyses, neglecting various non-technical aspects, which conversely
should play a not trivial role in the decisional framework.

In the light of the above, according to Jafari et al. (2018), the evaluation and definition of the most suitable option
for buildings can be defined as a multi-objective optimization problem, with different criteria entering the
decisional process. When analysing the selection of the most appropriate system to be installed in a building, it is
important to look at the investment decision-making issue from a multi-dimensional standpoint, aiming to consider
all the factors (i.e., belonging to economic, environmental, social, energy, architectural, and daylighting domains)
that can influence the choice of shading devices. Therefore, to tackle the intrinsic complexity of energy investment-
related choices, proper decision-support methods are required, with the final goal of identifying the shading
systems and associated management and control strategies representing the best compromises between the
conflicting criteria. In this context, the coupling of dynamic energy simulation software with decision-support
methods can be beneficial, allowing to identify the best compromises between the different compared alternative
strategies, also according to decision-makers’ preferences and judgements (Jalilzadehazhari et al., 2019;
Dell’Anna et al., 2020; Cinelli et al. 2021). In line with this, the work aims to propose a decision-making
framework based on a multi-disciplinary methodological approach, capable of coupling multi-criteria decision
analysis with energy modelling and simulation, to evaluate the performances of different shading options
according to various criteria of interest. Specifically, the work focuses on office buildings, recognizing the role
that solar shadings can play for this building category, considering that well-designed shading systems can improve
indoor environmental conditions, positively influencing occupants’ comfort and productivity. The proposed multi-
step methodological approach is applied to the Energy Center building, a newly constructed office building located
in Turin (North-West of Italy), for which several options of solar shading systems coupled with automated
mechanisms are assessed, aiming to identify the best performing alternative among the ones at disposal.

The paper is organized as follows: section 2 is dedicated to a literature review on the deployment of decision
support models in the building sector, aiming to identify the methods and tools usually used for supporting energy
investments, giving attention to shading devices selection. Section 3 describes the methodological proposal defined
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for the selection of the most appropriate shading device and related control strategy for office buildings. Then, the
case study is presented in section 4, focusing on the identification and assessment of the multi-domain criteria and
on the judgements of the involved experts, while the main results and outputs of the application are discussed in
section 5. Finally, section 6 summarizes the main conclusions and future perspectives of the work.

2. Decision support systems for shading devices: a review

This section aims to highlight the most recent trends and challenges in the framework of the assessment and
selection of shading systems in the building sector. A review on the exploitation of decision support systems in
the energy field is developed, focusing on their application for supporting solar shading assessments and
investments. Moreover, a brief deepening on the most adopted energy simulation tools to analyse and assess the
use of diverse solar shadings and their effects on buildings energy consumptions and occupants’ comfort is
developed, especially when integrated with decision support methods.

Focusing on the application of decision support systems, the literature has shown that the most used approaches in
the field of energy investment decision problems are Life Cycle Assessment (LCA) and Life Cycle Cost (LCC),
Discounted Cash Flow Analysis (DCFA) and Cost-Benefit Analysis (CBA), Environmental Impact Assessment
(EIA) and Multi-Criteria Decision Analysis (MCDA) (Strantzali and Aravossis, 2016; Bottero et al., 2021).
Although the variety of assessment tools makes it possible to analyse all aspects of sustainability, the diversity of
approaches does not always lead to consistent assessment results (Hoogmartens et al., 2014). This review aims to
identify the advantages and disadvantages of these approaches in the context of supporting investment decisions
related to shading systems installations in buildings, focusing on LCA, LCC and MCDA, which are recognized as
the most exploited approaches in this application area.

LCA approach falls within the more traditional Life Cycle Thinking (LCT) techniques, which are defined as useful
tools to assess project impacts, considering the related activities throughout the entire life cycle of a project
(Fregonara, 2017). In detail, the LCA assesses the energy and environmental loads of a product, activity, or
management process during its whole existence to determine its global cost (Bonoli et al., 2021). The literature
presents a large number of studies assessing the environmental impact of retrofit projects (including shading
systems) on public (Pushkar, 2016), residential (Babaizadeh et al., 2015a; Babaizadeh et al., 2015b), and office
(Ghose et al., 2017; Pushkar and Verbitsky , 2017; Ylitalo et al., 2017) buildings. Hu (2020) has determined the
life-cycle environmental impacts associated with energy retrofit strategies on an urban scale applying a LCA
integrated into a building information model (BIM). In detail, the author proposes an LCA-based model for
evaluating different retrofit strategies (e.g., building envelope with additional insulation, replacement of windows
and exterior doors, shading, replacement of the primary mechanical system and replacement of the lighting system)
for a university campus, demonstrating how LCA approach could be used as a quantitative evaluation method for
assessing and comparing large-scale energy retrofits (Hu, 2020). Moreover, Pushkar (2016) has assessed through
LCA both the environmental damage (caused by the production and construction phases of shading devices) and
the savings benefits (i.e., decrease of operational energy associated to the shadings installation) associated to the
selection of external shading devices for office buildings. Despite the interesting applications of LCA for
supporting building-related investments, the LCA model can be very resource- and time-consuming; moreover,
depending on the degree of detail of the project, the collection and availability of input data may be problematic
and can heavily influence the accuracy of the results.

Furthermore, within the LCT models, also the Life Cycle Costing (LCC) model can be cited (ISO 15686, 2008),
which represents the life cycle analysis of a product from a purely economic standpoint. LCC, being able to give
a snapshot of the Life Cycle Cost of products or services, has been used as the basis of the Global Cost technique
proposed by the 2010 EPBD recast and typically used to compare diverse retrofit interventions for buildings to
identify the cost-optimal level, according to both financial and energy perspectives (European Commission, 2010).
As an example, Jaber and Ajib (2011) have applied LCC to find the optimal solution in terms of best building
orientation, window size, thermal insulation thickness from an energy and economic point of view for a typical
residential building located in the Mediterranean region. The authors have stated that LCC is useful for identifying
the solutions capable of guaranteeing thermal comfort to occupants at minimum cost and that the application of
energy-saving measures from the initial design phase can be significant in achieving this goal (Jaber and Ajib,
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2011). However, when considering the application of LCC, the results are limited to the financial dimension,
providing an underestimation of the benefits provided by these solutions.

Finally, MCDA is an evaluation method that simultaneously considers a variety of qualitative and quantitative
criteria to highlight the diverse points of view of the actors participating in the decision-making process (Figueira
et al., 2005; Figueira et al., 2010). According to the MCDA theory, the process of criteria weighting allows to
account stakeholders’ opinions, which would otherwise be ignored using standard evaluation methods as LCA and
LCC (Tsoukias et al., 1994; Figueira et al., 2002; Mustajoki et al., 2005; Bragolusi and D’Alpaos, 2022). For the
sake of exemplification, Stamatakis et al. (2016) have applied an MCDA technique based on the PROMETHEE
(Preference Ranking Organization METHod for Enrichment Evaluation) method for analysing 13 solutions of
shading systems combined with photovoltaic (PV) plants, based on four quantitative (i.e., PV power generation,
heating, cooling, and lighting) and three qualitative (i.e., Aesthetic, View, Glare) criteria. In addition, the study
has introduced several stakeholders, chosen since they are generally involved in either the use (i.e., users of office
buildings), the construction (i.e., installers of photovoltaic systems), the study (i.e., architects, academic
researchers) or the control (i.e., building and energy inspectors) of the building. Moreover, Fontenelle and Bastos
(2014) have developed an ELECTRE 111 model to choose among six proposed window solutions that differ in size,
glass type, and sun protection devices, based on three criteria: landscape view, daylight level on work plan, and
energy efficiency. Finally, Jalilzadehazhari et al. (2019) have proposed an integrated model for optimum window
and blind selection in buildings, considering potential conflicts between visual comfort, thermal comfort, energy
consumption, and life cycle cost, using the Analytic Hierarchy Process (AHP) method (Saaty, 1980).

The review shows that linking energy efficiency to environmental benefits through the application of LCA has
demonstrated the ability to consider not only energy performance but also environmental benefits, accounting for
several factors related to the choice of building materials and construction methods, as well as building systems
and components (Chua and Chou, 2010). As for the LCC analysis, instead, it only calculates the economic cost of
the whole life cycle of an investment, starting from the pre-production phases until its final disposal, limiting the
scope of the assessment. The two LCT approaches mentioned above, indeed, provide a partial performance
assessment, and often require input data that are difficult to obtain in the preliminary stages of the project; in this
sense, they are of little use in providing support to professionals, investors and building managers. On the other
hand, MCDA has proven to be a flexible evaluation model allowing multi-domain criteria (both qualitative and
quantitative) to be included and evaluated with the goal of providing decision-makers with preliminary data.
Furthermore, the MCDA allows to involve various stakeholders (e.g., building owner, building management,
tenants, etc.) during the criteria weighting phase, to develop an evaluation that is as shared as possible.

