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Abstract

Escalating climate change and the increasing frequency of weather extremes pose a threat
to the resilience of urban environments and human health, highlighting the urgent need
for implementing energy-efficient interventions and reducing building cooling loads. This
study investigates the passive building envelope retrofit technologies of external shading,
electrochromic windows, and thermochromic windows through a multi-criteria evaluation
analysis based on energy savings, economic performance, and indoor thermal comfort
improvement. Thermochromic windows are discerned by a mean colour transition temper-
ature of 34 °C and operate throughout the entire year, while electrochromic windows are
activated only during cooling periods. Both technologies present total solar transmittance
indices of 72.6% and 8.4% in the bleached and tinted state, respectively. External shad-
ing devices are either static or movable, applied with an inclination angle, and are either
standalone interventions or combined with chromogenic glazing. Eight retrofit scenarios
are investigated for a single-story, fully electrified residential building in Athens, Greece.
The building features south- and east-oriented windows, which is an appropriate case to
assess the effectiveness of these passive envelope cooling technologies in regulating solar
heat gains. Thermal comfort is assessed using Fanger’s PMV (predicted mean vote) and
PPD (Predicted Percentage of Dissatisfied) indices. The combination of electrochromic
windows and movable external shading yields the highest annual electricity savings at
22.2% and reduces the PPD by 15.8%. Local static shading, on the other hand, ranks as the
optimal retrofit solution in terms of economic performance, with a life-cycle cost of €6378,
a 9.3% improvement in thermal comfort, and a corresponding reduction of 626 thermal
discomfort hours. While the proposed multi-criteria framework can be applied to other
buildings and climates, the quantitative results reported here are linked to the specific case
examined: a residential building with south- and east-facing glazing in Athens, Greece,
representing Mediterranean climatic conditions.

Keywords: cooling-intensive technology; chromogenic windows; thermal comfort; shading
devices; multi-objective evaluation

1. Introduction

Accelerated urban growth and escalating climate change put increasing pressure on
cities [1], in which higher air temperatures and a greater frequency of hot extremes are
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reported than rural regions. According to statistical data, southern Europe is characterized
by the highest mortality rates associated with extreme heat within Europe [2]. Integrating
highly absorptive construction materials in the urban environment, combined with the
limited greenery in public spaces [3], contributes to the localized phenomenon of the urban
heat island effect, urban overheating, and the escalating demand for cooling energy [4].
Heat waves and the associated mortality rates highlight the alarming need to upgrade the
building sector with cooling-efficient passive building envelope technologies [5], enhancing
buildings’ thermal and optical properties and inertia to weather conditions. The implemen-
tation of building envelope technologies with adaptive behaviour to exterior conditions [6]
is of primary importance for mitigating thermal loads during hot extremes. An additional
benefit is the aversion of indoor health risks and protection of elderly and vulnerable
populations, on top of energy efficiency and improved thermal comfort conditions.

Based on the latest available statistical data for 2011-2021 [7], 44.7% of residential build-
ings in Greece are located in multi-story buildings. Additionally, 40% of these buildings
lack any form of thermal insulation [7]. The implementation of energy retrofit technologies
in multi-story buildings is often challenging [8], as the condominium’s building regulations
restrict modifications to the external envelope and require consensus among the occupants.
Therefore, transparent building elements, such as windows and glazed surfaces, represent
a more practical and feasible option for implementing energy upgrade strategies.

The selective and seasonal regulation of window spectral transmittance and solar heat
gains through glazing effectively enhances a building’s yearly thermal performance. Elec-
trochromic windows are a cooling passive envelope technology that reversibly adjust their
solar transmittance in response to electrical current or voltage [9]. Electrochromic windows
(ECs) can be stimulated either automatically, through a smart-building control-actuator
system that is sensitive to an external stimulus, for instance, temperature or incident solar
irradiation, or they can be manually triggered [10]. ECs can reversibly switch between a
bleached and coloured/tinted state via redox reactions that affect their coloration [11]. The
colour transition from the bleached to the tinted state is achieved promptly with a low
voltage supply at a time scale of half a minute [12] and requires an electricity consumption
of only a few pWh per glazing area in m? per switch [13]. When the current supply is
reversed, the windows return to their bleached state, and the colour transition can be
repeated multiple times [11].

