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Abstract

In recent decades, the intensification of the urban heat island (UHI) phenomenon has
emerged as a critical challenge for European cities, exacerbated by climate change, dense
urban morphologies, and the aging performance of the existing building stock. In this
context, the renovation of post-war residential heritage represents a strategic opportunity
to simultaneously enhance buildings’ energy performance and contribute to urban-scale
thermal mitigation. This study investigates sustainable and integrated retrofitting strategies
applied to residential buildings constructed between 1945 and 1990 in the metropolitan
area of Milan. The research aims to evaluate how targeted refurbishment interventions can
improve building energy performance and potentially support UHI mitigation through
improved envelope performance and material selection. The methodology combines field
surveys, archival data from public housing authorities, energy simulations, and multiple-
criteria decision-making (MCDM) analysis, integrating economic, environmental, and
performance-based indicators. Several retrofit scenarios are assessed across different build-
ing typologies. Results highlight that low-invasive and cost-effective measures, such as
advanced glazing systems, roof insulation, and efficient heating system upgrades, achieve
a favorable balance between energy performance improvement, economic feasibility, and
intervention-related criteria. For buildings with larger dispersing surfaces, envelope insu-
lation solutions using sustainable materials demonstrate increased effectiveness. Beyond
individual building performance, the study discusses the potential indirect contribution of
large-scale retrofit strategies to UHI mitigation through reduced building energy require-
ments and potentially lower HVAC-related anthropogenic heat emissions. The proposed
operational framework supports public stakeholders in prioritizing interventions across a
large building stock, offering a replicable decision-support tool for climate-resilient urban
regeneration and for supporting UHI mitigation strategies.

Keywords: urban heat island (UHI); building energy retrofit; public housing; multiple-criteria
decision-making (MCDM); TOPSIS

1. Introduction

In recent decades, the intensification of the urban heat island (UHI) phenomenon has
emerged as one of the major environmental challenges affecting European urban contexts,
exacerbated by the combined effects of climate change, high building density, soil sealing,
and the growing energy inefficiency of the existing building stock. The UHI phenomenon
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causes an increase in both air and surface temperatures in urban areas compared with peri-
urban and rural surroundings, with significant impacts on thermal comfort, public health,
energy consumption, and urban climate resilience. Recent studies have shown that, during
extreme heat events, UHI intensity can exceed 6–8 ◦C in the densest metropolitan areas,
amplifying health risks, particularly for vulnerable populations such as older adults and
frail individuals [1,2]. Within the European context, a significant share of greenhouse gas
emissions and energy consumption is attributable to the building sector. According to the
European Commission, buildings account for approximately 40% of final energy consump-
tion and 36% of energy-related CO2 emissions [3]. The building stock constructed during
the post-war period represents a particularly critical component, as it was developed in a
historical phase characterized by limited performance standards, low attention to thermal
insulation, and a strong priority given to construction speed rather than energy efficiency.
In Italy, and particularly in the metropolitan area of Milan, public residential buildings
constructed between 1945 and 1990 represent a substantial portion of the urban building
stock. These buildings share recurring characteristics, including poorly insulated envelopes,
widespread thermal bridges, obsolete window systems, inefficient centralized HVAC sys-
tems, and energy performance levels that are inconsistent with current decarbonization
targets. At the same time, Milan’s urban morphology, characterized by high density, limited
ventilation, and reduced vegetation cover in several districts, makes climate adaptation and
urban overheating mitigation particularly relevant. In this context, the energy retrofit of the
existing residential stock plays a dual strategic role. On the one hand, it enables improve-
ments in building energy performance; on the other hand, it may indirectly contribute to
UHI mitigation by potentially reducing anthropogenic heat released into the urban envi-
ronment. Although building retrofit does not directly affect the main urban microclimatic
variables, such as urban albedo, canyon geometry, vegetation, or ventilation, a reduction
in summer energy demand may translate into lower heat emissions from HVAC systems,
thereby potentially contributing to UHI mitigation [4,5]. The scientific literature shows
that sustainable retrofit interventions can generate significant benefits in terms of reduced
energy consumption, improved indoor comfort, and lower emissions. However, selecting
the optimal retrofit strategy remains a complex and inherently multiple-criteria decision
problem. Design decisions require the simultaneous evaluation of often conflicting criteria,
including energy performance, initial cost, lifecycle economic convenience, intervention
invasiveness, reversibility, and environmental sustainability of materials. As a result, purely
mono-objective approaches based exclusively on minimizing energy demand or costs are
insufficient to support robust design decisions at a large scale. In this context, multiple-
criteria decision-making (MCDM) methods have emerged as effective decision-support
tools in technical architecture, urban regeneration, and energy retrofit planning, enabling
the integration of quantitative and qualitative indicators and the ranking of alternatives
according to trade-offs between performance, cost, and sustainability. Several studies
have applied methods such as AHP, ELECTRE, VIKOR, and TOPSIS to building-related
and energy retrofit decision problems [6–8]. Among these methods, TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) is particularly suitable when a large
number of design alternatives and heterogeneous evaluation criteria must be considered, as
it provides an interpretable quantitative ranking based on the relative distance of each alter-
native from the ideal and anti-ideal solutions [9]. Previous applications have demonstrated
its suitability for integrating technical, environmental, economic, and stakeholder-related
criteria in building-related decision-making, including sustainable façade selection [8] and
residential building renovation [10]. TOPSIS can therefore be regarded as an established
decision-support method in this field. Accordingly, the methodological contribution of
the present study does not lie in the TOPSIS method itself, but in its integration within an
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archetype-based and portfolio-oriented framework that uses representative buildings to
assess retrofit alternatives and translate their multi-criteria prioritization into differentiated
strategies for a large public housing stock. Despite the substantial literature on sustainable
building renovation, important methodological challenges remain when retrofit decisions
are extended from individual buildings to large and typologically repetitive housing port-
folios. Existing MCDM-based approaches have demonstrated the value of integrating
energy, economic, environmental, and stakeholder-related criteria in the assessment of
renovation alternatives [8,10]. However, many applications remain centred on individ-
ual buildings or limited case-study sets, whereas portfolio-oriented methods primarily
address the prioritization of buildings, investment pathways, or renovation schedules
across multiple assets [11–13]. In parallel, archetype-based building-stock models have
proven effective in representing heterogeneous residential stocks and estimating the effects
of retrofit strategies at broader scales [14–16]. A methodological opportunity therefore
remains to connect these approaches more explicitly, using representative archetypes not
only for stock-level energy assessment but also as the basis for a multi-criteria comparison
of retrofit alternatives that can inform portfolio-scale intervention strategies. A further re-
search challenge concerns the integration of building retrofit within broader UHI mitigation
strategies. Previous studies have demonstrated that building-envelope properties, build-
ing energy demand, anthropogenic heat emissions, and urban thermal conditions are
interconnected [5,17,18]. This relationship provides a relevant basis for considering
building-stock retrofit as part of an integrated approach to urban overheating mitiga-
tion. However, before its urban-scale thermal effects can be quantitatively assessed, retrofit
strategies must first be identified and prioritized at the building and portfolio scales ac-
cording to their energy, economic, environmental, and technical performance. The present
study addresses this decision-support stage, providing a structured basis for identifying
retrofit strategies whose building-scale benefits can subsequently be investigated in terms
of cooling-demand reduction, HVAC-related anthropogenic heat emissions, and resulting
effects on urban thermal conditions. Against this background, this study proposes an
integrated decision-support framework for the sustainable retrofit of the post-war public
residential building stock of Milan. The framework combines building-stock typological
classification, selection of representative archetypes, standardized energy simulation, gen-
eration and assessment of retrofit scenarios, and multiple-criteria prioritization through
TOPSIS. The main objective is to identify, for each representative building archetype, retrofit
strategies that provide the most favourable balance among energy performance, economic
feasibility, environmental impact, invasiveness, and reversibility, and to use these archetype-
level assessments to support differentiated intervention strategies across a large public
housing portfolio. The original contribution of the study does not lie in introducing a new
MCDM algorithm, TOPSIS variant, or building-stock classification method, all of which are
established approaches. Rather, it lies in their integration within a single scalable workflow
that connects typological building-stock characterization with detailed retrofit-scenario
assessment and multi-criteria prioritization. In this way, representative archetypes are
used as an operational bridge between detailed building-scale analysis and portfolio-scale
decision support, allowing retrofit priorities to account for the morphological and con-
structional heterogeneity of the existing public housing stock. The contribution should
therefore be understood as an incremental methodological and operational advancement
based on the structured integration of established methods rather than as the introduction
of a new individual method. Within this framework, the relationship with UHI mitigation
is conceived as a progressive building-to-urban assessment pathway. The present study
establishes its building- and portfolio-scale decision-support component by identifying
retrofit strategies capable of reducing building energy requirements while balancing their
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economic, environmental, and technical implications. These results provide the basis
for a subsequent quantitative assessment of how the selected strategies may affect sum-
mer cooling demand and HVAC-related anthropogenic heat release when implemented
across the building stock, and ultimately how these changes may influence urban thermal
conditions. The proposed framework can therefore support UHI mitigation planning
by identifying and prioritizing the building retrofit strategies to be carried forward into
subsequent district-scale microclimate or urban canopy modelling.