The literature review has also deepened on applications coupling financial and economic evaluation approaches
with energy simulation models, when dealing with building analyses. Building interventions are usually evaluated
by performing a whole-building-level study (Li et al., 2020), exploiting energy simulation. There exist several
building energy simulation tools, characterized by different levels of complexity and possibility to exploit optional
variables of interest; depending on the application and requirements, a certain software can be exploited to simulate
an existing building or a project (Sousa, 2012). As the most recognized, it is important to cite EnergyPlus
(Department of Energy), IDA-ICE (EQUA), Transient System Simulation Tool (TRNSYS) (TESS) and IES-VE
(IES). Among the mentioned tools, EnergyPlus is surely one of the most known energy simulation software, and
it is widely exploited to support energy-related investments, including the selection and installation of solar
shading systems (Atzeri et al., 2013; Huang et al., 2014; Khoroshiltseva et al., 2016; Singh et al., 2016; Bustamante
et al., 2017; Jalilzadehazhari et al., 2019; De Almeida Rocha et al., 2020; Tabadkani et al., 2020; Becchio et al.,
2021; Tabadkani et al., 2021). Developed and funded by the U.S. Department of Energy (DOE), it is an open-
source software, widely used all over the world, in both academic and commercial contexts, for building and
HVAC system design and dynamic simulation. EnergyPlus application is quite wide and ranges from the study of
building envelope facade to the study of ventilation strategies or of specific building systems, allowing the energy
assessment of different building types. It is an energy modelling and thermal load simulation program, able to
provide energy- and comfort-related outputs, conducting simulations with an hourly or sub-hourly resolution and
making use of location-specific information of solar radiation and external air details.

Focusing on investment decisions linked to shading device selection and relative control tactics, energy simulation
tools are undeniably powerful tools for evaluating their energy, environmental, and comfort performance when
implemented in a specific building. However, their application in decision-making is frequently limited to a single
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criterion at a time, rather than discovering the solution that represents the optimum trade-off between multiple
multi-domain criteria (Jalilzadehazhari et al., 2019). In this context, some authors have stressed the importance of
developing integrated decision support models capable of integrating energy performances with other domains
(i.e., economic, social, or environmental), especially when considering building-related analysis, including the
selection of shading devices, which is of interest in the work. An example can be found in the work of Jaber and
Ajib (2011), who have used TRNSYS in combination with the LCC method; similarly, Mifsud et al. (2020) have
analysed two shading devices and shutters from a whole life perspective, combining dynamic energy simulation
using IES-VE tool and impact estimation through LCA method. EnergyPlus tool is exploited in the work of
Jalilzadehazhari et al. (2019), which represent a relevant example of combination of evaluation methods with
dynamic energy simulations; specifically, the authors have coupled dynamic energy simulations with AHP to
create a decision support model (Saaty, 1980), according to which various combinations of exterior shading
systems and window glazing types are assessed and compared on a multi-domain basis. As reported in
(Jalilzadehazhari et al., 2019), indeed, the integration of multi-criteria methods with dynamic energy simulation
tools is beneficial for obtaining the most accurate assessment of buildings energy performance, as well as of visual
(e.g., amount of light, glare, uniformity, light intensity distribution) and thermal comfort (e.g., Fanger’s thermal
comfort model, long-term percentage dissatisfaction, temperature) and LCC (e.g., investment, consumption,
maintenance) performance.

The work of Jalilzadehazhari et al. (2019) has put in the spotlight the combination of energy simulations with
MCDA technologies, highlight how this integration can help decision-makers to identify the optimal options
among the alternatives at disposal. Given the above, in light of the findings of the literature review and recognizing
the potential of multi-criteria techniques in the energy field, this paper proposes an evaluation model blending
EnergyPlus-based dynamic energy simulation with a PROMETHEE Il-based multi-criteria (Brans et al., 1984,
Brans et al., 1986; Brans et al., 1994; Andreopoulou et al., 2018). In particular, the study aims to propose a multi-
disciplinary and multi-step methodological approach to assist decision-makers in choosing the solar shading device
and related control strategy for an office building, ranking a set of alternative solutions, based on a wide range of
multi-domain criteria, belonging to energy, environmental, economic, and social spheres. In detail, on the one side,
EnergyPlus tool is exploited to investigate the office building under assessment and estimate its performances, in
both its current state and in case different shading devices and control strategies are installed, recognizing it as
“the most frequently used simulation tool for evaluating thermal comfort, energy consumption and LCC”
(Jalilzadehazhari et al., 2019). On the other side, PROMETHEE Il approach, defined as an outranking method that
pairwise compares similar alternatives to rank them against a set of often contradictory criteria, is used as MCDA
technique; the choice is facilitated by the advantages of PROMETHEE Il, which does not necessitate the
normalization of the quantitative data of the assessment items, allowing them to be used in their original units, it
does not exhibit the risk of compensating between criteria, and it allows to include diverse stakeholders’ judgments
in the evaluation framework, to take into account the possible interests and perspectives involved in the energy
investment decision-making process (Dell’ Anna et al., 2020; Sward et al., 2021).

3. Methodology
Aiming to support the choice of an appropriate solar shading device and relative control strategy for an office

building, the paper proposes a multi-step methodological approach, coupling the energy-related assessment of the
performances of the different alternatives at disposal with multi-criteria techniques, as reported in Fig. 1.
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Fig. 1. Proposal of the multi-step methodological workflow.

Specifically, after having identified and analysed from the energy point of view the case study, a preliminary
assessment of the performances in its current state (i.e., no shading devices installed) is developed, through the
energy dynamic simulation of the building model elaborated on EnergyPlus software. Then, after having selected
diverse shading devices, combined with proper automation and control strategies, these alternatives are integrated
in the office building model and their performances are assessed through EnergyPlus. Exploiting the simulation
outcomes, the alternatives are evaluated and compared according to a set of multi-domain criteria, belonging to
social, energy, economic and environmental spheres, to be able to express different stakeholders’ perspectives and
interests when choosing the adequate solutions for an office building. Then, by using Visual PROMETHEE
software (Mareschal, 2011), the PROMETHEE Il multi-criteria method is developed (see section 3.1), through the
involvement of a panel of experts able to identify the appropriate preference functions and to weight the involved
criteria, leading to a first scoring and ranking of the alternatives at disposal. Finally, proper sensitivity analyses
are elaborated, to evaluate the stability of the rankings when varying the weighting coefficients coming from the
involved experts’ judgements. As previously mentioned, the proposed multi-disciplinary method aims to support
energy investment decision-making, coupling energy-related assessment through dynamic modelling and
simulation with multi-criteria methods; in particular, thanks to the combination of methods belonging to diverse
disciplines (i.e., energy dynamic simulations and multi-criteria techniques), the integrated approach has the final
goal of providing guidelines and recommendations to the stakeholders involved in the decisional process.

3.1 The PROMETHEE Il multi-criteria method

PROMETHEE Il is a multi-criteria method, usually exploited to assess and compare diverse alternative options,
including diverse experts’ judgements (Brans et al., 1986). PROMETHEE Il is an outranking method, performing
the comparison between the alternatives N = {a, b, ... n} according to the set of criteria J = {1, ... k}, defining per
each criterion an appropriate preference function (i.e., Usual, U-shape, V-shape, level criterion, linear, and
Gaussian).

The PROMETHEE Il method is organized around the following steps (Brans et al., 1986):

1) Development of an impact matrix, which is a double-entry table linking the alternatives (on the rows) to
the evaluation criteria (on the columns).
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2) Identification of a preference function P;(a, b) for each j-th criterion, to express the relative preference
between each pair of alternatives a and b. Each preference function ranges from 0 to 1, with 1 meaning
that there is a strong preference for an alternative over the other, while 0 expresses the indifference of the
expert between the two. Depending on the selected preference functions, it is required to identify proper
indifference (q) and preference (p) thresholds.

3) Quantification of the global preference of the alternative a over b; the preference index I1(a, b) (see Eq.
1) is introduced to aggregate all the preferences P;(a, b) for each j-th criterion considering each w; weight
(dependent on experts’ judgements).

k
H(a, b) = Z w; * P(a, b) )
=1

The definition of the criteria weighting coefficients is performed through personal interviews with
experts, according to the Simos-Roy-Figueira (SRF) approach (Figueira and Roy, 2002). It consists of a
simple procedure that, making use of a set of cards, each representing a criterion, allows to indirectly
determine the numerical values needed to weight the criteria under assessment. Each interviewed expert
is asked to rank the cards (i.e., criteria) according to his/her preferences, from the least important to the
most important, and to eventually introduce “white cards” between successive criteria to increase their
relative distance in importance. The SRF approach can be developed in person or remotely, using DEC-
Space web tool (Decspace).

4) Computation of the outranking flows for each alternative neN, in terms of entering (®*) and leaving
(®7) flows, as reported in Eq. 2 and 3.

n—-1)

+ — 1 *
o+ (a) = Zn(a,w o

.1
®(a) = m*gmb.a) @

where n is the total number of alternatives.