Electrochromic windows (ECs) are the most commercially available technology among
chromogenic systems for building applications [14] and have undergone substantial de-
velopment since their initial introduction in 1984, with several commercially available
products in the European and American markets [15]. The application of electrochromic
windows was investigated by Lashgari and Jahangir [16], who calculated a 47.8% reduction
in yearly energy consumption for a school building. Recent advancements in EC regula-
tion concern the development of dual-band control that allows for separate adjustment of
visible-spectrum transmittance based on indoor thermal conditions and incident radiation.
Integrating electrochromic windows driven by photovoltaics is a concept that was investi-
gated by Xie et al. [17], who reported an 18.1% decrease in cumulative energy consumption,
and a path towards a zero-energy building.

On the other hand, thermochromic windows (TCs) spontaneously transition between
low- and high-transparency states in response to ambient air temperature, without requiring
electricity input. The most usual thermochromic materials include liquid crystals [18],
organic dyes [19], metal oxides [20], and hydrogels [21]. Among these, hydrogels are the
most widely used in thermochromic windows due to their high transmittance ratio in the
bleached state, adjustable low-phase transition temperature between 30 °C and 40 °C [22],
and cost-effectiveness [23]. Due to their spontaneous colour transition, thermochromic
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windows are reported to result in moderate total energy savings in contrast to user-activated
ECs. According to a study by Jahangir and Aboutorabi [24], the addition of thermochromic
windows results in a 2% yearly improvement in energy consumption, against 8% for ECs.
In a study by Yang et al. [25], in which a daylight and energy performance optimization
study is performed, the optimum energy savings induced by thermochromic windows are
calculated at 13%, while thermal comfort is improved by 40%.

Solar shading elements are crucial for efficient building energy performance, aiding in
regulating solar heat gains, mitigating energy demand, and ensuring high-quality thermal
and visual condition. For this reason, shading devices need to be an undivided action
of energy retrofit approaches and, in the case of new constructions, especially highly
glazed ones, to be investigated in the early design process [26]. The typical materials of
shading elements include textiles, concrete, timber, steel, and aluminum [27]. The main
division of external shading devices is static and dynamic. Static shading is the most
widespread commercially available technology [28] because of its low maintenance cost
and construction simplicity.

According to Alajmi et al. [29], overhangs, which are the simplest form of fixed shading,
are found to result in up to a 22% reduction in cooling energy demand in hot climatic
conditions. Fixed horizontal shading devices with a 30° angle tilt are reported to achieve
greater energy savings, up to 0.6%, than fixed vertical shading components, due to greater
solar heat gains during winter [30]. Gaber et al. [31] developed a multi-criteria process that
considers energy savings due to solar heat gains and daylight independence to optimize
fixed shading parameters. In other studies of the existing literature, shading design and
performance evaluation consider the comfort and well-being of building users [26].

Dynamic shading components are divided into manually retractable shading de-
vices and smart systems with automatic operation for maintaining the desired indoor
conditions and reducing energy demand in response to external stimuli [32]. However,
design complexity and high maintenance costs are the main drawbacks of smart shad-
ing systems, explaining why they are not widely applied [33]. According to a study by
Humaidan et al. [34], automated external venetian blinds are the most energy-efficient
solution, achieving a 32% reduction in cooling energy consumption and securing ade-
quate daylight levels for 68% of occupied hours. Retractable shading devices, on the other
hand, allow the seasonal adaptation to regulate solar heat gains and dynamically adapt to
daylight levels, reducing lighting electricity consumption. Appropriate control strategies
are necessary for balancing cooling energy savings and lighting electricity savings and
therefore maximizing primary energy savings. This is highly important for buildings in
which a large share of total energy demand is attributed to lighting purposes [35].

This analysis investigates the impact of various passive building envelope cooling
technologies on building thermal performance and indoor thermal comfort and parallelly
considers cost-performance indices. This multi-lateral approach is the novelty of this work
because this analysis includes energy, thermal comfort and cost investigation. An apart-
ment is studied for the climatic conditions of Athens, a representative climate analogue
for rapidly warming Mediterranean cities. The examined cooling retrofit technologies
regard two chromogenic window technologies, namely electrochromic and thermochromic
windows, and the technologies of static and retractable shading elements. Technological
solutions are investigated individually or in combination to identify potential synergies.
This study simultaneously evaluates energy efficiency savings and thermal comfort en-
hancements and aims to identify the most efficient cooling energy building renovation
strategy. A cost-performance analysis is performed to ensure economic feasibility and
the immediate applicability of the investigated retrofit strategies. The importance of the
present analysis lies in its simultaneous, multi-faceted evaluation of cooling-oriented tech-
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nologies for apartment-type residences in climates with hot, dry summers and mild, wet
winters, highlighting the advantages and drawbacks of each solution and providing a
well-established methodology for selecting the optimum option based on economic and
thermal comfort criteria. The conclusions of this work can serve as guidance for future
energy renovation strategies, improve building resilience against hot-extreme events, and
support sustainable urban design and climate-responsive buildings.