2. Materials and Methods

The overall methodological framework is summarized in Figure 1. The workflow
follows a sequential process from the characterization and typological classification of
the public residential building stock to the identification of representative archetypes, the
definition and assessment of retrofit scenarios, and their multiple-criteria ranking through
TOPSIS. The resulting framework translates building-scale evaluations into differentiated
retrofit strategies that can support decision-making at the building-stock portfolio scale.

Figure 1. Overall research framework and methodological workflow. (Authors’ original elaboration, 2026).

2.1. Study Area and Building Stock

The study area (Figure 2) corresponds to the public residential building stock located
in the metropolitan area of Milan and managed by ALER (Azienda Lombarda per l’Edilizia
Residenziale), the public body responsible for the management of social housing in the
Lombardy region [19]. Milan was selected as the case study due to its relevance from both
building and climatic perspectives, representing one of the Italian urban contexts where the
combination of high urban density, aging building stock, and vulnerability to urban over-
heating makes energy retrofitting particularly strategic [2,20]. From a climatic perspective,
Milan belongs to climatic zone E, with 2404 heating degree days, and is characterized by a
temperate subcontinental climate, with cold winters and hot, humid summers [21,22]. Its
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geographical location within the Po Valley, combined with limited natural ventilation and
high building density, makes the city particularly susceptible to urban heat accumulation
phenomena and prolonged summer heat stress [5,23]. For this reason, Milan provides an
appropriate context for investigating how building retrofit strategies may contribute, albeit
indirectly, to reducing summer energy demand and the consequent release of anthropogenic
heat into the urban environment. The analysed building stock consists of public residential
buildings constructed between 1945 and 1990, corresponding to the period of greatest
expansion of social housing in the post-war era. This construction period reflects the rapid
urban growth experienced by Milan during the economic boom, when large residential
districts were developed to respond to increasing housing demand [24]. The overall stock
includes approximately 95,700 housing units, distributed across neighbourhoods charac-
terized by different morphological and construction configurations, ranging from linear
blocks to tower buildings and courtyard-based typologies. Buildings belonging to this
stock exhibit recurring characteristics typical of post-war construction, including opaque
envelopes generally lacking thermal insulation, poorly insulated roofs, window frames
with limited thermophysical performance, obsolete glazing systems, and centralized HVAC
systems with low energy efficiency. These characteristics are consistent with the energy
performance limitations commonly reported for Italian residential buildings constructed
before the widespread adoption of thermal regulations [25,26]. As a consequence, these
buildings show high energy demand for both winter heating and, increasingly, summer
cooling. This trend is becoming particularly relevant in Southern and Central Europe,
where climate change is progressively reducing heating demand while increasing cooling
loads and overheating risk [27,28]. Therefore, this building stock represents a priority
target for retrofit interventions aimed not only at improving energy efficiency and reducing
emissions, but also at supporting urban-scale climate adaptation strategies. Moreover,
the high degree of typological repetition within the ALER stock enables the adoption of
archetype-based analytical approaches, allowing results obtained from individual case
studies to be transferred to broader clusters of buildings with similar characteristics.

Figure 2. Spatial distribution of the Milan public housing districts considered in the building-stock
analysis, grouped by construction period. (Authors’ original elaboration, 2022; reproduced from
preliminary research conducted within a currently embargoed thesis).
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2.2. Typological Matrix

To enable the systematic analysis of a large and heterogeneous building stock, a
typological matrix was developed to classify the entire public residential stock into rep-
resentative archetypes. The approach is based on the assumption that buildings sharing
similar morphological, construction, and chronological characteristics exhibit comparable
thermo-energy behaviour and, consequently, may benefit from similar retrofit strategies.
This assumption is consistent with the archetype-based approach widely adopted in build-
ing stock modelling and energy retrofit studies, where representative building typologies
are used to reduce complexity while preserving the main performance-related charac-
teristics of the stock [14,15]. The typological matrix was constructed through a double
classification based on construction period and building morphology. The construction
period was considered a proxy for the main technological and construction characteristics
of the building, as buildings erected in the same historical period generally share simi-
lar materials, construction techniques, regulatory constraints, and plant systems [15,16].
Building morphology was instead selected because of its direct correlation with the surface-
to-volume ratio (S/V ratio), which strongly influences heat losses and overall energy
performance of the envelope [29]. Three main historical periods were identified within
the Milan ALER building stock: 1945–1960, corresponding to the first phase of post-war
residential expansion; 1961–1975, characterized by the strong industrialization of construc-
tion processes and rapid growth of public housing; and 1975–1990, associated with greater
typological diversification and the introduction of more complex construction solutions. In
parallel, buildings were classified into three macro-morphological categories: multi-family
buildings (C), low- to medium-rise residential buildings, generally characterized by pre-
dominantly horizontal development; multi-storey buildings (D), multi-storey buildings
with higher volumetric compactness and intermediate vertical development; and tower
buildings (E), high-rise tower buildings characterized by strong vertical development and
high exposure of dispersing surfaces. The intersection of the three temporal classes and
the three morphological classes generated a 3 × 3 typological matrix of building types
(Table 1). At the end of the statistical survey, a real building was associated with each build-
ing type showing sufficient representation within the analysed ALER stock. Consistent
with the general building-stock modelling principles adopted in the TABULA/EPISCOPE
framework, the classification combines construction-period and morphological classes and
associates representative example buildings with sufficiently recurrent building types. In
the present study, a threshold of more than 1000 housing units per type was adopted as
a study-specific operational criterion to exclude marginal typological combinations and
retain archetypes representing a substantial share of the analysed public housing portfolio.
Consequently, the resulting archetypes are intended to support generalization within the
analysed building portfolio and comparable post-war public housing stocks, rather than
statistical generalization to the entire Italian residential building stock. The application
of this criterion led to the identification of seven representative archetypes, while two
typological combinations were excluded due to limited territorial diffusion, which was
below the minimum representativeness threshold. From a methodological perspective, the
typological matrix represents a key component of the proposed integrated framework, as it
constitutes the link between building scale and portfolio scale. It enables retrofit analysis
to move beyond building-specific assessments and become an operational tool for the
strategic planning of interventions across large public housing stocks.
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Table 1. Typological matrix and selection of the seven representative case-study archetypes of the
ALER residential building stock. (Authors’ original elaboration, 2026).

Multi-Family
Buildings (C)

Multi-Storey
Buildings (D)

 

Tower
Buildings (E)

 

1945–1960
1C
Comasina
(1953)

1D
Gallaratese G1
(1957)

/

1961–1974
2C
Chiesa Rossa
(1964)

2D
Gratosoglio
(1962)

2E
Gallaratese G2
(1964)

1975–1990 /
3D
Ludovico il Moro
(1975)

3E
Cascina Anna
(1976)

2.3. Retrofit Scenarios

The analysis considered five macro-categories of retrofit interventions: glazing re-
placement, frame replacement, external façade insulation, roof insulation, and replacement
of the heating generation system with a condensing boiler (Table 2). These intervention
categories were selected because they represent some of the most widely adopted retrofit
measures in existing residential buildings, particularly in post-war housing stock charac-
terized by poor envelope performance and obsolete HVAC systems. For each category,
several more specific intervention alternatives were defined, which are reported in Table 2.
Each specific intervention was evaluated considering different material configurations and,
where applicable, different insulation thicknesses. The inclusion of multiple thickness levels
allowed the analysis to capture the trade-off between thermal performance, material use,
and overall sustainability, in line with life-cycle-oriented retrofit approaches [30]. Given
the large number of specific intervention alternatives, scenario generation followed a two-
stage procedure. First, the alternatives belonging to each intervention category (A–E) were
comparatively assessed through TOPSIS using the criterion weights reported in Table 3.
This preliminary category-level assessment was used to identify the most competitive
alternatives and to inform the definition of a predefined set of combined retrofit scenarios.
The second-stage scenario set was not generated through exhaustive combinatorial enu-
meration nor restricted exclusively to the single highest-ranked alternative of each category.
Eighteen predefined multi-intervention configurations were retained for the subsequent
analysis, primarily combining the category-level reference alternatives while preserving
selected additional configurations for comparative purposes. In the scenario notation,
Ax, Bx, Cx, and Dx identify the specific alternatives belonging to intervention categories
A–D, respectively, while E1 represents replacement of the existing heating generator with
a condensing boiler. The resulting scenario library comprised 56 alternatives. Scenar-
ios 1–38 correspond to the individual intervention alternatives initially evaluated within
categories A–E, whereas scenarios 39–56 represent the 18 predefined multi-intervention
configurations informed by the preliminary category-level assessment. The complete set
of combined scenarios is reported in Table 2. The same scenario library was applied to
each of the seven representative archetypes, resulting in 392 post-retrofit simulations. This
classification reflects the distinction commonly adopted in retrofit literature between shal-
low/intermediate retrofits, based on limited or phased interventions, and deep retrofits,
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involving simultaneous upgrades of multiple building subsystems to achieve maximum
energy reduction [31]. The objective of the analysis was not to identify the intervention as-
sociated with the maximum absolute reduction in energy demand, but rather to determine
the retrofit strategy capable of balancing the decision dimensions considered in this study.
For this reason, the scenarios were evaluated through a multiple-criteria framework capable
of accounting not only for energy performance, but also for economic, operational, and
environmental criteria, consistent with recent decision-support approaches in sustainable
building retrofit [7].