5) Calculation of the net flows & per each alternative (see Eq. 4), according to which the complete ranking
of the set of alternatives can be defined, based on each expert’s judgements. The higher the net flow &,
the better the alternative is, according to experts’ judgements.

®(a) = ¢ (a) - ¢~ (a) (4)

4. Application

The multi-step methodology described in section 3 is applied to an existing office building, to test the capability
of the proposed method to support the investment decision-making process. After a brief description of the case
study (section 4.1), this section summarizes the main assumptions done for the construction of the model through
the EnergyPlus software (section 4.2), the description of the analysed alternatives, each represented by the coupling
of a shading system with a management and control strategy (section 4.3), and the hypotheses made for the multi-
criteria assessment (section 4.4).

4.1 ldentification and analysis of the case study

Non-residential buildings, specifically offices, are of interest to apply the proposed methodological approach,
especially new office constructions. Indeed, this category of buildings is interesting for its envelope characteristics,
typically equipped with large windows, and for its specific energy requirements and users’ needs. Moreover,
especially for new constructions, the exploitation of advanced monitoring and control systems may help reducing
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their huge energy consumption, while improving workers’ productivity and comfort. For this reason, the Energy
Center building of Politecnico di Torino, located in the North-West of Italy, is selected as case study (Fig. 2). It is
well representative of newly constructed office buildings of North Italy. It is a five-stories office building
completed in 2017, with the aim of creating a space where public and private entities can meet and work, sharing
knowledge and pursuing together innovation in the energy and environmental fields (Borchiellini et al., 2017). The
Energy Center is constituted of a basement, a ground floor hosting an auditorium and a full-eight exposition hall,
and three floors of offices and meeting rooms for enterprises and university researchers. Concerning the building
energy needs, the district heating network is exploited for space heating, while during summer a geothermal
polyvalent heat pump satisfies cooling needs. Two on-field renewable sources are also present: a 47 kW,
photovoltaic (PV) system and a 30 m? solar thermal plant for domestic hot water production.

Fig. 2. A view on the Energy Center building located in Turin.

The building is selected for the study due to its peculiarities and innovative features. Indeed, the Energy Center
represents a multi-energy environment, where different energy production systems and resources are integrated,
to meet current energy needs, as well as for research purposes. Moreover, an advanced monitoring system and
control was developed to achieve an efficient and smart management of the entire building (Becchio et al., 2021).
Therefore, the smart-ready features of the building allow an evaluation on the possibility of integrating solar
shading systems with diverse levels of automation, to further improve building energy behaviour and occupants’
satisfaction.

4.2 Assessment of the building current state performances

The Energy Center model reflecting its current state conditions is developed on EnergyPlus software. The building
presents a heated area of approximately 5’500 m? and a cooled area of 4’460 m?, and it is modelled according to
an L-shape, with the long side oriented to North-West (NW) and South-East (SE), and a window-to-wall ratio of
20.3%. To distinguish the characteristics of the different internal spaces, 41 thermal zones are modelled, taking
care of their differences in terms of conditioning settings (e.g., presence of heating and/or cooling systems, internal
temperature, and relative humidity settings, etc.) and introducing proper schedules for equipment and occupants’
needs and usage (Becchio et al., 2021). The current state model does not include any shading systems. The
AutoCAD output of the EnergyPlus model is reported in Fig. 3.

Annual simulations, with a sub-hourly time step, are run, using the climate characteristics by DOE Weather for
Energy Calculation Database of Climatic Data (DOE); specifically, the IWEC weather file of Turin is exploited.
Concerning the internal gains for occupancy, lighting, and electric equipment, UNI 10339 (1995), UNI EN ISO
7730 (2006), UNI EN 16798-1 (2019) are used, tailoring the related schedules on the specific thermal zones. All
zones follow a set-point of 20 °C (set-back of 18 °C) in the heating season, while a set point of 26 °C is set for the
summer period (set-back of 28 °C), during the occupied hours (offices are closed on Saturdays afternoon and on
Sundays). Moreover, natural ventilation is simulated, distinguishing among the different thermal zones, while a
constant 0.1 ach infiltration rate is set for each zone.
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For this work, the simulation does not account for the modelling of the existing HVAC systems, aiming to estimate
the building space heating and cooling needs; to this purpose, an Ideal Loads Air System is modelled on
EnergyPlus. Based on the obtained annual needs for space heating and cooling, energy consumptions are
preliminary estimated assuming average generation, emission, distribution, and regulation efficiencies, derived
from the available project documentation on the installed systems. The average global seasonal efficiencies are
equal to 1.64 and 5.24, for heating and cooling systems, respectively. It is important to specify that, in this work,
the energy consumption calculation is performed considering only heating and cooling uses, without assessing the
consumptions associated to other services (i.e., domestic hot water, lighting and appliances). Moreover, the amount
of renewable electricity produced by the PV plant installed on the Energy Center roof and hall facades is not
considered.

m z

Fig. 3. A view on the geometric model of the Energy Center developed on EnergyPlus (Becchio et al., 2021).

4.3 Selection and assessment of alternative shading devices and control strategies

The multi-step method allows the comparison of diverse alternatives for the Energy Center building; specifically,
different types of systems and control strategies available for installation are considered, each adequately simulated
on EnergyPlus and then assessed through the selected MCDA. For this application, venetian blinds and shades
(curtains) are selected, for both exterior and interior installation, leading to the definition of four possible shading
solutions. Moreover, three different automation and control strategies are proposed for each shading system,
considering the possible use of shading systems during the cooling season: i) a control strategy A, according to
which occupants can manually act on the installed shading systems when in discomfort (i.e., when the indoor
temperature is higher than the internal set point fixed at 26°C); ii) a control strategy B, in which the manual
operation is substituted by the intervention of an automatic opening or closing of the shading devices, dependent
on the variation of the indoor temperature with respect to the internal set point; and iii) a control strategy C, in
which the automatic opening or closing of the shading devices is controlled thanks to the use of a detector for the
solar radiation incident on the windows. According to the combination of the 4 typologies of solar shadings with
the 3 possible control strategies, 12 alternatives are defined for the study, as shown in Fig. 4.
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Fig. 4. The 12 alternatives to be assessed by the multi-step methodology.

All 12 combinations of shading device and control strategy are modelled on EnergyPlus software. Specifically,
the “blind with medium reflectivity slats” object is selected to simulate exterior and interior blinds, while the
“medium reflectivity—medium transmittance shade” is chosen to model interior and exterior shades. The shading
devices are assumed to be located only in offices, auditorium, and laboratory, considering these zones as the most
occupied spaces of the Energy Center. Tab. 1 shows the number and size of the windows on which the related
shading devices are installed, covering approximately 634 m? of transparent area (approximately 54% of the total
surface covered by windows).

Tab. 1. Details on shaded windows.

Window type Window dimension [mx m]  Number of windows
Office — Window 1 1.7x2.48 3
Office — Window 2 3.4x2.48 27
Office — Window 3 5.1x2.48 12
Laboratory 20.85x 7.2 1
Auditorium 12.7x7.2 1

Moreover, the control strategies are modelled only for the summer season, considering it the most critical due to
higher external solar stresses. Specifically, the manual operation on the zones thermostats (control strategy A) is
modelled by setting 26°C as upper limit temperature for closing solar devices, allowing the action of the devices
only when the occupancy schedule is not zero; for the control strategy B, instead, the schedule allows to activate
shadings all day long, without constraints on occupants’ presence (assuming it to be automatic, and not dependent
on occupants’ manual actions); thus, according to this automatic operation, shading devices are closed/opened also
in unoccupied periods, including weekends and holidays, to improve the building performance, reducing the risk
of overheating during the whole summer season. Finally, the control strategy C, which is the most advanced
solution, assumes the use of an external detector for measuring solar radiation on the interested windows, which
controls the opening and closing of shading devices considering a threshold value of 250 W/m? (option “On if high
solar on window” on EnergyPlus); when the detector measures a value equal or higher than the threshold, the
shading systems are immediately closed and maintained in this condition, until the measured value decreases below
250 W/m?.
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4.4 ldentification of multi-domain criteria

To apply the multi-criteria approach for comparing and ranking the selected alternatives of solar shading devices
and automation and control strategies to be installed in the Energy Center building, a set of multi-domain criteria
is selected for the analysis (see Tab. 2), aiming to reflect the different aspects potentially of interest in the
investment decision-making process. The considered criteria are all in the form of quantitative metrics, with the
sole exception of the visual impact criterion, which is a qualitative indicator measured on a 1-to-5 scale. Some of
these criteria are assessed using EnergyPlus simulations, while others are computed using external data sources,
coming from literature sources.

Tab. 2. The selected multi-domain criteria for the assessment.