2. Materials and Methods
2.1. Description of the Building

The investigated residence is an apartment with a 100 m? gross area in Athens, Greece.
The building typology is a typical brick wall and concrete construction, with openings on
the south and east fagades and a window-to-wall ratio of 25% and 15%. The rooftop and
south and east walls are adjacent to ambient air, while the floor and west and north walls
are adjacent to neighbouring, thermally treated apartments. The U-value of the building
construction is set equal to the maximum allowed value as suggested by the Technical
Chamber of Greece for the climatic category of Athens [36]. The U-value of the external
walls is 0.45 W /(m?2-K), 0.40 W/(m?-K) for the rooftop, and 2.60 W/(m?-K) for the windows.
The solar heat gain coefficient of the building’s transparent elements, referred to as the
g-value, is set to 0.762 [37].

The residence houses a family of four, with a mean presence rate of occupants of
75% and a specific occupancy load of 80 W [38]. The building’s lighting and appliance
daily average factors are 48% and 39%, respectively, with specific loads of 3.125 W/m? and
1.25 W/m? [38]. The general lighting level for a residence is set to 200 lux, and the typical,
non-maximum luminous efficiency of LED lighting is equal to 160 lumens [38]. The total
optical properties of absorbance and emittance of the outer surface of the building envelope
are set to 0.6 and 0.8, according to the technical guidelines of Greece [38]. The infiltration
rate is selected to be 0.4 air changes per hour (ach) [39]. The residence is fully electrified
and equipped with reversible air-to-air heat pump units with a seasonal coefficient of
performance of 5.0 and a seasonal energy efficiency ratio of 4.6 [40]. Figure 1 illustrates
the examined residence, including the external south and east sides, as well as the plan
view with north orientation. Additionally, Table 1 gives the geometric and operational
characteristics of the examined apartment.

(a)

Figure 1. Cont.
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(b)

(c)

Figure 1. (a) South side, (b) east side, and (c) plan view of the examined residence.

Table 1. Geometrical and operative characteristics of the investigated residence.

Parameters Values
Floor area [m?] 100
Internal height [m] 3
South wall window-to-wall ratio [%] 25
East wall window-to-wall ratio [%] 15
U-value of external walls [W/(m?2-K)] 0.45
U-value of rooftop [W/ (m2-K)] 0.40
Total U-value of windows [W/(m?2-K)] 2.6
Window solar heat gain coefficient 0.726
Absorbance ratio of external surfaces 60%
Emittance ratio of external surfaces 80%
Infiltration rate [ach] 0.8
Number of occupants 4
Specific occupant load [W] 80
Average factor of occupant presence [%] 75
Lighting specific electric load [W/m?] 1.25
Lighting average operation factor [%] 39
Appliance specific electric load [W/m?] 3.125
Appliance average operation factor [%] 48
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2.2. Cooling Retrofit Scenarios

Three cooling passive envelope technologies are investigated to develop energy ren-
ovation scenarios that regard the transparent elements of the building envelope. These
technologies involve two categories of chromogenic windows, electrochromic and ther-
mochromic windows, and the installation of an external shading element on each window.
Specifically, the characteristics of the investigated retrofit technologies and their control
strategy are described below:

e  Electrochromic windows (ECs) with a total transmittance ratio of 72.6% and 8.4% in
the bleached and tinted state, respectively [13]. ECs are activated only when there
is a cooling load and instantly transition to a tinted state, blocking the incident solar
irradiation [41].

e  Thermochromic windows (TCs) have a total transmittance ratio of 72.6% and 8.4%
in bleached and tinted states. The stimulus that activates the colour transition of the
thermochromic windows is the temperature of their external surface. The mean colour
transition temperature is 34 °C, and the temperature transition range is set to 4 °C [42].

e  Local static or movable shading elements on each window. These external shading
(ES) elements are installed with an inclination angle of 15° [43] and a vertical offset
from the window top of 20 cm, in accordance with common local practice, and have
a total length of 1.2 m [44]. The width of each shading element equals the window’s
width to which it is installed. The static shading element offers shading throughout
the entire year. On the other hand, the movable shading element (ES-Summer) can be
retracted during the winter period and extended during the summer months, offering
solar heat gain management possibilities [45].