Table 2. Intervention typologies. (Authors’ original elaboration, 2026).

Category A—Glazing Replacement

A1 4 + 12 + 4 argon-filled glazing replacement
A2 4 + 15 + 4 argon-filled glazing replacement
A3 4 + 12 + 4 + 12 + 4 air-filled triple glazing replacement
A4 4 + 12 + 4 + 12 + 4 argon-filled triple glazing replacement

Category B—Frame Replacement

B1 Aluminium frame replacement, 60 mm
B2 Aluminium frame replacement, 70 mm
B3 Aluminium frame replacement, 75 mm
B4 PVC frame replacement, 70 mm
B5 PVC frame replacement, 80 mm
B6 PVC frame replacement, 90 mm
B7 PVC/wood frame replacement, 70 mm
B8 PVC/aluminium frame replacement, 70 mm
B9 Laminated wood frame replacement, 70 mm

Category C—Façade Insulation

C1 External EPS insulation, (1.1) 80 mm (1.2) 100 mm (1.3) 120 mm (1.4) 140 mm
C2 External rock wool insulation, (2.1) 80 mm (2.2) 100 mm (2.3) 120 mm (2.4) 140 mm
C3 External wood fibre insulation, (3.1) 80 mm (3.2) 100 mm (3.3) 120 mm (3.4) 140 mm
C4 External cork insulation, (4.1) 100 mm (4.2) 120 mm (4.3) 140 mm
C5 External polyurethane insulation, (5.1) 60 mm (5.2) 80 mm (5.3) 100 mm (5.4) 120 mm

Category D—Roof Insulation

D1 EPS roof insulation, (1.1) 80 mm (1.2) 100 mm (1.3) 120 mm
D2 Rock wool roof insulation, (2.1) 120 mm (2.2) 140 mm

Category E—Heating System Replacement

E1 Condensing boiler replacement

Combined Scenarios

A2 + E1
A2 + D1
D1 + E1
C4 + E1
C4 + D1
A2 + C4
A2 + D1 + E1
C4 + D1 + E1
A2 + C4 + E1
A2 + C4 + D1
A2 + B3 + E1
A2 + B5 + D1
A2 + B5 + C4
A2 + C4 + D1 + E1
A2 + B5 + D1 + E1
A2 + B5 + C4 + E1
A2 + B5 + C4 + D1
A2 + B5 + C4 + D1 + E1
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Table 3. Intervention criteria and criterion weights adopted in the TOPSIS assessment. The arrows
reported indicate the conceptual direction of the decision objective. (Authors’ original elaboration, 2026).

Criterion Decision Objective Weight

Energy Performance Index (EPI) ↓ 1.00

Initial Investment Cost ↓ 0.50

Net Present Value (NPV) ↑ 0.50

Reversibility ↑ 0.33

Invasiveness ↓ 0.33

Sustainability ↑ 0.33

2.4. Building Energy Simulation

Building energy performance was assessed using the EC700 module of Edilclima
(v11) software through a monthly semi-steady-state calculation approach. This modelling
strategy was selected because the study aimed to consistently compare a large number of
baseline and post-retrofit configurations across representative building archetypes, focus-
ing on the relative variation in energy performance between scenarios rather than on the
detailed hourly thermal behaviour of individual buildings. Accordingly, the analysis was
conceived as a comparative assessment under standardized and consistent calculation con-
ditions. The calculations were performed in accordance with the UNI/TS 11,300 technical
specifications. Climatic boundary conditions were defined using the monthly reference
climatic data provided by UNI 10349; therefore, no hourly reference climatic year was
employed. The simulations enabled the calculation of the energy-performance indicators
required for the comparative assessment of baseline and retrofit configurations under
standardized conditions. The same calculation assumptions and boundary conditions
were maintained for each archetype when comparing baseline and retrofit configurations,
allowing differences in energy performance to be attributed to the investigated retrofit mea-
sures. The building models incorporated the geometric and thermo-physical characteristics
of the representative archetypes. The main geometric parameters, envelope characteris-
tics, thermal transmittances, and baseline heating-system characteristics adopted for each
archetype are reported in the original baseline energy characterization sheets provided in
Appendix A (Figures A1–A7). Opaque-envelope components were characterized in terms
of thermal transmittance according to UNI EN ISO 6946 [32], while heat transfer through
ground-contact components was assessed according to UNI EN ISO 13370 [33]. Window
thermal transmittance was calculated according to UNI EN ISO 10077 [34]. Thermal bridges
were accounted for using the simplified approach based on percentage increases according
to UNI EN ISO 14683 [35] and UNI EN ISO 10211 [36]. Shading effects associated with
external obstacles, vegetation, and horizontal and vertical projections were considered
according to Appendix D of UNI/TS 11300-1 [37]. Since detailed information on the orig-
inal building systems was not consistently available for all case studies, baseline HVAC
configurations were reconstructed according to construction period and building type
using the available building documentation and the reference information provided by
the TABULA/EPISCOPE framework. The resulting system configurations were used to
reproduce the existing heating and domestic hot-water systems in the energy models.
Heating-system characteristics and subsystem efficiencies were differentiated according
to construction period and system configuration in accordance with UNI/TS 11300-2 [38].
Heating generation performance was calculated using the boiler-directive method based
on manufacturer-declared performance data according to Directive 92/42/EEC [39]. No
calibration against measured operational energy consumption or utility-bill data was per-
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formed. The simulations were not intended to predict the actual energy consumption
of individual buildings, which would require detailed information on occupancy, user
behaviour, operating schedules, and actual system operation. Instead, the standardized
semi-steady-state framework was adopted to provide a consistent basis for comparing
the energy-performance variation between baseline and retrofit scenarios across the seven
representative archetypes.

2.5. Evaluation Criteria and MCDM Procedure

Each retrofit scenario was evaluated according to six criteria: minimization of the En-
ergy Performance Index (EPI), representing operational energy consumption; minimization
of the initial investment cost; maximization of the Net Present Value (NPV); maximization
of reversibility; minimization of invasiveness; and maximization of sustainability, opera-
tionalized through the minimization of embodied energy (Table 3). The selection of these
criteria reflects the multidimensional nature of retrofit decision-making, where energy
efficiency alone is insufficient to identify the most suitable intervention strategy. Recent
literature on sustainable building retrofit increasingly emphasizes the need to integrate
technical, economic, environmental, and operational criteria within a unified decision-
support framework. In particular, sustainability assessments based on embodied energy
and material lifecycle impact have gained relevance in recent years, as operational energy
reductions may be partially offset by the environmental burden associated with construc-
tion materials [31,40]. The criterion weights actually adopted in the TOPSIS assessment are
reported in Table 3. A weight of 1.00 was assigned to EPI, 0.50 each to initial investment
cost and NPV, and 0.33 each to invasiveness, reversibility, and sustainability. The adopted
weights represent an author-defined reference decision structure and were not derived from
stakeholder elicitation, expert consensus, or an objective weighting algorithm. They should
therefore be interpreted as baseline preference assumptions rather than universally applica-
ble criterion priorities. This weighting structure distributes the overall importance across
the energy-performance, economic, and technical/environmental dimensions considered in
the decision process. The six criteria were operationalized as follows. Energy performance
was represented by the Energy Performance Index (EPI, kWh/m2·year), obtained from
the standardized Edilclima simulations described in Section 2.4. Initial investment cost
(€) included the building components, materials, plant components, and implementation
activities required by each retrofit alternative. Economic profitability was represented by
Net Present Value (NPV, €), calculated through discounted cash-flow analysis according to
UNI EN 15459:2008 [41]. The analysis considered the initial investment and discounted
cash flows associated with operating and periodic costs, component replacement and
disposal, energy-cost savings, and residual value where applicable. Calculation periods
were differentiated according to the estimated residual service life of the building classes:
15 years for 1945–1959, 30 years for 1960–1974, and 40 years for 1975–1990. Positive NPV
values indicate economically advantageous interventions, whereas negative values indicate
non-advantageous investments. In the present framework, NPV is used as a comparative
economic criterion rather than as an absolute prediction of investment profitability. All
retrofit alternatives within each building archetype were assessed using the same original
economic calculation framework, allowing their relative economic performance to be incor-
porated consistently into the MCDM procedure. However, the original calculation records
available for the present study do not retain the specific discount-rate and energy-price
assumptions adopted in the underlying NPV calculations. Consequently, the reported NPV
values cannot be considered fully reproducible as absolute financial estimates and should
be interpreted only in comparative terms within the analysed scenario set. This limitation
is explicitly acknowledged, and future applications of the framework should document
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all financial parameters required for complete economic reproducibility. Environmental
sustainability was operationalized exclusively through embodied energy as the environ-
mental proxy in the TOPSIS assessment. Material-specific values (MJ/kg), derived from
cradle-to-gate literature data and cross-checked against the Inventory of Carbon & Energy
(ICE) database [42,43], were multiplied by the corresponding material masses and summed
to obtain the total embodied energy (MJ) of each retrofit alternative. As a dimensional cross-
check, the corrected embodied-energy value of the 120 mm polyurethane façade-insulation
alternative (C5) for Cascina Anna was verified using representative material parameters.
Considering an embodied-energy coefficient of 101.5 MJ/kg for rigid polyurethane, a den-
sity of 35 kg/m3, and an insulation thickness of 0.12 m, the reported value of 2,307,274 MJ
corresponds to an equivalent intervention area of approximately 5412 m2. The calculation
can be expressed as:

EE = A × t × ρ × EEm (1)

For boiler replacement (E1), the original assessment adopted 0 MJ as a modelling
convention because component-specific embodied-energy data were unavailable. Since
this assumption may artificially favour scenarios including E1, an additional check was
performed by assigning E1 a non-zero embodied-energy range of 2100–7500 MJ. The
lower and upper bounds were derived from published LCA data for gas condensing boil-
ers, considering a production-stage energy requirement of approximately 53.74 MJ/kg
and representative equipment inventories covering approximately 39–139.5 kg [44,45].
The baseline case (E1 = 0 MJ) was therefore compared with two cases, corresponding to
E1 = 2100 MJ and E1 = 7500 MJ. The bounds were intentionally rounded to represent plau-
sible lower- and upper-bound conditions rather than product-specific estimates. All other
criterion values and TOPSIS weights were kept unchanged, and the resulting rankings
were compared to identify possible rank reversals among the highest-ranked scenarios.
Invasiveness and reversibility were represented through ordinal, rule-based scores de-
rived from predefined technical and operational characteristics of the retrofit interven-
tions. Invasiveness was assessed on a five-level scale, ranging from 1 (most disruptive) to
5 (least disruptive), considering intervention duration, noise generation, access to occupied
dwellings, and the possible need for temporary evacuation. Reversibility was assessed on
a three-level scale, where 1 denotes highly reversible interventions, 2 partially reversible
interventions, and 3 substantially irreversible interventions; none of the alternatives inves-
tigated in this study reached level 3. The arrows reported in Table 3 indicate the conceptual
direction of the decision objective rather than the numerical direction of the ordinal coding.
Accordingly, reducing invasiveness corresponds operationally to maximizing its score
(1 = most invasive; 5 = least invasive), whereas increasing reversibility corresponds to
minimizing its score (1 = highly reversible; 3 = substantially irreversible). Similarly, sus-
tainability is conceptually maximized, while its operational proxy, embodied energy, is
minimized. These numerical directions were applied in the TOPSIS calculations; therefore,
no transformation of the ordinal invasiveness and reversibility scores was required. Since
reversibility depends on the intrinsic characteristics of the intervention rather than on the
individual building, the same classification was applied across all archetypes. No Delphi
process, AHP-based expert elicitation, or multi-expert scoring procedure was used to assign
these values; consequently, inter-rater agreement or consistency testing was not applicable.
Instead, the scoring rules were defined a priori and consistently applied to all alternatives,
thereby limiting case-by-case subjective judgment. Before weighting, both quantitative
criteria and ordinal scores were transformed using the vector normalization adopted in the
TOPSIS procedure.

The primary objective of this research was to verify the effectiveness of applying
multiple-criteria decision-making (MCDM) methods to the selection of highest-ranked
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retrofit strategies under the baseline weighting structure, leveraging the typological repeti-
tion of the building stock. To compare and rank the different retrofit alternatives, the TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution) method was adopted as
one of the most widely used MCDM approaches for decision problems characterized by
the simultaneous presence of quantitative and qualitative criteria that may be mutually
conflicting [9]. The choice of TOPSIS was motivated by its ability to efficiently manage
a large number of design alternatives while producing an easily interpretable ranking,
making it particularly suitable for decision-making processes in building retrofit. In the
present study, each retrofit scenario must be evaluated not only in terms of energy per-
formance, but also considering economic, environmental, and operational aspects, which
often involve significant trade-offs. The principle underlying TOPSIS is that the highest-
ranked alternative under the baseline weighting structure is the one that is simultaneously
closest to the positive ideal solution, i.e., the theoretical solution that maximizes all benefit
criteria and minimizes all cost criteria, and farthest from the negative ideal solution, i.e.,
the theoretically worst-performing solution.

TOPSIS was applied to the intervention alternatives for each representative case
study in order to identify the most competitive solution within each intervention category.
The category-specific assessment was performed progressively: the selected alternative
from a preceding category was incorporated, where applicable, into the assessment of the
subsequent intervention category. The resulting category-specific alternatives were then
used in the definition and energy assessment of the combined retrofit scenarios described
in Section 2.3. The sensitivity analysis presented in Section 2.6 was subsequently used to
investigate the influence of alternative weighting structures on the TOPSIS scores. From an
operational perspective, the method starts with the construction of a decision matrix:

X = [xij], (2)

where each row represents an intervention alternative and each column represents one
evaluation criterion. Since the criteria are expressed in different units (e.g., kWh/m2·year,
euro, and qualitative scores), the data were first normalized using vector normalization:

rij =
xij

√

∑
n
i=1 x2

ij

, (3)

The normalized matrix was then weighted by multiplying each criterion by its corre-
sponding weight, thus obtaining the weighted decision matrix. Subsequently, the positive
ideal solution S+

i , corresponding to the best theoretically achievable performance, and the
negative ideal solution S−

i , corresponding to the worst performance, were identified for
each criterion. For each alternative, the Euclidean distance from both ideal solutions was
calculated. Finally, the closeness coefficient was computed as:

CCi =
S−

i

S+

i + S−
i

, (4)

The coefficient CCi ranges between 0 and 1. Higher values indicate more prefer-
able alternatives, as they simultaneously approach the ideal solution while remaining
distant from the worst-performing one. Within the context of this research, TOPSIS proved
particularly effective because it enabled the translation of a complex multidimensional
decision problem into a quantitative ranking of retrofit strategies. This made it possi-
ble not only to identify the most energy-efficient scenarios, but above all to determine
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those offering the best overall balance between energy efficiency, sustainability, cost, and
operational feasibility.

2.6. Sensitivity Analysis of Criterion Weighting

A scenario-based sensitivity analysis was performed to explore the influence of cri-
terion weighting on the TOPSIS scores. This analysis was conceived as an exploratory
assessment of score sensitivity and not as a rank-stability or rank-reversal analysis. Rather
than applying continuous weight perturbations with a predefined step size, four discrete
weighting configurations were tested at the level of three meta-criteria: energy perfor-
mance, cost, and technical compatibility. In Set I, the three meta-criteria were assigned
equal weights (1/3, 1/3, 1/3). In Sets II–IV, each meta-criterion was alternatively empha-
sized by assigning it twice the weight of the other two: Set II = (1/2, 1/4, 1/4), Set III = (1/4,
1/2, 1/4), and Set IV = (1/4, 1/4, 1/2), respectively. Within each meta-criterion, its weight
was equally distributed among the individual criteria belonging to that group. Sensitivity
was quantified as the absolute divergence between the TOPSIS score obtained under each
alternative weighting configuration (Sets II–IV) and the corresponding score obtained
under the equal-weight baseline (Set I). Figure 3 shows the distribution of these divergence
values for the three alternative weighting configurations. The analysis showed relatively
limited score divergence when greater importance was assigned to energy performance (Set
II), whereas emphasizing technical compatibility (Set IV) produced the largest variations.
The greater dispersion observed for Set IV indicates a higher sensitivity of the TOPSIS
scores to changes in the weight assigned to technical compatibility, while the more compact
distribution obtained for Set II indicates lower score sensitivity when energy performance
is emphasized. Based on the inverse of the observed divergence, a rebalanced relative
weighting structure of 2.0 for energy performance, 1.0 for cost, and 0.7 for technical compat-
ibility was identified. This weighting structure represents an exploratory methodological
outcome of the sensitivity analysis and a potential basis for subsequent applications of
the decision-support framework. All TOPSIS scores and rankings reported in the present
study were calculated exclusively using the baseline criterion weights reported in Table 3.
The alternative weighting configurations examined in the sensitivity analysis were used
to investigate the response of TOPSIS scores to changes in criterion importance and were
not used to generate alternative case-study rankings. Accordingly, the present sensitivity
analysis does not establish whether rank reversals occur under alternative weighting struc-
tures; assessment of rank stability requires recalculation of the complete rankings and is
identified as a necessary development of the framework.