Domain Symbol  Criterion Unit of measure
EN1 Cooling needs savings %
Energy . . . .
EN2 Primary energy consumption for heating and cooling kWh/m?/y
. ENV1 CO2 emissions for heating and cooling kg/m?ly
Environment - . .
ENV2 PM emissions for heating and cooling g/m2ly
ECO1 Investment cost €/m?
Economy .
ECO2 Maintenance cost €/m?
s1 Percentage of occupied hours in thermal comfort %
Society S2 Percentage of occupied hours in visual comfort %
S3 Visual impact Qualitative scale 1-5

Starting from the energy domain, recognizing the potential impact of solar shading installations on buildings
cooling needs, a specific criterion of cooling needs savings (EN1) is considered, to estimate the effects that solar
shading devices coupled with smart control strategies can have on the building cooling performances. Having
modelled each alternative on the software, space cooling needs are extrapolated, and savings are calculated with
respect to the building current state performances, with no shadings installed (section 4.2). EN2 criterion refers to
the building primary energy consumption for heating and cooling; this indicator is computed starting from the
energy consumption of the Energy Center building and using appropriate conversion factors per each used energy
carrier (i.e., district heating and electricity for heating and cooling purposes, respectively). A similar approach is
adopted for the two criteria belonging to the environmental domain, ENV1 and ENV2, which are calculated
starting from the district heating and electricity consumptions of the building under study, using proper CO, (ISO
52000-1, 2017) and PM (EEA, 2019; ISPRA, 2021) emission factors.

Besides energy and environmental aspects, the alternative strategies are assessed in economic terms, comparing
them according to investment (ECO1) and maintenance (ECO2) cost. The former considers the total costs
necessary for the installation of shading systems and related accessories for automation and control, when required:;
this indicator is calculated based on Piedmont regional price list (2022) and on market prices. Using the same
sources, the maintenance costs (both ordinary and extraordinary) are assessed for the different options on a life-
cycle basis, considering a 30-years lifetime and a 3% discount rate (European Commission, 2012).

Finally, attention is devoted to assessing the impact that shading devices can have on employees, in terms of
thermal and visual comfort. With this objective in mind, among the social criteria, two quantitative indicators are
selected for evaluating these aspects, both computed based on the hourly simulations of the alternatives through
EnergyPlus software. Specifically, thermal comfort is assessed in terms of the Predicted Percentage of Dissatisfied
(PPD) index, defined by Fanger (ISO 7730, 2006) and representing the percentage of occupants not satisfied by
the thermal conditions of the indoor spaces (Liu et al., 2015). The PPD computation is referred to the estimation
of the Predicted Mean Vote (PMV) metric, which considers the average vote of thermal sensation expressed by a
large group of people, on a scale from +3 (hot) to -3 (cold) (ISO 7730, 2016). Specifically, according to Fanger, a
PMV value ranging between -0.5 and +0.5 corresponds to a thermal comfort condition, which in turn means having
a PPD lower than 10%. Therefore, obtaining the hourly PMV and PPD values from the energy simulations, S1 is
calculated as the percentage of occupied hours in which PPD is lower than 10% on a year. Similarly, S2 criterion
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refers to the visual comfort and is assessed in terms of glare index, which is used to evaluate the presence of glare
due to opening areas within a confined environment. Considering the EnergyPlus-based default value of 22 as
maximum allowable discomfort glare index (DOE), S2 is calculated as the percentage of occupied hours in which
the glare index is lower than 22 during an entire year of simulation. Furthermore, the social domain includes also
a qualitative criterion analysing the visual impact (S3) of the alternatives, assessed on a 1-to-5 scale, where 1
corresponds to a low impact and 5 to a high impact on the external urban environment (i.e., the lower, the better).
The visual impact criterion allows considering the increasingly crucial need of integrating buildings within the
urban environment, taking care of the specific characteristics and specificities of the external environment where
the considered building is located, aiming not to compromise it. With this in mind, the alternatives are estimated
according to their aesthetical impact on the building and on the environment, based on experts’ opinions.

4.5 Application of multi-criteria PROMETHEE 11 outranking method

Once criteria and alternatives are defined, the first step consists of creating the impact matrix (as shown in Tab.
3), which reports the performances of all alternatives according to each selected criterion. At this point, the
direction of preference needs to be defined (meaning that, according to the criteria definition, it is required to
indicate if the preferred alternatives per each criterion are those with minimum or maximum values), together with
the exploited preference functions, and their associated indifference (q) and preference (p) thresholds, if required.

Tab. 3. Input parameters of the impact matrix.

ENL EN2 ENV1 ENV2 ECO1 ECO2 s1 s2 s3
% kwhim?y — Kgeo, /My gg,/m?ly m m % % 15
Direction of . . . . . .
preference max min min min min min max max min
Pfrjrf‘i:?:ﬁe linear U-shape usual usual linear linear V-shape V-shape U-shape
Indifference 0 2 2 2
threshold (q) 35%  1.5kwh/m nfa nfa 15 €/m 12 €/m nfa nfa nla
t: rr::sgfgc(;) 10% nfa nfa nfa 60€/m°  55€/m 5% 17% 1
col:ttrec:;:rj::;; A L60% 27.46 476 0.027 69.32 3231 68% 61% 1
Comtrzrl'::r;’t'g;i A 061% 27,57 478 0.027 7175 34.98 68% 75% 1
Coi’;trzrl'g{r::s; A 372% 27.22 472 0.027 96.98 87.86 68% 61% 4
Exterior blind
control srategy A 59%% 26.96 468 0.026 90.43 93.62 70% 7% 4
CO':ttreorl'Z:rj::‘;; o 430% 27.15 471 0.027 96.25 40.81 69% 61% 1
Comtrzrl'::r;’t'g;i 5 205% 27.41 475 0.027 98.68 43.48 69% 75% 1
coi?rirll(s)trrjt]:;;fa 9.14% 26.60 461 0.026 113.26 87.86 68% 61% 4
Exterior blind
control stategys 143%% 2600 451 0.025 106.71 93.62 72% 7% 4
CO'::%'Z;ZT:S; o 40w 27.19 472 0.027 131.72 60.10 76% 58% 2
COLrt‘:irl':trrgt';gs o L9 27.43 476 0.027 134.15 62.77 76% 89% 2
coiﬁirllgtrr:;i/e o 1003% 26.51 460 0.026 14873  107.15 73% 58% 5
Exterior blind
16.82% 2574 4.46 0.024 14218 11291 79% 89% 5

control strategy C
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To define the proper preference functions and thresholds, different multi-disciplinary experts are involved, among
which practitioners and researchers in the field of building physics and energy performance, economic analyses,
and occupants’ behaviour. Specifically, for the EN1 criterion, the linear shape is selected as preference function,
with an indifference threshold g of 3.5% and a preference threshold p of 10%, considering that the average saving
is of 6.21% for the considered alternatives, while the U-shape is chosen for EN2, with an indifference threshold g
of 1.5 kWh/m?, due to the little variation between the alternatives performances. Concerning the two environmental
criteria, the usual preference function is applied for both cases, because of the very small range obtained for the
emission values of the alternatives. For the economic criteria, the linear shape is selected; specifically, for ECO1
(i.e., investment costs) q is set to 15 €/m? and p to 60 €/m?, while for ECO2 (i.e., maintenance costs) q is equal to
12 €/m?and p to 55 €/m?. The thresholds are defined in such a way as to favour alternatives that provide significant
cost-effectiveness in terms of investment costs and low maintenance costs. To conclude, for the social domain, the
V-shape is selected for S1 and S2 and the U-shape for the qualitative criterion S3; in particular, based on the
alternatives performances, S1 is evaluated through a preference threshold of 5%, while S2 with a p of 17%. The
indifference threshold for S3 U-shape is set to 1, to give importance also to the unitary difference in the 1-to-5
scale associated to this criterion.

4.5.1 Importance of weightings: multi-actors analysis

A crucial step of the multi-criteria techniques concerns the assignment of weights to criteria. Generally, going
through the determination of weights means involving diverse experts, whose opinions can help improving the
quality of decisions, determining a more explicit, rational, and efficient decision-making process (Bottero et al.,
2020; Bottero et al., 2021). Specifically, several actors can be involved, with different background and interests,
using their judgements to create separate scenarios for the multi-criteria analysis.

In this work, three experts are involved, having expertise related to buildings energy performances, occupants’
comfort and well-being, and economy. The experts are asked to express their preferences in relation to the criteria
importance, and this step is developed using the SRF method. As a result of the experts’ judgements, Fig. 5
summarizes the weighting coefficients of the criteria, according to three scenarios (one per each interviewed
expert) (Figueira and Roy, 2002; Decspace).

ENERGY EXPERT COMFORT EXPERT ECONOMY EXPERT

52 EN1

ECO2 B
EN2 ENVI

ENV2

ECO1 ECO2 23.52%

ENV2

ECO1

Fig. 5. Criteria weightings assigned by the three experts involved in the assessment.