Combining the above cooling retrofit techniques results in the formulation of eight
different energy renovation scenarios, which are given in Table 2. It is important to note
that the control strategy adopted for the ES-Summer case is intentionally kept as simple as
possible, to represent an intermediate operation between fixed shading, typically deployed
for most of the year, and EC windows, which are activated only when a cooling load is
present. In urban environments, external shading is often used not only for solar control
but also for privacy.

Table 2. Description of examined retrofit scenarios.

Retrofit Scenario Shading Element Chromogenic Windows
Description Static Retractable Electrochromic Thermochromic
ES 4
ES (Summer) e
EC v
EC & ES v v
EC & ES (Summer) v v
TC v/
TC & ES 4 v/
TC & ES (Summer) v v

2.3. Simulation Strategy

The dynamic energy and thermal comfort calculations are performed using the
DesignBuilder software [46] and the EnergyPlus simulation engine [47]. The timestep
is set to 5 min according to the sensitivity analysis for optimal accuracy and computational
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cost. Compared to a 1 min timestep, deviations in annual electricity use and hours with
PPD > 10% were below 0.8%, while computation time increased by 18%. Based on these
findings, a 5 min timestep is selected to balance numerical accuracy and computational
cost. The selection of timestep is also validated by previous studies with references [48,49].
Additionally, the TARP (Thermal Analysis Research Program) algorithm [50] is selected to
calculate the indoor and outdoor convective heat transfer coefficients. The TARP algorithm
is an analytical model for exterior convection that combines correlations from ASHRAE [51].
The comparative simulation analysis is performed for the climatic conditions of Athens,
Greece, retrieved from the Photovoltaic Geographical Information System [52]. The ambi-
ent air temperature for Athens varies from approximately 2 °C to 37 °C, while the average
yearly air temperature is around 18 °C. The heating period lasts from November to the
middle of April, while the cooling period is between the last days of May and the middle
of September. Extra information regarding the climatic data of the examined city can be
found in Appendix A. Every retrofit scenario is compared to the baseline scenario regarding
electricity savings and a decrease in yearly thermal discomfort. The simple payback period
is also calculated to evaluate each retrofit strategy economically. The validity of the selected
simulation strategy is supported by previous studies by the same authors [42,48,49].

2.4. Basic Mathematical Formulation Part

The total electricity consumption regards the electricity consumption of the heat pump
systems for heating and cooling and the electricity consumption for lighting, according to
the following equation:

Erot = Eheating + Ecooling + Elighting 1)

The electricity savings percentage (ES) achieved by each energy retrofit scenario in
comparison to the baseline scenario is defined as

Es _ ETOtBaseline — ETOtRetroﬁt (2)

ETOtBaselir\e

The predicted mean vote (PMYV) is calculated as a deviation of occupants’ total specific
energy dissipation (L) from their particular rate of metabolism (M), according to the
following equation [53]:

PMV — (0.303-e*°-036'M + 0.028) (M—L) 3)

The equation for defining the thermal comfort conditions is based on a steady-state
regression analysis of experimental data. Fanger’s model gives a measure to thermal
sensation and the deviation from the theoretically ideal comfort conditions. The index of
the Predicted Percentage of Dissatisfied (PPD) is calculated as [53]

PPD = 100 — 95.¢(—0.03353-PMV*~0.2179-PMV?) @)

The occupancy metabolic rate is 58.2 W/m?, while the insulation of occupants’ clothes
varies between 1.0 clo for the colder winter months and 0.5 clo for the warmer summer
months [49]. A metric for thermal comfort enhancement is a reduction in the PPD index
exceeding the value of 10%, expressed in hours. The following equation shows the decrease
in discomfort hours:

AHPPD> 10% = Hbaseline - Hretrofit (5)
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Life-cycle cost (LCC) is used as the financial criterion for evaluating the renovation
scenarios. LCC accounts for the initial investment cost as well as the operating and
maintenance costs over the project’s lifetime. Using an initial investment cost (CC), a
yearly operating and maintenance cash flow (CF), a discount rate (r), and a project lifespan
(N), the life-cycle cost (LCC) is defined as [54]

N CFI

LCC=CC+}) Qro)

(6)

The project’s lifetime is set to N = 25 years, and the discount rate is r = 3% [37]. The
electricity price for residential use is considered equal to 0.24 €/kWh [55].