Figure 3. Distribution of TOPSIS-score divergence for weighting Sets II–IV relative to the equal-
weight baseline (Set I). The × symbol indicates the arithmetic mean, while the horizontal line within
each box represents the median; points beyond the whiskers indicate outlying observations. (Authors’
original elaboration, 2022; reproduced from preliminary research conducted within a currently
embargoed thesis).
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3. Results

3.1. Ranking of Single-Category Retrofit Interventions

The first phase of the multiple-criteria analysis consisted of evaluating the alternatives
belonging to each intervention category (A–E) in order to identify, for each category, the
best-performing solution according to the six criteria considered: energy performance, cost,
Net Present Value (NPV), reversibility, invasiveness, and sustainability. The application
of the TOPSIS method using the criterion weights reported in Table 3 revealed recurring
patterns across the seven archetypes.

Glazing replacement (Category A)

Glazing replacement proved to be one of the most effective interventions in terms of
the balance between energy benefits, cost, and low invasiveness. In particular, the solutions
most frequently ranked in the top positions were:

A2—4 + 15 + 4 argon-filled glazing
A4—triple glazing 4 + 12 + 4 + 12 + 4 argon-filled
A1—4 + 12 + 4 argon-filled glazing

Among these, A2 emerged as the most robust solution across the different case studies,
ranking highest in several archetypes due to its balanced combination of good thermal
performance, moderate cost, and limited invasiveness.

Frame replacement (Category B)

Frame replacement generally showed lower performance compared with glazing and
roof-related interventions. Among the available alternatives, B5 PVC frame replacement
proved to be the most competitive, owing to its good thermal insulation properties, durabil-
ity, and favourable balance between sustainability and cost. However, in most case studies,
category B interventions do not appear among the top-ranked final scenarios, suggesting
that complete frame replacement is a lower-priority strategy when financial resources
are limited.

Façade insulation (Category C)

The effectiveness of façade insulation was found to be strongly dependent on build-
ing typology. The alternatives most frequently appearing among the higher-ranked
solutions were:

C4—100 mm cork insulation
C5—60–80 mm polyurethane insulation
C3—80–100 mm wood fibre insulation

Among these, C4 emerged as the most balanced solution, benefiting from its compara-
tively low embodied energy together with its overall performance across the remaining
TOPSIS criteria. EPS-based solutions often showed lower initial costs but were penalized
by the sustainability criterion.

Roof insulation (Category D)

Roof insulation proved to be one of the most effective intervention categories overall.
The best-performing solutions were:

D1—80 mm EPS roof insulation
D1—100 mm EPS roof insulation
D2—120 mm rock wool roof insulation

The D1 (80 mm EPS) alternative frequently emerged as the top-performing solution.
This suggests that, within the ALER building stock considered, heat losses through the roof
represent a critical component of the overall energy balance.
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Heating system upgrade (Category E)

The only alternative considered within category E was E1—condensing boiler replace-
ment. Although this was not the most impactful intervention in purely energy terms,
E1 achieved high rankings in many combined scenarios due to its relatively low cost,
limited invasiveness, and short payback period, while its environmental contribution
cannot be robustly compared because the embodied-energy value adopted for E1 is a
modelling convention.

3.2. Ranking of Combined Retrofit Scenarios Across the Seven Archetypes

Subsequently, the complete set of 56 retrofit scenarios, comprising the individual
intervention alternatives and the 18 predefined combined configurations described in
Section 2.3, was compared through TOPSIS using the criterion weights reported in Table 3.
Figure 4 summarizes the best-performing scenario for each archetype. The analysis reveals
significant variability across the archetypes, confirming that the effectiveness of retrofit
strategies is strongly dependent on building typology. Three main patterns emerge from the
results: glazing replacement consistently dominates, roof insulation proves highly effective,
and deep retrofit is not always the highest-ranked solution within the investigated scenario
set. Interventions belonging to Category A (glazing replacement) appear in all seven
best-performing scenarios. This indicates that glazing replacement represents the strategy
with the most favorable balance between cost, reduction in heat losses, invasiveness, and
reversibility. In particular, A2 appears in four out of the seven highest-ranked scenarios
under the baseline weighting structure. Interventions belonging to Category D (roof
insulation) also appear frequently among the highest-ranked scenarios. This suggests that,
in buildings with high roof exposure, reducing vertical heat losses through roof insulation
represents a highly effective retrofit strategy. One of the most significant findings of the
study is that deep retrofit scenarios, involving the simultaneous implementation of glazing
replacement, frame replacement, façade insulation, roof insulation, and heating system
upgrade, rarely rank in the top positions. Scenarios involving the highest number of
interventions are generally penalized by high initial investment costs, greater invasiveness,
lower reversibility, and increased embodied energy. As a result, the highest-ranked retrofit
solution under the baseline weighting structure does not necessarily coincide with the most
comprehensive retrofit solution. This finding highlights the added value of the multiple-
criteria approach compared with evaluations based exclusively on energy performance.
While the cross-archetype analysis provides a general overview of recurring retrofit patterns,
a more detailed understanding of the multiple-criteria trade-offs requires examining the
behaviour of a specific archetype in depth.

Figure 4. Comparison of the highest-ranked retrofit strategies under the baseline weighting structure
identified for the seven building archetypes. Bars represent the final TOPSIS score of the highest-
ranked alternative for each case study; labels also report the corresponding retrofit strategy. (Authors’
original elaboration, 2026).
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3.3. Detailed Case Study: Cascina Anna

Among the seven archetypes included in the comparative analysis, Cascina Anna
(3E) was selected to provide an in-depth application of the proposed methodological
framework to the tower-building typology, which is characterized by a distinctive high-
rise configuration and an extensive vertical envelope. The selection of Cascina Anna
does not imply that this archetype is quantitatively the most representative of the ALER
building stock or the most critical in terms of energy performance. The detailed analysis
should therefore be understood as an illustrative application of the methodology to one
of the seven statistically identified archetypes, while the comparative assessment and
identification of the highest-ranked retrofit strategies under the baseline weighting structure
were performed for all seven archetypes.

The Cascina Anna case study was analysed by evaluating all 56 retrofit scenarios
generated through the combination of the abovementioned intervention categories. Each
scenario was assessed according to the six criteria adopted in the multiple-criteria frame-
work: energy performance (EPI), intervention cost, Net Present Value (NPV), invasiveness,
reversibility, and sustainability (embodied energy). The following subsections present the
results obtained for each criterion separately, highlighting the main differences among
retrofit scenarios. Descriptive statistics are subsequently provided to summarize the distri-
bution and dispersion of the six evaluation criteria across the complete set of alternatives
(Table 4). The section concludes with the final TOPSIS-based multiple-criteria ranking,
which identifies the highest-ranked retrofit strategy for the 3E archetype under the adopted
modelling assumptions.

Table 4. Descriptive statistics of the evaluation criteria for the 56 retrofit scenarios of Cascina Anna
(3E). (Authors’ original elaboration, 2026).

Criterion Unit Mean SD Median Minimum Maximum

Energy Performance
Index (EPI) kWh/m2·year 99.09 17.43 104.71 59.34 129.62

Initial investment cost € 157,977.89 91,392.47 164,332.29 11,312.00 381,917.01

Net Present Value (NPV) € 270,558.52 153,956.54 233,911.13 41,276.22 586,312.16

Invasiveness 1–5 2.70 0.98 3.00 1.00 5.00

Reversibility 1–3 1.75 0.45 2.00 1.00 2.00

Embodied energy MJ 707,657.49 488,941.83 663,580.01 33,150.00 2,307,274.00

Note: Descriptive statistics were calculated for the complete set of 56 retrofit scenarios evaluated
for the Cascina Anna archetype. Mean, median, minimum, maximum, and population standard
deviation (SD) were calculated using the original, unrounded values; results are reported to two
decimal places. Invasiveness and reversibility are ordinal, rule-based scores defined according to the
assessment criteria described in Section 2.5. For embodied energy only, E1 was excluded from the
descriptive statistics because its baseline value of 0 MJ represents a modelling convention rather than
a physically calculated embodied-energy value; therefore, N = 55 for embodied energy and N = 56
for all other variables.