It is interesting to note that a similar perception on the importance of the energy criteria for the selection of the
appropriate shading system for an office building is expressed by the energy and comfort experts. Moreover, the
energy expert gives equal importance to both energy criteria and to the environmental criterion on CO, emission,
while the comfort analyst gives greater importance to social criteria, and specifically to thermal and visual comfort
ones. Conversely, the economy expert’s weights stress about the importance of costs (both investment and
maintenance voices). Finally, a similar consideration between the three experts regards the visual impact criterion
(S3), which obtains the lowest preference in all scenarios (0.31% for the energy expert, 0.51% for the comfort
expert, 1.18% for the economy one). Despite the importance of architectural integration when assessing possible
buildings intervention, this criterion is profoundly influenced by the location of the building; according to experts’
opinions, indeed, the relevance of this criterion increases when considering buildings located in historical areas or
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city-centers, which is not the case for the Energy Center, which is in a commercial area, closed to the university
campus.

In addition to the three scenarios (i.e., energy, comfort, and economy), an average scenario is built, setting the
criteria weightings as the average between the three experts’ weights (shown in Fig. 5). This scenario makes it
possible to take into consideration the opinions of all experts and to define a ranking of solutions consistent with
all points of view.

5. Results and discussion

By means of EnergyPlus simulations, the heating and cooling needs of the Energy Center in the current state are
estimated, equal to approximately 17 kWh/m? and 31 kWh/m?, respectively, Moreover, by introducing the
combinations of shading devices and control strategies in the EnergyPlus software, the 12 alternatives are assessed
in energy, environmental, and social terms. Specifically, focusing on energy aspects, Fig. 6 compares the
alternative combinations of shading devices (interior/exterior blinds/shades) and control strategies in terms of
guaranteed savings of space cooling needs, with respect to the Energy Center current state.

Cooling energy savings (EN1) criterion
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Fig. 6. Comparison of the cooling needs savings (EN1) criterion for the 12 alternatives.

From the graph, it clearly appears how the exterior solutions represent the best options to reduce space cooling
needs in the building, being able to better reduce the external solar stresses; moreover, the automatic control
strategies (i.e., B and C) have a stronger impact on energy needs, with respect to the manual operation, not being
dependent on occupants’ presence and, thus, allowing to reduce the overheating of the building, also when not
occupied. According to the EN1 criterion, the exterior blind with control strategy C is the best candidate, reaching
a 17% reduction of space cooling needs.

Moving to the multi-criteria analysis, the PROMETHEE Il application provides a ranking of the 12 alternatives,
through the estimation of their net flows @ (through Eq. 4). Fig. 7, elaborated based on the outputs of Visual
PROMETHEE (Mareschal, 2011), presents the obtained rankings for the four developed scenarios. Specifically,
indicators are used to represent the different type of shading (i.e., circle for shades and square for blinds), while
lines indicate their installation (i.e., exterior installations are shown through dotted lines, while interior ones with
continuous ones). Finally, colours are used to differentiate the control strategies, using green for strategy A, blue
for strategy B and orange for the most advanced control strategy C.
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Fig. 7. Ranking of the alternatives resulting from the application of PROMETHEE II method according to the experts’
preferences and the resulting average case.

The best performing option for the four scenarios is always the exterior blind system coupled with the control
strategy C (orange dotted line with squared indicator), which requires the installation of a detector for solar
radiation able to automatically act on the shading systems. The result is not unexpected, since the control strategy
C is the best performing in terms of energy savings, environmental impact, thermal and visual comfort, even if
more expensive than the other options. Concerning the choice among shades and blinds, the latter guarantee higher
energy savings and a lower environmental impact, especially if installed externally. Even though for the best option
there is no difference in the multi-scenario analysis, the same consideration is not valid for the other ranking
positions. This is the case of the interior venetian blind coupled with control strategy C (orange continuous line
with squared indicator), which ranks in 8" position according to the energy expert and in the 7" for the economy
one, while jumps to the 3" position according to the comfort scenario; indeed, on the one hand, this alternative is
very performing from the thermal comfort point of view, which is identified as a strategic element for the comfort
expert, while, on the other hand, it has a lower performance in terms of the energy criteria, which are relevant for
the energy expert. Due to its scarce energy performance, the interior venetian blind with control strategy A (i.e.,
manual operation) is the worst solution (green continuous line with squared indicator) for the energy expert;
instead, for the economy scenario this option goes up to the 3" position, considering its lower cost with respect to
other combinations. Moreover, the conflicting nature of the energy and economic criteria is understandable also
looking at the 3™ position of the energy scenario, occupied by the exterior shade with control strategy C (orange
dotted line with circular indicator), which instead obtains the second last position in the ranking of the economy
expert. Finally, looking at the ranking of the average scenario, the results appear to be coherent with the outputs
of the three experts’ preferences; specifically, the 1t and 2" positions are identical to the other scenarios, and the
worst alternative is identified in the exterior shade with control strategy A (green dotted line with circular
indicator), as for the comfort and economy experts’ rankings. It is interesting to note that, for the average case,
with the exception of the first positions, the gap among the net flows of the alternatives is reduced if compared to
the experts’ scenarios.

The results of the application are also analyzed according to the Rainbow representation, available in Visual
PROMETHEE (Mareschal, 2011). The example for the energy expert’s scenario is shown in Fig. 8. The Rainbow
graph is a disaggregated representation of the complete ranking of each scenario, which distributes the alternatives
from the most to the least preferred, from left to right, showing their performances according to the considered
criteria (each color represents a domain family). Specifically, each slice shows the contribution of each criterion
to the net flow of the alternative, representing the flow value times the weighting coefficient associated to the
specific criterion by the expert involved. For the sake of exemplification, the winning alternative for the energy
scenario (i.e., the exterior venetian blind with control strategy C) performs well in terms of energy, environmental
and social criteria, while showing some weaknesses with reference to the visual impact S3 and to the economic
criteria (both investment and maintenance costs). In an opposite way, the worst alternative according to this
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scenario presents positive performances only for economic and social criteria, including S3, while is penalized by

its low performance in energy and environmental terms.
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Fig. 8. PROMETHEE Rainbow output, with respect to the energy expert's weightings.

Furthermore, Visual PROMETHEE allows to build the so-called Geometrical Analysis for Interactive Aid
(GAIA), which is a visualisation method that shows the relationships between the defined alternatives and the
considered scenarios (Mareschal, 2011). The GAIA plane representation is exploited to evaluate the multi-scenario
analysis and permits to observe the possible divergences between the experts’ standpoints (Errore. L'origine
riferimento non & stata trovata.). On the multi-scenario plane, each expert’s view is represented by an axis drawn from
the center of the plane, while the points in the GAIA plane represent the considered alternatives. On the graph it
is possible to visualize the preference ranking of the alternatives, which decreases from right to left, well
highlighting the most preferred option for all scenarios (i.e., the exterior blind with control C), located on the
extreme right side of the plane. The red axis indicates the decision PROMETHEE stick, which is characterized by
the same orientation of all the other scenarios axes. In detail, Fig. 9 clearly shows how the energy expert’ scenario
is divergent especially compared to the economy expert’s one, pointing in different directions (i.e., bottom vs. top
of the plane); however, the red decision axis is oriented to the right as all other axes, thus highlighting a moderate
conflict among scenarios.
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Fig. 9. Outputs from the GAIA plane with respect to the experts’ scenarios (GAIA-scenario).

5.1 Sensitivity analyses

To investigate the stability of the results, proper sensitivity analyses must be conducted, allowing to determine
how the ranking might change in accordance with the variation of the importance of the involved criteria.
Specifically, in this paper, an equal scenario (i.e., equal weights for all criteria) and four extreme scenarios (i.e.,
weighting coefficients are changed by exaggerating the criteria belonging to a domain family at once) are
developed, to study their effect on the alternatives ranking. The weighting coefficients used for the equal and the
extreme scenarios are reported in Fig. 10.

EN1
25%

S3 20% EN2

——EQUAL

ENV1
EXTREME ENERGY
EXTREME ENVIRONMENT
——EXTREME ECONOMY
——EXTREME SOCIETY
ENV2

ECO2 ECO1

Fig. 10. Criteria weightings for equal and extreme scenarios.

The development of new scenarios according to the weighting coefficients reported in Fig. 10 leads to the
definition of new alternatives rankings, as shown in Fig. 11, to be compared with the previous rankings (reported
in Fig. 7).
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Fig. 11. Ranking of the alternatives resulting from the application of PROMETHEE Il method on the equal and extreme
scenarios.