Finally, a multi-objective assessment of the different retrofit strategies is carried out,
accounting for life-cycle costs and thermal comfort enhancement. This analysis aims
at the simultaneous minimization of the LCC and the PPD index. For this reason, the
dimensionless geometric distance from the ideal solution, F, is defined and calculated for
every retrofit strategy, according to the following equation:

- LCC — LCCpin  \? . (_PPD = PPDpin -
N LCCmax — LCCpin PPDpmax — PPDpin

The global optimum solution is the one that minimizes F. The ideal point corresponds
to the minimum life-cycle cost and minimum PPD index (LCCpnin and PPDpin). Any
examined scenario is represented by a point (LCC and PPD). Each term in Equation (7)
is normalized by the corresponding maximum range observed among the investigated
scenarios, enabling a dimensionless analysis that assigns equal weight to both indices (LCC
and PPD). Therefore, each normalized term ranges between 0 and 1, and F varies between

0 and V2.

3. Results
3.1. Energy Performance and Thermal Comfort Results

Firstly, the baseline is analyzed concerning the hourly heating and cooling thermal
building loads and the cumulative heating and cooling energy demand, as illustrated
in Figure 2. According to the energy calculations, the yearly heating energy demand is
2409 kWh, while the yearly energy demand for cooling is 5073 kWh. The cooling loads are
more than twice the heating loads, which classifies the building as cooling-intensive. The
maximum cooling load is 4230 W, and it was observed on August 3rd at 15:00. Regarding
the thermal comfort environment, the average PPD index is calculated as 10.73%.

The eight retrofit scenarios regarding yearly electricity savings and average PPD
reduction are investigated. More specifically, Figure 3 illustrates the cumulative electrical
energy demand for heating, cooling, and lighting purposes for the baseline scenario and the
eight cooling retrofit scenarios. The combination of electrochromic windows and retractable
local window shading is identified as the optimum cooling renovation strategy, with an
electricity consumption of 482 kWh for heating, 621 kWh for cooling, and 302 kWh for
lighting. Lighting energy use increases by 80 kWh, which is attributed to the reduced
transmission of solar radiation, including visible light, into the indoor environment. In
contrast, for the thermochromic window scenario, lighting electricity consumption increases
slightly compared to the baseline, while heating demand is increased significantly by
28.6%. The materials’ properties explain this difference since the thermochromic windows’
transition to a tinted state occurs at a mean outer surface temperature of 34 °C. Because this
colour transition can occur throughout the year, reduced solar heat gains are also observed
in winter, when the TC external surface temperature exceeds the transition threshold. On
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the other hand, ECs are activated when there is a cooling demand, enabling dynamic light
and heat control that responses to external conditions.

— Heating load Baseline ——— Cooling load Baseline
= <= Heating energy demand = <= Cooling energy demand
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Figure 2. Hourly heating and cooling loads and yearly heating and cooling energy demand for the
baseline scenario.
Heating Cooling Lighting
2000 -
1,806
1750 - -17.0% -9.1%
o 86%  _gsgy.  130% A115%  -11.8%
_ ~
= 1500 - -22.2% S Z
Z 1250 7 8 2 g / e g
= = ~t k= % =)
& 5
S 1000 -
S
- [s2)
S 750 4=
= R 0 2 & s o 2 e
~ o <) (N 0
500 - 3 3 e € & % 2
250 -
n - o
8 & =& & & & § & %
Baseline ES ES EC EC& ES EC TC TC&ES TC&
(Summer) ES ES
(Summer) (Summer)

Figure 3. Electricity consumption for heating, cooling, and lighting per scenario and total electricity savings.