Energy Performance Analysis

A more detailed analysis of the energy performance results for the Cascina Anna

highlights significant differences among the retrofit scenarios in terms of energy demand
reduction. The lowest energy performance index was achieved by the full retrofit scenario:
A2 + B5 + C4 + D1 + E1 with EPI = 59.34 kWh/m2·year. This scenario combines the best-
performing alternative from each intervention category and represents the most effective
solution from a purely energy-related perspective. The best-performing scenarios in terms
of EPI systematically include interventions on glazing, frame replacement and façade
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insulation. In particular, scenarios combining A2, B5 and C4 consistently occupy the
top positions of the energy ranking, indicating the strong impact of envelope-related
interventions on overall building performance. Façade insulation, especially the cork-
based solution C4, shows a particularly relevant contribution to energy demand reduction,
confirming the importance of improving the thermal performance of vertical dispersing
surfaces in this building typology. Conversely, roof insulation provides the lowest energy
benefit when considered as a stand-alone intervention. The worst-performing scenarios
in the ranking correspond to category D interventions only, with EPI values ranging from
129.21 to 129.62 kWh/m2·year. This result confirms that, in the 3E archetype, heat losses
through the roof are relatively limited compared with the total dispersing envelope. The
heating system replacement (E1) also yields measurable improvements, reaching an EPI of
118.94 kWh/m2·year, thus performing slightly better than roof insulation alone.

Intervention Cost Analysis

The analysis of intervention costs for the Cascina Anna shows substantial variability
among retrofit scenarios, with investment costs ranging from €11,312 to €381,917.01. The
lowest-cost interventions correspond to roof insulation scenarios (category D). In particular,
the cheapest solution is D1 (EPS 80 mm), followed by D1 solutions with higher insulation
thickness and D2 rock wool alternatives. These results identify roof insulation as the least
expensive retrofit category for this building archetype. Glazing replacement interventions
(category A) also show relatively limited costs. The double-glazing solutions A1 and
A2 require investments of approximately €29,000, while triple-glazing solutions (A3 and
A4) increase the investment to approximately €48,000–53,000. A substantial increase in
cost is observed for façade insulation scenarios (category C). Depending on material and
thickness, these interventions range from €109,633.75 to €241,194.25, placing them in the
medium-to-high cost range. The highest costs are associated with frame replacement
interventions (category B), particularly when high-performance solutions are adopted.
The most expensive scenario is A2 + B9 (laminated wood frame), which represents the
highest investment among all evaluated scenarios. This result reflects the high unit cost
of the laminated-wood solution combined with the large number of repeated window
units in the high-rise Cascina Anna building; consequently, the total investment is not
directly proportional to the number of intervention categories included in a scenario. The
full retrofit scenario A2 + B5 + C4 + D1 + E1, corresponding to the energetically best-
performing configuration, requires an investment of €344,166.7, making it the second-most
expensive scenario among the evaluated alternatives.

Net Present Value Analysis (NPV)

The analysis of the Net Present Value (NPV) for the Cascina Anna also reveals substan-
tial variability among retrofit scenarios, with values ranging from €41,276.22 to €586,312.16.
The highest NPV is achieved by the scenario A2 + C4 + D1 + E1. This configuration
combines glazing replacement, façade insulation, roof insulation and heating system re-
placement, representing the most economically advantageous scenario in lifecycle terms.
The scenarios with the highest NPV values are generally multi-intervention configurations
combining three or four retrofit actions. The top-ranked scenarios consistently include inter-
ventions on glazing (category A), façade insulation (category C), roof insulation (category
D), and heating system upgrade (category E). Glazing replacement alone also provides
high NPV values. Façade insulation scenarios (category C) occupy an intermediate position
in the ranking, with NPV values ranging from €97,664.14 to €188,132.46, depending on
material and insulation thickness. The lowest NPV values are associated with stand-alone
roof insulation interventions (category D). These scenarios occupy the last positions in the
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ranking, with values between €41,276.22 and €47,512, representing the least advantageous
solutions in economic terms.

Invasiveness Analysis

Unlike the previous criteria, invasiveness is not case-study-dependent but is deter-
mined exclusively by the intrinsic characteristics of each retrofit intervention. Consequently,
the same invasiveness scores apply to all seven building archetypes. Invasiveness was
assessed using an ordinal scale from 1 to 5, where 1 corresponds to the most invasive
interventions and 5 to the least invasive ones. The highest invasiveness level (score = 1)
is associated with full retrofit scenarios combining multiple intervention categories. In
particular, the most invasive configurations are A2 + B5 + C4 + D1 + E1 and other scenarios
combining glazing replacement, frame replacement and façade insulation. These interven-
tions involve simultaneous modifications to several building components and therefore
represent the highest operational impact. Façade insulation interventions (category C)
generally occupy the medium-high invasiveness range, with scores predominantly equal
to 2. All external insulation solutions, regardless of material or thickness, are classified
within this group, indicating a relatively high level of intervention complexity. Glazing
replacement and frame replacement interventions (categories A and B) are generally as-
sociated with intermediate invasiveness, with scores equal to 3. These scenarios occupy
the central portion of the ranking. The lowest invasiveness level (score = 5) corresponds to
stand-alone heating system replacement (E1) and roof insulation interventions (category
D). These scenarios represent the least disruptive retrofit solutions for the case study.

Reversibility Analysis

As for the invasiveness criterion, reversibility is not case-study-dependent but is
determined exclusively by the intrinsic characteristics of each retrofit intervention and the
same reversibility scores apply to all seven building archetypes. Reversibility was assessed
using a three-level ordinal scale, where 1 corresponds to the most reversible interventions
and 3 to the least reversible ones. Within the set of retrofit scenarios considered in this study,
no intervention was classified with the lowest reversibility level (score = 3). Therefore, all
scenarios fall within the range between 1 and 2. The highest reversibility level (score = 1)
is associated with glazing replacement (category A), frame replacement (category B), and
heating system replacement (category E). All interventions belonging to these categories
are classified as highly reversible, as they involve replacement or upgrading of building
components without causing permanent modifications to the main building structure. By
contrast, façade insulation (category C) and roof insulation (category D) are associated
with intermediate reversibility (score = 2). All insulation-based interventions fall into this
category, regardless of material or thickness. As a result, combined scenarios including at
least one intervention from categories C or D generally assume a reversibility score equal
to 2, while scenarios composed exclusively of interventions from categories A, B, and E
retain the maximum reversibility score.

Sustainability Analysis (Embodied Energy)

The sustainability criterion was assessed through the embodied energy associated
with each retrofit scenario, assuming that lower embodied energy corresponds to higher
environmental sustainability within the adopted assessment framework. For Cascina Anna,
embodied-energy values show substantial variability across intervention categories. For
heating-system replacement (E1), the baseline embodied-energy value follows the 0 MJ
modelling convention described in Section 2.5 and should therefore not be interpreted
as a physically calculated environmental performance. The potential influence of this
assumption was separately evaluated through the lower- and upper-bound sensitivity
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cases described in Section 2.5, while the descriptive statistics reported below refer to the
baseline dataset. Among the interventions with explicitly calculated embodied energy, roof-
insulation solutions (category D) show the lowest values. This result is partly attributable to
the comparatively limited roof area of the tower relative to the façade and glazing surfaces,
since the total embodied-energy indicator is an extensive quantity dependent on both
material properties and the amount of material required. Glazing replacement interventions
(category A) also show comparatively low embodied-energy values, with A1 and A2
reaching 299,086 MJ and A3 and A4 reaching 481,750 MJ. Façade-insulation scenarios
(category C) show substantially greater variability, reflecting the combined influence of
material properties, insulation thickness, and the larger surface area involved. The highest
embodied-energy values within the adopted dataset are associated with polyurethane-
based façade insulation (C5), with the 120 mm C5 alternative reaching 2,307,274 MJ.