In all five sensitivity analyses, the final rankings present significant changes, mostly in the intermediate position.
The equal, the extreme energy and the extreme environment scenarios present the same first two positions in the
final ranking, while the situation is completely different for the extreme economy and extreme society. Indeed,
for these two cases, the exterior blind with the control strategy C is not the best performing option, as in all other
scenarios. Starting from the extreme economy scenario, the most impacting result is the first position of the
cheapest alternative (i.e., interior blind coupled with control strategy A, represented with the green continuous line
with squared indicator), which instead reaches the last position for the energy expert (see Fig. 7). In the extreme
economy scenario, the ranking is profoundly influenced by economic criteria and, thus, the interior shading devices
are rewarded, specifically if associated with the control strategy A (i.e., manual operation performed by occupants).
Moving to the extreme society scenario, the best alternatives are identified as the interior blind with control strategy
C (orange continuous line with squared indicator) and the exterior blind with the same control mechanism (orange
dotted line with squared indicator); indeed, this scenario advantages the solutions that better guarantee high thermal
and visual comfort conditions and with a lower visual impact. For almost all sensitivity scenarios, the alternative
considering the combination of exterior shades with control strategy A (green dotted line with circular indicator)
represents the worst solution, similarly to what obtained for the experts’ scenarios previously analysed.

Finally, the visual stability tool available on the software (Mareschal, 2011) is used to explore the stability of the
results when varying one weight at once, for each scenario. The visual stability intervals show how the net flows
may change as a function of the variation of each criterion weight; specifically, the visualization tool allows to
identify, per each criterion and each scenario, which is the range of the associated weighting coefficient according
to which the final ranking of the alternatives remains unaltered, as well as how the positions in the final ranking
would change out of this range of stability. For the sake of exemplification, Fig. 12 presents the visual stability of
the energy criterion related to cooling needs reduction (EN1) and the economic criterion for investment costs
(ECO1) according to the energy expert’s scenario. In each graph, the weight is reported on the x-axis, while the
net flow ranking is shown on the y-axis; the colored lines represent the net flow trends of each alternative,
associated to the possible weight variation of the considered criterion from 0% to 100%. The green/red vertical
line shows the weighting coefficient used in the analyzed scenario, while the blue dotted vertical lines identify the
stability range (i.e., the range of weights that the specific criterion could have to maintain the final ranking
unaltered). Comparing, for the same scenario, the EN1 and ECOL criteria, it is possible to note that the energy
scenario seems to be more stable for what concerns EN1, with a stability interval ranging from 11.31% to 28.45%,
and more sensible to changes on the economic criterion (for which the stability interval is narrower). Indeed, if the
variation of the EN1 weighting coefficient will in any case confirm the first positions (i.e., exterior blind C and
exterior blind B) and the last one (i.e., interior blind A), a different result is obtained for the variation of the ECO1
weight; specifically, according to this scenario, after the 25% weight it is possible to visualize a complete change
of the ranking, in favor of less expensive solutions (e.g., exterior blind A or interior blind A), while disadvantaging
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more energy efficient solutions; in this sense, it is interesting to note, for instance, how with a high weight for
ECOL1 the exterior blind C would reach the second last position.
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Fig. 12. Visual stability intervals for EN1 (left) and ECO1 (right), according to the energy expert's scenario.
6. Conclusions and future perspectives

Solar shading devices and their effective management and control can have a strategic role in improving buildings
performance and achieving the advocated smart building revolution. The selection of the best combination of
shading system and control strategy is by definition a multi-criteria challenge, since the investment decision-
making process is influenced by several and often conflicting factors. For this reason, there is the need to develop
proper multi-disciplinary methodological approaches, capable of identifying and deepening the potential
contradictions between economic, social, environmental, architectural and energy aspects associated to shading
devices installations, also considering the perspectives of the potential actors involved in and influenced by the
decision. In line with this, the work proposes a multi-step methodological approach to support the investment
decision-making process regarding the selection of the most adequate solar shading device and associated control
strategy for an office building coupling methods and tools from diverse disciplines. To include in the evaluation
approach the estimation of the energy performances of the shading systems and their impact on energy
consumptions and occupants’ comfort, the approach combines EnergyPlus-based energy dynamic simulations with
the PROMETHEE Il multi-criteria decision analysis; the evaluation is based on the comparison of a set of
alternative solutions of shading devices combined with diverse strategies of automation and control mechanisms,
based on a set of multi-domain quantitative and qualitative criteria. The multi-step methodological approach was
tested for the Energy Center building, a newly constructed office building located in the North-West of Italy, well
representative of its building category. Diverse experts were involved, to include their opinions in the evaluation
procedure, allowing to perform a multi-scenario analysis; all experts have confirmed the solution combining the
exterior shades with the control strategy C (i.e., the most automated) as the best alternative among the ones at
disposal, giving importance to its capacity of significantly reducing energy needs and environmental impacts,
without impacting on occupants’ comfort and satisfaction. Despite other solutions have lower investment and
maintenance costs, its higher energy, social and environmental performances have rendered it the best solution for
all interviewed experts.

The work allows to highlight how the integration of energy dynamic simulations with the PROMETHEE 11 method
can represent a promising solution for supporting energy investment decision-making processes, giving different
perspectives on the performances of the alternatives at disposal. This consideration is valid for different smart
features in buildings, making the methodological approach potentially applicable also for the assessment of other
smart devices. Future work will be devoted to applying different multi-criteria techniques in combination with
energy dynamic simulations, as well as to testing the proposed methodological approach for different case studies
of interests. Furthermore, future analysis could be devoted to refining and tailoring the set of criteria included in
the methodological proposal, in order to extend the study also to other building typologies.

The short version of the paper was presented at ICAE2021, Nov 29 - Dec 5, 2021. This paper is a substantial extension of the
short version of the conference paper.



Acknowledgments

The work of Maria Cristina Pinto has been financed by the Research Fund for the Italian Electrical System under
the Contract Agreement between RSE S.p.A. and the Ministry of Economic Development - General Directorate
for the Electricity Market, Renewable Energy and Energy Efficiency, Nuclear Energy in compliance with the
Decree of April 16th, 2018.

References

Al Dakheel, J., Del Pero C., Aste N., Leonforte, F. Smart buildings features and key performance indicators: A review.
Sustainable Cities and Society 2020:61:102328. https://doi.org/10.1016/j.scs.2020.102328

Andreopoulou, Z., Koliouska, C., Galariotis, E., Zopounidis, C. Renewable energy sources: Using PROMETHEE I for ranking
websites to support market opportunities. Technological Forecasting and Social Change 2018; 131:31-37.
https://doi.org/10.1016/j.techfore.2017.06.007

Atzeri, A.M., Pernigotto, G., Cappelletti, F., Gasparella, A., Tzempelikos, A. Energy performance of shading devices for
thermal and lighting comfort in offices. In: Building Simulation Applications BSA 2013: 1st IBPSA Italy Conference, Bolzano,
30th January - 1st February 2013, pp.233-242.

Babaizadeh, H., Haghighi, N., Asadi, S., Broun, R., Riley, D.: Life cycle assessment of exterior window shadings in residential
buildings in different climate zones. Building and Environment 2015a; 90:168-177.
https://doi.org/10.1016/j.buildenv.2015.03.038

Babaizadeh, H., Haghighi, N., Broun, R., Asadi, S.: Life Cycle Assessment of Common Materials Used for Exterior Window
Shadings in Residential Building. Procedia Engineering 2015b; 118:794-801. https://doi.org/10.1016/J.PROENG.2015.08.516

Becchio, C., Corgnati, S. P., Crespi, G., Pinto M. C., Viazzo, S. Exploitation of dynamic simulation to investigate the
effectiveness of the Smart Readiness Indicator: application to the Energy Center building of Turin. Science and Technology
for the Built Environment 2021; 27:1127-1143. https://doi.org/10.1080/23744731.2021.1947657

Bellia, L., Marino, C., Minichiello, F., Pedace, A. An overview on solar systems for buildings. Energy Procedia 2014; 62:309-
317. https://doi.org/10.1016/j.eqypro.2014.12.392

Bonoli, A., Zanni, S., Serrano-Bernardo, F. Sustainability in building and construction within the framework of circular cities
and european new green deal. The contribution of concrete recycling. Sustainability (Switzerland) 2021; 13:1-16.
https://doi.org/10.3390/SU13042139

Borchiellini, R., Corgnati, S.P., Becchio, C., Delmastro, C., Bottero, M.C., Dell’Anna, F., Acquaviva, A., Bottaccioli, L., Patti,
E., Bompard, E., Pons, E., Estebsari, A., Verda, V., Santarelli, M., Leone, P., Lanzini, A. The energy center initiative at
Politecnico di Torino: practical experiences on energy efficiency measures in the municipality of Torino. International Journal
of Heat and Technology 2017; 35:S196-S204. https://doi.org/10.18280/ijht.35Sp0128

Bottero, M., Assumma, V., Caprioli, C., Dell’Ovo, M. Decision making in urban development: The application of a hybrid
evaluation method for a critical area in the city of Turin (Italy). Sustainable Cities and Society 2021: 72:103028.
https://doi.org/10.1016/j.scs.2021.103028

Bottero, M., Datola, G. Addressing Social Sustainability in Urban Regeneration Processes. An Application of the Social Multi-
Criteria Evaluation. Sustainability 2020; 12:7579. https://doi.org/10.3390/su12187579

Bottero, M., Dell’Anna, F., Morgese, V. Evaluating the Transition Towards Post-Carbon Cities: A Literature Review.
Sustainability 2021; 13:567. https://doi.org/10.3390/su13020567

Bragolusi P., D’Alpaos C. The valuation of buildings energy retrofitting: A multiple-criteria approach to reconcile cost-benefit
trade-offs and energy savings. Applied Energy 2022;310:118431. https://doi.org/10.1016/j.apenergy.2021.118431.