According to Figure 4, the cooling retrofit strategy that combines ECs and retractable
local window shading results in the maximum yearly electricity savings of 401 kWh or
22.2%. The annual average PPD index for the EC & ES (Summer) retrofit scenario is 9.04%,
representing a 15.8% reduction compared to the baseline scenario. The retrofit scenario
that results in the greatest improvement in thermal comfort combines ECs with static
local window shading. In this case, the PPD reduction reaches 17.9%, with corresponding
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Electricity savings
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15%

10%

5%

electricity savings of 13.0%. The greater decrease in the PPD index is attributed to improved
winter thermal conditions, since during this period, occupants tend to feel slightly warm,
and the shading elements help provide a more neutral thermal environment.
ES
¢ ES (Summer)
OEC
OEC & ES
® EC & ES (Summer)
TC
TC & ES

TC & ES (Summer)

8%

10% 12% 14% 16% 18% 20%
PPD decrease

Figure 4. Yearly electricity savings and PPD decrease for every scenario.

The employment of static local window shading results in the lowest annual electricity
savings at 8.6%, while retractable local window shading alone yields the least improve-
ment in thermal comfort, with a PPD reduction of only 8.9%. When applied individually,
thermochromic windows achieve electricity savings of 9.1% and a PPD decrease of 13.1%.
Combined with local window shading, they achieve electricity savings of 11.8% and a PPD
decrease of 14.1% with retractable shading, and electricity savings of 11.5% and a PPD
decrease of 15.6% with static shading.

The reduction in discomfort hours, defined as hours with PPD > 10%, is calculated for
all retrofit scenarios and presented in Figure 5. For reference, the baseline scenario results in
3929 h with PPD > 10%. In the case of ECs combined with local fixed shading elements, the
total number of hours during which the mean PPD index of the residence exceeds 10% is
reduced by 831 h, corresponding to a 21.2% decrease. Thermochromic windows combined
with local fixed shading results in the second-largest reduction in discomfort hours, equal
to 734 h. Retractable shading (ES-Summer) leads to a reduction of 328 discomfort hours,
exhibiting the poorest performance among all examined scenarios.

The baseline and energetically optimum cooling retrofit scenarios are thoroughly com-
pared. Figure 6 illustrates the building’s hourly heating and cooling thermal loads. In the
heating period, the thermal loads for heating remain constant, because both electrochromic
windows and retractable local window shading are activated only during the summer
months. The maximum cooling load for the EC & ES (Summer) scenario is calculated at
2857 W. This occurred on the 1st of August at 14:00, representing a 32.4% reduction in
comparison to the baseline.
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Figure 5. Decrease in discomfort time per retrofit scenario.
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Figure 6. Heating and cooling thermal loads for the baseline and energy optimum retrofit scenario.

Finally, Figures 7 and 8 illustrate the hourly calculated PPD and PMV thermal comfort
metrics for the baseline and the optimum cooling retrofit strategy. For the summer period,
the seasonal average decrease in the PPD index is found to be 20.5%, explained by the
reduced solar irradiation transmitted indoors through the ECs and shading elements.
Figure 8 illustrates further results regarding indoor thermal comfort conditions. In general,
PMV ranges from —3 to 3, where 0 represents thermal neutrality, the theoretically ideal
comfort level. According to Figure 8, during winter, both scenarios are characterized by

https://doi.org/10.3390/sci8030053


https://doi.org/10.3390/sci8030053

Sci 2026, 8, 53

12 of 20

PPD [%]

PMV

PMYV values that fluctuate slightly above and below zero, with absolute values generally
below 0.5, indicating mild thermal deviations and discomfort. In summer, PMV values
remain consistently above 0, specifically between 0.4 and 0.9, indicating slightly warm
conditions. During the transitional seasons of spring and autumn, PPD and PMV display
the most extreme values. This can be explained by the fluctuating daily heating and cooling
demands and the fact that clothing insulation levels might be found inappropriate on
certain days. The annual average absolute PMV index of the optimum scenario is reduced
by 17.4% in comparison to the baseline scenario.
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Figure 7. PMV for the baseline and optimum retrofit scenario.
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Figure 8. PPD for the baseline and optimum retrofit scenario.
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3.2. Life-Cycle Cost Results