Final Multiple-Criteria Ranking

The final TOPSIS ranking for Cascina Anna highlights significant differences among
retrofit scenarios, with scores ranging from 0.72 to 0.27. The highest-ranked scenario un-
der the modelling assumptions and baseline weighting structure adopted in this study
is A2 + D1 + E1, combining glazing replacement (A2), roof insulation (D1), and heating
system replacement (E1). Its first-ranked position should therefore be interpreted within
the adopted decision model; the potential influence of the simplifying embodied-energy
convention applied to E1 is specifically examined through the sensitivity check reported
below. Table 5 reports the highest-ranked alternatives together with their resulting EPI,
percentage EPI reduction, initial investment cost, NPV, and TOPSIS score. When two or
more alternatives have the same TOPSIS score at the reported two-decimal precision, their
relative order in Table 5 is determined using resulting EPI as the first secondary criterion
and initial investment cost as the second, with lower values preferred for both criteria.
This ordering rule is introduced solely to improve the readability of alternatives with
equal rounded TOPSIS scores and does not alter the TOPSIS calculation or the underlying
closeness coefficients. Percentage reductions are calculated relative to the baseline EPI of
Cascina Anna (134.72 kWh/m2·year). The comparison highlights that the highest TOPSIS
score does not necessarily correspond to the maximum energy reduction or the highest
NPV. The first-ranked A2 + D1 + E1 scenario reduces EPI to 89.71 kWh/m2·year (−33.4%),
with an investment cost of €75,116.82 and an NPV of €362,793.38. Conversely, A2 + C4 + D1
+ E1 achieves a substantially greater EPI reduction (−50.4%) and higher NPV (€586,312.16),
but requires a considerably higher initial investment (€152,266.62). This comparison illus-
trates the multiple-criteria nature of TOPSIS, in which the final preference results from
the simultaneous consideration of energy, economic, environmental, invasiveness, and
reversibility criteria rather than from the optimization of a single indicator. The presence
of roof insulation (D1) in the highest-ranked scenario further illustrates this trade-off. As
a stand-alone intervention, roof insulation provides a relatively limited energy benefit
for Cascina Anna because of its tower configuration, where the roof represents a small
proportion of the overall heat-dispersing envelope. Nevertheless, its comparatively low
investment cost and its combination with glazing and heating-system replacement con-
tribute to a favourable overall multiple-criteria balance. Thus, the inclusion of D1 in the
highest-ranked scenario under the adopted assumptions highlights the distinction between
the stand-alone energy effectiveness of an intervention and its overall suitability within an
integrated retrofit strategy. More generally, the top-ranking scenarios are predominantly
characterized by combinations of relatively low-cost interventions and glazing replacement
solutions. Interventions belonging to categories A, D, and E are recurrent among the
highest-ranked alternatives, while stand-alone glazing replacement scenarios also perform
particularly well. Intermediate positions are occupied by façade insulation scenarios (cate-
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gory C), particularly lower-thickness solutions, whereas the lowest-ranking scenarios are
mainly associated with frame replacement interventions (category B), especially high-cost
solutions. The lowest score corresponds to A2 + B9. Notably, the full retrofit scenario A2 +
B5 + C4 + D1 + E1, which achieves the best energy performance (EPI = 59.34 kWh/m2·year),
obtains a TOPSIS score of 0.47 and therefore falls in the lower-middle part of the ranking.
This result further confirms that maximizing energy performance alone does not neces-
sarily identify the highest-ranked retrofit strategy under the adopted assumptions when
economic, environmental, and intervention-related criteria are considered simultaneously.
Overall, the broad distribution of TOPSIS scores indicates that the selected criteria effec-
tively discriminate among retrofit scenarios and generate a structured multiple-criteria
hierarchy. Finally, the sensitivity check on the embodied energy assigned to E1 showed
that replacing the baseline 0 MJ convention with lower- and upper-bound values of 2100
and 7500 MJ, respectively, did not alter the identity of the highest-ranked scenario or the
ordering of the principal alternatives at the reported two-decimal precision. A2 + D1 +
E1 remained first-ranked (TOPSIS ≈ 0.72), followed by A2 + E1 (≈ 0.71). The principal
ranking can therefore be considered robust within the investigated embodied-energy range
for boiler replacement.

Table 5. Highest-ranked retrofit scenarios for case study 3E (Cascina Anna), with final TOPSIS scores
and corresponding energy and economic performance. (Authors’ original elaboration, 2026).

Rank Retrofit Scenario
Resulting EPI
(kWh/m2·Year)

EPI Reduction
(%)

Investment
Cost (€)

NPV (€)
TOPSIS

Score

1 A2 + D1 + E1 89.71 33.4 75,116.82 362,793.38 0.72

2 A2 + E1 93.31 30.7 60,976.82 340,856.03 0.71

3 A2 + C4 + D1 + E1 66.82 50.4 152,266.62 586,312.16 0.70

4 A2: 4 + 15 + 4 argon 104.91 22.1 29,476.82 463,582.56 0.70

5 A1: 4 + 12 + 4 argon 106.56 20.9 28,836.00 520,409.00 0.70

6
A4: 4 + 12 + 4 + 12 +
4 argon

106.13 21.2 52,545.63 522,843.22 0.69

7 A2 + D1 100.72 25.2 43,616.82 294,169.22 0.68

4. Discussion

The main contribution of this study lies in reversing the usual analytical direction of
UHI-oriented research: rather than modelling urban overheating first and then deriving
building implications, the framework starts from technical-architectural retrofit options
and evaluates their potential relevance for urban-scale climate adaptation. The findings
of this study confirm that the optimization of retrofit strategies for large public housing
stocks cannot be reduced to a purely energy-based problem. From a technical architecture
perspective, retrofit design emerges as a multi-scalar decision process in which building
performance, construction feasibility, material sustainability, and urban climate effects must
be simultaneously considered. The multiple-criteria approach adopted in this research
highlights that the energetically best-performing solution does not necessarily correspond
to the most suitable intervention when economic, operational, and environmental con-
straints are included. This result is particularly relevant for public housing managers,
who must prioritize interventions under limited budgets while maximizing benefits at the
portfolio scale. A first major result concerns the systematic relevance of glazing replacement
(Category A) across all archetypes. Glazing interventions consistently appear among the
highest-ranked scenarios, suggesting that relatively low-invasive envelope upgrades can
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generate substantial performance improvements while maintaining low embodied energy
and high reversibility. This finding aligns with previous studies showing that window
retrofits often provide one of the best cost-to-benefit ratios in existing residential buildings,
especially when original glazing systems are highly obsolete [8]. From the perspective of
technical architecture, this reinforces the importance of component-level interventions that
improve thermal resistance without requiring deep alterations to the building system. A
second key result is the strong performance of roof insulation (Category D), particularly
in several archetypes where it appears among the highest-ranked solutions under the
baseline weighting structure. This partially contrasts with part of the Mediterranean retrofit
literature, where façade insulation is often considered the primary intervention due to the
dominant role of wall transmission losses. However, the present results suggest that, in the
ALER stock, roof-related heat exchange remains highly relevant, especially in buildings
characterized by exposed horizontal surfaces and limited roof insulation. This behaviour is
particularly evident for Cascina Anna. The relatively limited stand-alone energy benefit of
roof insulation is primarily related to its tower configuration, in which the roof area is small
relative to the extensive vertical envelope and total conditioned volume. Consequently,
roof insulation alone produces a comparatively limited reduction in EPI. However, its
inclusion in higher-ranked combined TOPSIS scenarios illustrates the multiple-criteria
nature of the assessment: an intervention with limited stand-alone energy benefits may
still contribute to a preferred overall solution when energy, economic, environmental, inva-
siveness, and reversibility criteria are considered simultaneously. This result confirms that
retrofit priorities remain strongly dependent on building morphology and construction
period, supporting the typological approach adopted in this study. Conversely, deep retrofit
strategies involving simultaneous interventions on glazing, frames, façades, roofs, and
heating systems rarely occupy the highest positions in the final TOPSIS ranking. Although
these scenarios achieve the best energy performance, they are penalized by high initial
costs, increased invasiveness, lower reversibility, and higher embodied energy. This result
is consistent with the growing literature questioning the universal economic convenience
of deep retrofits, especially in aging residential stock where marginal energy gains may
not justify the additional environmental and financial burden [6]. From an architectural
engineering standpoint, this suggests that incremental and phased retrofitting strategies
may often be preferable to full-scale renovation, particularly when scalability across thou-
sands of dwellings is required. The results also provide relevant insights regarding material
selection, particularly in façade insulation scenarios. Cork-based external insulation (C4)
systematically performs better than several synthetic alternatives when environmental
criteria are considered. This confirms that material choice in technical architecture cannot
be evaluated solely through thermal conductivity. Embodied energy, circularity potential,
moisture behaviour, and reversibility increasingly influence sustainable retrofit decisions.
This is consistent with life-cycle-based approaches in sustainable architecture, where low-
carbon bio-based materials are gaining relevance as climate-responsive design solutions.

From the perspective of urban heat island mitigation, the findings support an im-
portant conceptual distinction between direct and indirect mitigation strategies. Classi-
cal UHI mitigation literature identifies urban albedo increase, vegetation enhancement,
cool roofs, cool pavements, and urban ventilation improvement as the primary direct
countermeasures [46]. These strategies act directly on urban microclimate by reducing
solar absorption, enhancing evapotranspiration, or improving convective heat dissipa-
tion. In contrast, most retrofit interventions analyzed in this study operate at the building
scale and therefore do not directly modify urban canyon geometry or city-scale albedo.
However, any potential contribution of the retrofit strategies examined in this study to
UHI mitigation should be interpreted as indirect rather than as a directly quantified out-

https://doi.org/10.3390/atmos17090882

https://doi.org/10.3390/atmos17090882


Atmosphere 2026, 17, 882 22 of 28

come. The simulations demonstrate substantial improvements in building energy perfor-
mance. For Cascina Anna, for instance, the Energy Performance Index (EPI) decreases from
134.72 kWh/m2·year in the pre-retrofit condition to 59.34 kWh/m2·year for the energy-
optimal full retrofit scenario, corresponding to a reduction of approximately 56%. Similar
reductions were observed across the other representative archetypes. These results provide
quantitative evidence of the capacity of the investigated retrofit measures to reduce the
overall energy performance index at the building scale. A reduction in building energy re-
quirements may, in turn, potentially contribute to decreasing HVAC-related anthropogenic
heat emissions, which have been identified as one of the factors affecting urban overheat-
ing [5]. In this sense, retrofit interventions that reduce operational energy demand may
potentially support UHI mitigation, not by directly cooling urban surfaces, but through a
possible reduction in HVAC-related anthropogenic heat emissions. From this perspective,
tower buildings such as Cascina Anna provide a relevant case for investigating the potential
building-to-city implications of energy retrofit. High-rise residential buildings possess
large vertical dispersing surfaces and significantly interact with solar radiation, long-wave
radiation exchange, and urban airflow. The detailed case study shows that façade insula-
tion strongly improves energy performance in this typology, confirming the importance
of vertical envelope optimization in high-rise structures. Recent studies on the role of the
building envelope in UHI mitigation similarly show that façade properties significantly
influence both surface temperatures and cooling demand [17]. From the viewpoint of
technical architecture, this reinforces the relevance of considering the building envelope
not merely as a thermal barrier, but also as a potential interface between building energy
performance and urban microclimatic processes.