Brans, J.P., Mareschal, B. The PROMCALC & GAIA decision support system for multicriteria decision aid. Decision Support
Systems 1994. https://doi.org/10.1016/0167-9236(94)90048-5

Brans, J.P., Mareschal, B., Vincke, P.: PROMETHEE: A New Family of Outranking Methods in Multicriteria Analysis. In:
Operational Research 1984,

The short version of the paper was presented at ICAE2021, Nov 29 - Dec 5, 2021. This paper is a substantial extension of the
short version of the conference paper.


https://doi.org/10.1016/j.scs.2020.102328
https://doi.org/10.1016/j.techfore.2017.06.007
https://doi.org/10.1016/j.buildenv.2015.03.038
https://doi.org/10.1016/J.PROENG.2015.08.516
https://doi.org/10.1080/23744731.2021.1947657
https://doi.org/10.1016/j.egypro.2014.12.392
https://doi.org/10.3390/SU13042139
https://doi.org/10.18280/ijht.35Sp0128
https://doi.org/10.1016/j.scs.2021.103028
https://doi.org/10.3390/su12187579
https://doi.org/10.3390/su13020567
https://doi.org/10.1016/0167-9236(94)90048-5

Brans, J., Vincke, P. A preference ranking organization method: the PROMETHEE method for MCDM. Management Science
1985; 31:647-656.

Brans, J.P., Vincke, P., Mareschal, B. How to select and how to rank projects: The Promethee method. European Journal of
Operational Research 1986; 24:228-238. https://doi.org/10.1016/0377-2217(86)90044-5

Bustamante, W., Uribe, D., Vera, S., Molina, G. An integrated thermal and lighting simulation tool to support the design process
of complex  fenestration systems for office buildings. Applied Energy 2017; 198:  36-48.
http://dx.doi.org/10.1016/].apenergy.2017.04.046

Cabeza, F., Urge-Vorsatz, D. The role of buildings in the energy transition in the context of the climate change challenge.
Global Transitions 2020; 2:257-260. https://doi.org/10.1016/].g1t.2020.11.004

Chua, K.J., Chou, S.K.: Evaluating the performance of shading devices and glazing types to promote energy efficiency of
residential buildings. Building Simulation 2010 3:3. 3, 181-194 (2010). https://doi.org/10.1007/S12273-010-0007-2

Cinelli M, Gonzalez MA, Ford R, McKernan J, Corrente S, Kadzinski M, et al. Supporting contaminated sites management
with Multiple Criteria Decision Analysis: Demonstration of a regulation-consistent approach. Journal of Cleaner Production
2021;316:128347. https://doi.org/10.1016/j.jclepro.2021.128347.

Crespi, G., Abba, 1., Corgnati, S.P., Morassutti, S., Prendin, L. HVAC polyvalent technologies to balance contemporary loads
in buildings. In: Proceedings of 16th Conference on Sustainable Development of Energy, Water and Environment Systems
SDEWES?2021; 2021.

Crespi, G., Bompard, E.F. Drivers for energy transition of Italian residential sector. REHVA Journal 2020; 57:6-10.

De Almeida Rocha, A.P., Reynoso-Meza, G., Oliveira, R. C.L.F., Mendes, N. A pixel counting based method for designing
shading devices in buildings considering energy efficiency, daylight use and fading protection. Applied Energy 2020;
262:114497. https://doi.org/10.1016/j.apenergy.2020.114497

De Loyola Ramos Garcia, D., Ruttkay Pereira, F. O. Method application and analyses of visual and thermal-energy performance
prediction in offices buildings with internal shading devices. Building and Environment 2021; 198:107912.
https://doi.org/10.1016/j.buildenv.2021.107912

Dell’Anna F., Bottero M., Becchio C., Corgnati S.P., Mondini G. Designing a decision support system to evaluate the
environmental and extra-economic performances of a nearly zero-energy building. Smart and Sustainable Built Environment
2020;9:413-42. https://doi.org/10.1108/SASBE-09-2019-0121.

Department of Energy (DOE): EnergyPlus software. https://energyplus.net/

European Environment Agency (EEA) (2019). EMEP/EEA air pollutant emission inventory guidebook 2019.

EQUA — IDA Indoor Climate and Energy. https://www.equa.se/en/ida-ice

European Commission. 2012. Commission Delegated Regulation (EV) No 244/2012,
https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:1 :2012:081:0018:0036:EN:PDF

European Commission: Directive 2010/31/UE, Energy Performance of Building Directive Recast (EPBD recast), https://eur-
lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32010L0031&from=it

European Commission: Directive (EU) 2018/844. Energy Performance of Building Directive revision, https://eur-
lex.europa.eu/legal-content/EN/TXT/HTML/?2uri=CELEX:32018L0844&from=IT

Figueira, J., Greco, S., Ehrogott, M. Multiple Criteria Decision Analysis: State of the Art Surveys. Springer New York, New
York, NY, 2005.

Figueira, J., Roy, B. Determining the weights of criteria in the ELECTRE type methods with a revised Simos’ procedure.
European Journal of Operational Research 2002; 139:317-326. https://doi.org/10.1016/S03772217(01)00370-8

Figueira, J.R., Greco, S., Roy, B., Stowinski, R.: ELECTRE Methods: Main Features and Recent Developments. 2010. ffhal-
00876980

Fontenelle, M.R., Bastos, L.E.G. The multicriteria approach in the architecture conception: Defining windows for an office
building in Rio de Janeiro. Building and Environment 2014; 74, 96-105. https://doi.org/10.1016/J.BUILDENV.2014.01.005

The short version of the paper was presented at ICAE2021, Nov 29 - Dec 5, 2021. This paper is a substantial extension of the
short version of the conference paper.


https://doi.org/10.1016/0377-2217(86)90044-5
http://dx.doi.org/10.1016/j.apenergy.2017.04.046
https://doi.org/10.1016/j.glt.2020.11.004
https://doi.org/10.1007/S12273-010-0007-2
https://doi.org/10.1016/j.apenergy.2020.114497
https://doi.org/10.1016/j.buildenv.2021.107912
https://energyplus.net/
https://www.equa.se/en/ida-ice
https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:081:0018:0036:EN:PDF
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32010L0031&from=it
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32010L0031&from=it
https://doi.org/10.1016/S03772217(01)00370-8
https://doi.org/10.1016/J.BUILDENV.2014.01.005

Fregonara, E. Methodologies for Supporting Sustainability in Energy and Buildings. The Contribution of Project Economic
Evaluation. Energy Procedia 2017; 111:2-11. https://doi.org/10.1016/j.eqypro.2017.03.002

Ghose, A., McLaren, S.J., Dowdell, D., Phipps, R. Environmental assessment of deep energy refurbishment for energy
efficiency-case study of an office building in New Zealand. Building and Environment 2017; 117:274-287.
https://doi.org/10.1016/J.BUILDENV.2017.03.012

Hoogmartens, R., Van Passel, S., Van Acker, K., Dubois, M. Bridging the gap between LCA, LCC and CBA as sustainability
assessment tools. Environmental Impact Assessment Review 2014; 48:27-33. https://doi.org/10.1016/J.EIAR.2014.05.001

Hu, M. Life-cycle environmental assessment of energy-retrofit strategies on a campus scale. Building Research and Information
2020; 48:659-680. https://doi.org/10.1080/09613218.2019.1691486

Huang, Y., Niu, J., Chung, T. Comprehensive analysis on thermal and daylighting performance of glazing and shading designs
on office building envelope in cooling-dominant climates. Applied Energy 2014; 134:215-228.
https://doi.org/10.1016/j.apenergy.2014.07.100

IES, IES-VE: IES-Virtual Environment. https://www.iesve.com/software/virtual-environment

International Conference on Sustainable Infrastructure 2017: Methodology - Proceedings of the International Conference on
Sustainable Infrastructure 2017; 207—218. https://doi.org/10.1061/9780784481196.019

International Standard Organization, 1ISO 7730 - Ergonomics of the thermal environment — Analytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices and local thermal comfort criteria. 2005.