The economic evaluation of the retrofit scenarios is important to determine the feasi-
bility and applicability of a retrofit strategy. The cost of external static horizontal shading
elements (ES) is 35 €/m? [56]. For the retractable shading device (ES-Summer) with an
electrical mechanism, the specific investment cost, considering the cost of installation,
is 70 €/m?, according to the local market. The yearly maintenance cost is estimated as
1% of the respective initial cost. For thermochromic glazing, the specific investment cost
is 575 € /m? [54] and for electrochromic windows it is 600 €/m? [57]. The multi-criteria
evaluation is depicted in Figure 9. According to the results, the implementation of exter-
nal shading elements results in an LLC of €6378 and a yearly PPD of 9.3%, ranking as
the optimal retrofit option regarding economic and thermal comfort criteria. Retractable
external shading devices with summer operation (ES-Summer) rank as the second-best
solution, with an LCC of €6406.9 and an annual PPD index of 9.8%. The combination of
thermochromic windows and retractable external shading (TC & ES-Summer) has the
highest LCC, at €13,553.2. Regarding the energetically optimal solution combining ECs
and retractable external shading (EC & ES-Summer), the calculated life-cycle cost (LCC)
amounts to €13,182.2. However, the high energy efficiency and high capital cost of ECs
rank this option as the sixth-best alternative in the multi-criteria analysis. This result
reveals the main drawback of EC technology that despite the supreme performance in
terms of electricity savings in contrast to the technologies of TCs and external shading, EC’s
mediocre performance in terms of thermal comfort and LCC diminishes the electability of
the solution for residence application.

ES
® ° ES (Summer)

EC

OEC & ES

O EC & ES (Summer
®---- ( )

IDEAL oTC

OTC & ES

O®TC & ES (Summer)

8.0

9.0 10.0 11.0 12.0

PPD [%]
Figure 9. Multi-criteria evaluation of the examined retrofit strategies.

The rankings and calculated indices for the examined retrofit strategies are also pre-
sented in Table 3. Additionally, the specific savings expressed in euros per saved electrical
kilowatt-hour are reported for each retrofit solution. This index is useful for interpreting
synergies in electricity savings relative to capital cost across the examined technologies.
Specifically, combining TCs with fixed or retractable external shading decreases the spe-
cific electrical savings from 3.9 to 3.2 €/kWhyg gaveq- By contrast, combining ECs with
ES-Summer reduces the specific electrical savings by 20%, whereas combining ECs with
fixed external shading does not improve the standalone performance of ECs but increases
the specific electrical savings index by 40%.
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Table 3. Ranking of retrofit strategies according to multi-criteria evaluation.

. LCC PPD Specific Savings
Scenario Rank € (%] [€/kWhe saved
ES 1 6378.0 9.3 2.1
ES (Summer) 2 6406.9 9.8 1.1
EC 3 12,553.0 9.5 2.0
TC 4 12,761.8 9.3 3.9
TC & ES 5 13,090.0 9.1 3.2
EC & ES (Summer) 6 13,182.2 9.0 1.6
EC & ES 7 13,292.1 8.8 2.8
TC & ES (Summer) 8 13,553.2 9.2 3.2

4. Discussion

The examined solutions in this study concern the retrofit of the transparent elements
of a building envelope. The investigated solutions include optically adjustable technologies
for thermochromic and electrochromic windows, as well as the installation of external static
or retractable shading elements. These solutions affect the solar heat gains and daylight
illuminance of the residence and, therefore, the electricity demand for heating, cooling,
and lighting. A comprehensive investigation is conducted to evaluate the energetic and
economic performance and the improvement in the indoor thermal environment across the
various retrofit scenarios.

According to the calculations, the energetically optimal scenario combines ECs with
retractable local window shading, resulting in a 22.2% annual decrease in electricity demand
and a 15.8% decrease in indoor thermal discomfort. Both retrofit technologies are seasonally
activated during winter without causing any heating energy penalty. Electricity savings
for cooling are found to be 43.7%, but there is also an increase in lighting electricity use,
due to reduced visible light transmission, which is calculated to be 80 kWh. For the
summer period, the combination of ECs and seasonal external shading reduces the mean
seasonal PPD by 20.5%. The annual absolute PMV is reduced by 17.4% in comparison to
the baseline scenario.

Electrochromic windows allow greater flexibility and a wider range of control op-
tions and therefore can adapt more effectively to user needs and behaviour. Compared
to thermochromic windows, ECs result in annual electricity savings of 8.7%. This find-
ing is consistent with the conclusions of Jahangir and Aboutorabi [24], who calculated a
6.3% energy performance advantage for electrochromic systems. On the other hand, ther-
mochromic windows secure better thermal comfort conditions due to their uninterrupted
activation and their ability to regulate transmitted solar heat gains, even during winter.
This property results in a 2.1% reduction in thermal discomfort compared to EC. Both chro-
mogenic technologies are characterized by high initial investment costs and, consequently,
high life-cycle costs. However, for the most energy-efficient solution that combines ECs
and retractable shading, the specific economic savings are calculated at 1.6 € /kWh,, which
is the second-lowest value after the retractable shading solution alone (1.1 €/kWhyg).