At the methodological level, this study contributes to existing literature by integrating
typological classification, building simulation, and MCDM analysis into a scalable frame-
work. Most previous MCDM-based retrofit studies focus on individual buildings or small
samples, limiting transferability to large public portfolios. The present approach addresses
this limitation by leveraging typological repetition within the ALER stock. This represents
a meaningful methodological advancement because it bridges the gap between detailed
building-scale assessment and strategic asset management at the urban scale. In technical
architecture, this shift from object-scale to portfolio-scale decision support is increasingly
necessary for climate adaptation planning. Compared with other MCDM methods such
as AHP, ELECTRE, and VIKOR, the use of TOPSIS proved particularly effective due to
its ability to manage a large number of alternatives while maintaining interpretability of
results. AHP offers strong support in deriving subjective weights but becomes cumbersome
with many alternatives. ELECTRE provides robust outranking relations but may be less
intuitive for stakeholders. VIKOR performs well in compromise solutions but is more
sensitive to normalization choices. TOPSIS, by contrast, offers a straightforward geometric
interpretation based on distance from ideal and anti-ideal solutions, making it particularly
suitable for operational decision-making in public housing management.

Despite these contributions, some limitations should be acknowledged. The baseline
weighting structure adopted in TOPSIS reflects methodological assumptions that may vary
across stakeholders. Although the sensitivity analysis explored the response of TOPSIS
scores to alternative weighting configurations, it did not assess rank stability or rank re-
versal. This limitation is particularly relevant for closely ranked alternatives. For Cascina
Anna, the two highest-ranked scenarios under the baseline weighting structure, A2 + D1 +
E1 and A2 + E1, obtained TOPSIS scores of 0.72 and 0.71, respectively. Given this limited
score separation, the stability of the first-ranked scenario under alternative weighting
configurations cannot be established from the present analysis. Future developments
should therefore recalculate the complete TOPSIS ranking under alternative weighting
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structures and explicitly assess rank stability and rank reversal. Similarly, the ordinal
invasiveness and reversibility criteria were based on predefined engineering judgment
rules rather than on a multi-expert elicitation process; future applications could validate
these classifications through structured expert or stakeholder assessment. The preliminary
category-level screening reduces the combinatorial complexity of the analysis but may
exclude combinations involving alternatives that are not individually top-ranked. There-
fore, the resulting ranking should be interpreted within the predefined scenario set rather
than as an exhaustive global optimization of the complete theoretical solution space. The
conventional zero embodied-energy value assigned to boiler replacement (E1) remains a
simplifying baseline assumption. However, the additional lower–upper bound sensitivity
check showed that assigning E1 embodied-energy values between 2100 and 7500 MJ did
not alter the principal ranking at the reported two-decimal precision. Nevertheless, future
applications should incorporate product- or component-specific embodied-energy data for
HVAC equipment to improve the physical representativeness of the sustainability criterion.
The energy analysis was based on the overall Energy Performance Index and did not
separately quantify cooling demand or HVAC-related anthropogenic heat rejection. There-
fore, the causal pathway linking building retrofit, reduced HVAC-related anthropogenic
heat emissions, and changes in urban temperature was not quantitatively validated in
the present study. Future research should disaggregate the energy balance into heating
and cooling components and couple building energy simulations with urban microclimate
models to assess whether, and to what extent, reductions in building energy requirements
translate into measurable reductions in anthropogenic heat emissions and UHI intensity.

5. Conclusions

5.1. Core Research Contributions

This study developed an integrated decision-support framework for the sustainable
retrofitting of post-war public residential buildings by combining building-stock typologi-
cal classification, energy performance assessment, and multiple-criteria decision-making
through the TOPSIS method. Applied to representative archetypes of the ALER public
housing stock in Milan, the framework enables retrofit alternatives to be assessed beyond
energy performance alone by simultaneously considering energy, economic, environmental,
and intervention-related criteria. The main methodological contribution therefore lies in
linking archetype-based building-stock analysis with multi-criteria retrofit prioritization,
providing a structured approach for translating building-scale assessments into portfolio-
scale decision support. Rather than identifying a universally optimal retrofit solution, the
framework accounts for the influence of building typology and competing performance
criteria in the selection of appropriate intervention strategies.

5.2. Practical Application Value

The proposed framework provides ALER and comparable public housing manage-
ment agencies with a systematic approach for prioritizing retrofit interventions across large
and heterogeneous building portfolios. Representative building archetypes can be used
as operational proxies for groups of buildings sharing similar geometric and construction
characteristics, thereby reducing the need for independent detailed assessments of every
individual building. By integrating energy performance with investment cost, economic
return, invasiveness, reversibility, and sustainability, the methodology can support the
allocation of limited financial and technical resources while accounting for constraints
that are particularly relevant to the renovation of existing public housing. The framework
is therefore intended as a decision-support tool for developing differentiated and scal-
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able retrofit strategies rather than prescribing a single intervention solution for the entire
building stock.

5.3. Future Research Directions

Future research should extend the framework by quantitatively assessing the rela-
tionship between building retrofit and urban thermal conditions. In the present study,
the potential contribution of retrofit to urban heat island mitigation is considered only
through an indirect pathway associated with reductions in building energy requirements
and potentially related HVAC anthropogenic heat emissions. This causal pathway was
not quantitatively validated, and changes in cooling demand, anthropogenic heat rejec-
tion, urban air temperature, or UHI intensity were not directly quantified. A subsequent
research stage should therefore couple building-energy simulations with district-scale
microclimate or urban canopy modelling and explicitly quantify changes in cooling de-
mand, anthropogenic heat release, and urban thermal conditions under different retrofit
scenarios. Further development could also integrate heat pumps and other low-carbon
HVAC solutions, nature-based solutions, cool materials, and passive cooling strategies
within the same decision-support framework, allowing building-scale retrofit measures
and urban-scale climate adaptation strategies to be evaluated jointly.
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Appendix A. Baseline Energy Characterization of the Representative
Building Archetypes

The following original case-study sheets provide the baseline energy characterization
of the seven representative building archetypes. The documentation is reproduced in its
original Italian version and reports, for each case study, building volume, surface-to-volume
ratio (S/V), number of conditioned floors and dwellings, thermal transmittance (U-value)
of the main envelope components, heating and domestic hot-water system characteristics,
and baseline energy-performance results.
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Figure A1. Baseline energy characterization sheet of the representative multi-family building
archetype 1C, Comasina case study. Original documentation in Italian (authors’ elaboration, 2022;
reproduced from preliminary research conducted within a currently embargoed thesis).

Figure A2. Baseline energy characterization sheet of the representative multi-family building archetype
2C, Chiesa Rossa case study. Original documentation in Italian (authors’ elaboration, 2022).

Figure A3. Baseline energy characterization sheet of the representative multi-storey building
archetype 1D, Gallaratese G1 case study. Original documentation in Italian (authors’ elaboration,
2022; reproduced from preliminary research conducted within a currently embargoed thesis).

https://doi.org/10.3390/atmos17090882

https://doi.org/10.3390/atmos17090882


Atmosphere 2026, 17, 882 26 of 28

Figure A4. Baseline energy characterization sheet of the representative multi-storey building archetype
2D, Gratosoglio case study. Original documentation in Italian (authors’ elaboration, 2022).

Figure A5. Baseline energy characterization sheet of the representative multi-storey building
archetype 3D, Ludovico il Moro case study. Original documentation in Italian (authors’ elaboration,
2022; reproduced from preliminary research conducted within a currently embargoed thesis).

Figure A6. Baseline energy characterization sheet of the representative tower building archetype 2E,
Gallaratese G2 case study. Original documentation in Italian (authors’ elaboration, 2022).
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Figure A7. Baseline energy characterization sheet of the representative tower building archetype 3E,
Cascina Anna case study. Original documentation in Italian (authors’ elaboration, 2022; reproduced
from preliminary research conducted within a currently embargoed thesis).
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