ISO 15686-5:2008, Building and constructed assets — Service-life planning — Part 5: Life-cycle costing. (revised by 1ISO 15686-
5:2017)

ISO 52000-1:2017. Energy performance of buildings — Overarching EPB assessment — Part 1: General framework and
procedures

ISPRA (2021) Italian Greenhouse Gas Inventory 1990-2019. National Inventory Report 2021. https://www.isprambiente.gov.it

Jaber, S., Ajib, S. Optimum, technical and energy efficiency design of residential building in Mediterranean region. Energy
and Buildings 2011: 43:1829-1834. https://doi.org/10.1016/J.ENBUILD.2011.03.024

Jafari, A., Valentin, V. Selection of optimization objectives for decision-making in building energy retrofit. Building and
Environment 2018; 130:94-103. https://doi.org/10.1016/j.buildenv.2017.12.027

Jalilzadehazhari, E., Johansson, P., Johansson, J., Mahapatra, K.: Developing a decision-making framework for resolving
conflicts when selecting windows and blinds. Architectural Engineering and Design Management 2019; 15:357-381.
https://doi.org/10.1080/17452007.2018.1537235

Khoroshiltseva, M., Slanzi, D., Poli, I. A Pareto-based multi-objective optimization algorithm to design energy-efficient
shading devices. Applied Energy 2016; 184: 1400-1410. http://doi.org/10.1016/j.apenergy.2016.05.015

Li, H., Hong, T., Lee, S.H., Sofos, M. System-level key performance indicators for building performance evaluation. Energy
and Buildings 2020; 209:109703. https://doi.org/10.1016/j.enbuild.2019.109703

Liu, M., Wittchenm, K., Heiselberg, P. Control strategies for intelligent glazed fagade and their influence on energy and comfort
performance of office buildings in Denmark. Applied Energy 2015; 145:43-51. https://doi.org/10.1016/j.apenergy.2015.02.003

Mareschal, B., 2011-2022. Visual PROMETHEE software. https://www.promethee-gaia.net

Mifsud, L., Pomponi, F., Moncaster, A.M. Comparative life cycle analysis of facade passive systems in the Mediterranean:
Comfort, energy, and carbon. Renewable Energy 2020; 149:347-360. https://doi.org/10.1016/J.RENENE.2019.12.072

Ministry ~ of  Economic  Development:  Superbonus e  Sismabonus  110% -  Decreti  attuativi.
https://www.mise.gov.it/index.php/it/incentivi/energia/superbonus-110

Mustajoki, J., Hamalainen, R.P., Salo, A. Decision Support by Interval SMART/SWING-Incorporating Imprecision in the
SMART and SWING Methods. Decision Sciences 2005; 36:317-339. https://doi.org/10.1111/].1540-5414.2005.00075.x

The short version of the paper was presented at ICAE2021, Nov 29 - Dec 5, 2021. This paper is a substantial extension of the
short version of the conference paper.


https://doi.org/10.1016/j.egypro.2017.03.002
https://doi.org/10.1016/J.BUILDENV.2017.03.012
https://doi.org/10.1016/J.EIAR.2014.05.001
https://doi.org/10.1080/09613218.2019.1691486
https://doi.org/10.1016/j.apenergy.2014.07.100
https://www.iesve.com/software/virtual-environment
https://doi.org/10.1061/9780784481196.019
https://www.isprambiente.gov.it/
https://doi.org/10.1016/J.ENBUILD.2011.03.024
https://doi.org/10.1080/17452007.2018.1537235
http://doi.org/10.1016/j.apenergy.2016.05.015
https://doi.org/10.1016/j.enbuild.2019.109703
https://doi.org/10.1016/j.apenergy.2015.02.003
https://www.promethee-gaia.net/
https://doi.org/10.1016/J.RENENE.2019.12.072
https://www.mise.gov.it/index.php/it/incentivi/energia/superbonus-110
https://doi.org/10.1111/j.1540-5414.2005.00075.x

Piedmont Region price list. 2022. https://https://www.regione.piemonte.it/web/temi/protezione-civile-difesa-suolo-opere-
pubbliche/opere-pubbliche/prezzario/prezzario-regione-piemonte-2022

Prowler, D. (FAIA). Sun control and shading devices. Whole Building Design Guide. 08 September 2016.
https://www.whbdg.org/resources/sun-control-and-shading-devices

Pushkar, S. Environmental damage and saving benefit of external shading devices via photovoltaic (PV) energy generation.
Journal of Green Building 2016; 11:95-109. https://doi.org/10.3992/JGB.11.3.95.1

Pushkar, S., Verbitsky, O. Life-cycle assessment of the energy code for office buildings using the prescriptive approach in
Israel. In: International Conference on Sustainable Infrastructure 2017.
https://ascelibrary.org/doi/10.1061/9780784481196.019

Saaty, T.L. The Analytic Hierarchy Process. 1980

Santamouris, M., Vasilakopoulou, K. Present and future energy consumption of buildings: challenges and opportunities
towards decarbonization. E-Prime — Advances in Electrical Engineering, Electronics and Energy 2021; 1:100002.
https://doi.org/10.1016/j.prime.2021.100002

Singh, R., Lazarus, I. J., Kishore, V.V.N. Uncertainty and sensitivity analyses of energy and visual performances of office
building with external venetian blind shading in hot-dry climate. Applied Energy 2016; 184:155-170. http:/
doi.org/10.1016/j.apenergy.2016.10.007

Software online DecSpace (Pre-Alpha). http://app.decspacedev.sysresearch.org/#/
Sousa, J. 2012. Energy Simulation Software for Buildings: Review and Comparison.

Stamatakis, A., Mandalaki, M., Tsoutsos, T. Multi-criteria analysis for PV integrated in shading devices for Mediterranean
region. Energy and Buildings 2016; 117:128-137. https://doi.org/10.1016/J.ENBUILD.2016.02.007

Strantzali, E., Aravossis, K. Decision making in renewable energy investments: A review. Renewable and Sustainable Energy
Reviews 2016; 55:885-898. https://doi.org/10.1016/j.rser.2015.11.021

Sward, J., Nilson, R., Katkar, V., Stedman, R., Kay, D., Ifft, J., Zhang, K.: Integrating social considerations in multicriteria
decision  analysis  for  utility-scale  solar  photovoltaic  siting.  Appl  Energy  2021;  288:116543.
https://doi.org.10.1016/j.apenergy.2021.116543

Tabadkani, A., Roetzel, A., Li, H. X., Tsangrassoulis, A., Attia, S. Analysis of the impact of automatic shading control scenarios
on occupant’s comfort and energy load. Applied Energy 2021; 294 (116904). https://doi.org/10.1016/j.apenergy.2021.116904

Tabadkani, A., Tsangrassoulis, A., Roetzel, A., Hong, X.L. Innovative control approaches to assess energy implications of
adaptive  facades based on  simulation using  EnergyPlus.  Solar  Energy  2020; 206:256-268.
https://doi.org/10.1016/j.solener.2020.05.087

Thermal Energy System Specialists, LLC — TRNSYS: Transient System Simulation Tool. https://www.trnsys.com/

Tsoukias, A., Keeney, R.L., Raiffa, H. Decisions with Multiple Objectives: Preferences and Value Tradeoffs. The Journal of
the Operational Research Society 1994; 45, 1093. https://doi.org/10.2307/2584151

UNI 10339 (1995) — Impianti aeraulici ai fini di benessere.

UNI EN 16798-1. 2019. Energy performance of buildings - Ventilation for buildings - Part 1: Indoor environmental input
parameters for design and assessment of energy performance of buildings addressing indoor air quality, thermal environment,
lighting and acoustics - Module M1-6

Van Den Wymelenberg K. Patterns of occupant interaction with window blinds: a literature review. Energy and Buildings
2012; 51:165-76. http://dx.doi.org/10.1016/j.enbuild.2012.05.008

Ylitalo, H., Ip, K., Marshall, D. Thermal Performance of External Roller Blinds Retrofit for Offices in the United Kingdom.
In: Proceedings of the 2012 (3rd) International Conference on Engineering, Project, and Production Management 2012; 281—
292. Association of Engineering, Project, and Production Management.

The short version of the paper was presented at ICAE2021, Nov 29 - Dec 5, 2021. This paper is a substantial extension of the
short version of the conference paper.


https://https/www.regione.piemonte.it/web/temi/protezione-civile-difesa-suolo-opere-pubbliche/opere-pubbliche/prezzario/prezzario-regione-piemonte-2022
https://https/www.regione.piemonte.it/web/temi/protezione-civile-difesa-suolo-opere-pubbliche/opere-pubbliche/prezzario/prezzario-regione-piemonte-2022
https://www.wbdg.org/resources/sun-control-and-shading-devices
https://doi.org/10.3992/JGB.11.3.95.1
https://ascelibrary.org/doi/10.1061/9780784481196.019
https://doi.org/10.1016/j.prime.2021.100002
http://dx.doi.org/10.1016/j.apenergy.2016.10.007
http://dx.doi.org/10.1016/j.apenergy.2016.10.007
http://app.decspacedev.sysresearch.org/#/
https://doi.org/10.1016/J.ENBUILD.2016.02.007
https://doi.org/10.1016/j.rser.2015.11.021
https://doi.org/10.1016/j.apenergy.2021.116904
https://doi.org/10.1016/j.solener.2020.05.087
https://www.trnsys.com/
https://doi.org/10.2307/2584151