It is important to highlight that although retractable shading operates continuously
during summer, static shading is found to result in lower annual energy consumption for
cooling. The difference lies in the fact that static shading reduces solar heat gains during
shoulder seasons, spring and early autumn, when solar radiation can still result in indoor
overheating and cooling demand, even when outdoor temperatures are moderate. Because
retractable shading is inactive during these periods, additional solar gains enter the building.
On the other hand, static shading provides continuous solar control throughout the year,
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leading to lower cumulative heat gains and, consequently, a 7.22% reduction in cooling
electricity consumption and a 5.1% improvement in annual thermal comfort conditions.

5. Conclusions

The present study investigates the impact of three passive cooling building envelope
technologies on regulating solar heat gains and enhancing building resilience during
summer. To this end, the yearly electricity demand for heating, cooling, and lighting and
the thermal comfort indices, PPD and PMYV, are calculated for a residence in Athens, Greece,
under baseline conditions and for each of the eight examined cooling renovation strategies.
Additionally, a multi-criteria evaluation is performed to determine the optimal cooling
retrofit strategy according to economic performance and thermal comfort improvement.

According to the calculations, the energetically optimal scenario combines elec-
trochromic windows with retractable external shading, achieving a 22.2% decrease in
annual electricity demand and a 15.8% improvement in indoor yearly thermal comfort.
However, because of the high investment and therefore the high life-cycle cost of €13,182,
this solution ranks as sixth best in the multi-criteria analysis. In contrast, local static shading
elements have a life-cycle cost of €6378 and provide an annual thermal comfort improve-
ment of 9.3%, corresponding to 626 fewer thermal discomfort hours, ranking as the globally
optimal solution in the multi-objective evaluation of economic and thermal comfort criteria.
In terms of savings in euros per electrical kilowatt-hour, retractable shading scores the
lowest value of 1.6 €/kWhg.

These results should be interpreted under the case-study assumptions. Variations in
building form, glazing ratio, facade orientation, occupancy and operating patterns, and
climatic severity can meaningfully change both the energy and comfort impacts and may
also affect the relative ranking of the retrofit options. The same evaluation procedure can
be used to reassess performance for other building types and locations using appropriate
local weather data and boundary conditions.

The conclusions of this study provide valuable insights into cooling-oriented building
renovation strategies, with a primary focus on window retrofitting. Future work will extend
the study to include a parametric analysis of the colour transition temperature setpoint of
thermochromic windows, aiming to identify optimal building thermal performance across
varying climatic conditions, building typologies, and occupants’ thermal comfort levels.
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Appendix A. Weather Data

In this appendix, the main weather data of the investigated city of Athens, Greece, are

presented. Specifically, the daily air dry-bulb temperature is depicted in Figure Al and the

total specific irradiation is illustrated in Figure A2, while the daily average wind speed and

relative humidity are given in Figure A3, and Figure A4, respectively. The monthly average

weather data of Athens, Greece, are summarized in Table A1 [52].
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Figure A1. Daily average air dry-bulb temperature for Athens.
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Figure A2. Daily average total specific irradiation for Athens.
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Figure A3. Daily average wind speed for Athens.
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Figure A4. Daily average relative humidity for Athens.

https://doi.org/10.3390/sci8030053


https://doi.org/10.3390/sci8030053

Sci 2026, 8, 53 18 of 20

Table A1. Monthly average climatic data of Athens, Greece.

Month Air Dry-Bulb Wind Speed Specific Total Relative
Temperature [°C] [m/s] Irradiation [W/m?] Humidity [%]
1 10.70 3.29 147.12 67.13
2 9.58 3.75 170.16 67.39
3 11.39 3.55 223.03 65.99
4 15.06 2.67 270.17 60.63
5 19.61 294 312.15 62.45
6 24.61 3.73 377.00 50.86
7 27.30 3.24 386.03 50.31
8 27.59 2.96 345.77 51.56
9 23.88 3.09 304.79 56.57
10 19.15 3.24 205.77 65.56
11 14.51 3.12 134.25 71.66
12 10.86 2.60 127.50 68.54
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