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Abstract: This study aims to propose building envelope retrofit packages for existing naturally
ventilated school buildings in the hot–humid climatic region of Chennai, India. Indoor thermal
parameters were collected through field studies from nine sample classrooms of a selected school
building in May 2019, between 9.00 am and 4.00 pm. The thermal performance assessment of the
existing building was performed by examining the discomfort hours using the CBE thermal comfort
tool. Envelope retrofit strategies gathered from the literature and building standards were applied
and studied through simulation. The findings reveal the enormous potential to increase the thermal
comfort of existing school buildings through envelope retrofit measures. The results demonstrate
that the whole-building temperature can be reduced up to 3.2 ◦C in summer and up to 3.4 ◦C in
winter. Implementing retrofit measures to the building envelopes of existing buildings will help
school owners to increase the comfortable hours of whole buildings by up to 17%. In comparison,
annual energy savings of up to 13% for the whole building can be made by enhancing the thermal
performance of the building envelope. The findings will also help architects to optimise thermal
performance and energy usage with minimal interventions.

Keywords: building envelope; energy efficiency; retrofit; school building; thermal performance

1. Introduction

The International Energy Agency (IEA) estimates that the construction industry is
responsible for 36% of global energy demand and 37% of global energy and process-related
emissions [1]. Buildings are generally designed to function for over 50 years, but they
occasionally require retrofit interventions to optimise their overall performance. Building
retrofit interventions have enormous potential to reduce energy costs and increase thermal
comfort [2]. In response to the recent coronavirus disease 2019 (COVID-19) crisis, many
countries have implemented stimulus programs such as increased incentives to improve
building efficiency and solutions for smart energy management aimed at the construction
sector. The IEA has proposed programs such as commissioning affordable and efficient
retrofits to schools, housing for the poor, offices, and medical facilities [3]. In September
2020, the Global Alliance for Buildings and Construction (GABC) called for incorporating
building renovation and modernisation tools and techniques into COVID-19 recovery plans.
GABC has recommended a huge renovation wave driven by specific support processes for
the energy efficiency of existing buildings, designed in collaboration with national and local
partners [3]. Most educational buildings in developing countries like India are constructed
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without consideration for the climate or the occupants’ comfort. A field investigation
of modern buildings in over 30 educational campuses in Chennai in 2019 revealed that
passive design strategies needed to be optimised during the design stage, since architects
or building professionals were not involved in designing these structures to be sensitive to
the microclimate. A study by the United Nations International Children’s Emergency Fund
declares that as of 2018, there were around 1.5 million schools in India. These children
spend their prime time in existing school buildings built at least 15–20 years ago. Due to
the recent COVID-19 pandemic, many school buildings have been unoccupied for over two
years, which has led to demands for renovation work to ensure regular functioning and
occupancy. In addition, demand has risen for more comfortable spaces and a better lifestyle.

Retrofitting the existing building stock represents a significant way to conserve en-
ergy [2]. Small interventions can create considerable thermal comfort and energy savings.
For air-conditioned buildings, prime retrofitting initiatives include upgrading the lighting
systems, sealing air leakages, and improving insulation and heating, ventilation, and air
conditioning (HVAC) system efficiency [4]. However, for naturally ventilated buildings, im-
proving the building envelope via window shading and passive strategies can reduce heat
gain significantly, affecting the occupants’ comfort and building energy performance [5].
Studies have revealed that children have a higher temperature tolerance than that defined
by standards. The PMV model predicted a neutral temperature of 25.5 ◦C, which is signifi-
cantly lower compared to the neutral temperature of 30.2 ◦C estimated using the thermal
sensation vote (TSV) method [6]. Therefore, air conditioning may not be necessary for
primary schools in hot–humid climates, as it could result in needless energy usage and
carbon emissions [7]. To avoid the shortcomings of retrofitting practices, studies have
suggested that rather than undertaking ad hoc retrofitting of facades, a comprehensive
building retrofit approach should balance and consider elements including human health,
energy savings, and building envelope [8]. Recent studies have suggested various retrofit
strategies for buildings in hot–humid climates. For example, increasing the opening size
to 20 to 30% of operable wall area positively impacts natural ventilation in classrooms,
which is necessary for achieving thermal comfort [9]. In addition, roof reflective paint
coating expanded polystyrene (EPS) insulation over or under decking and 150 mm rock
wool insulation is suggested to reflect solar radiation on the roof. Exterior wood cladding of
15 mm or polyvinylchloride (PVC) outer cladding of 10 mm is recommended to insulate the
wall from solar radiation [10]. Further, the impacts of additional landscaping around the
building and night ventilation have been explored [11]. In a recent study, the utilisation of
split-unit air conditioning systems realised a 39% saving in energy; according to net present
value analysis, the suggested method was also economically viable [12]. In addition to the
many retrofit studies in the residential sector [13–20], studies have also been conducted in
the education sector [21–24]. Furthermore, studies that explore the thermal performance
arising from retrofitting existing naturally ventilated schools in hot–humid climate regions
in India are in their infancy [25–28]. Enhancing indoor thermal performance through
envelope retrofit of existing buildings is essential and has enormous potential [29]. The
present work aims to propose building envelope retrofit packages by applying envelope
retrofit measures suggested by the literature, the Indian standard code books, and climate
consultant software, which would increase thermal performance and lower energy usage
of existing school buildings in hot–humid climates. Suitable retrofit interventions will be
iterated through energy simulation studies and tested for their implications. The resulting
framework will assist stakeholders in decision making and ensure students are taught in
enhanced built environments. The study examines the role of building envelope retrofits
in achieving adaptable thermal comfort in school buildings in hot–humid climates using
simulation tools. In the case of air-conditioned classrooms, the study further examines the
future possibility of enhancing envelope performance as per India’s building energy code.
The following are the objectives of this study: (1) to explore technological interventions for
retrofitting the building envelope to improve indoor thermal performance; (2) to assess the
indoor thermal performance and comfort scenario of classrooms of an existing educational
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building; (3) to evolve optimised systems through iterations of a parametric predictive
model to achieve adaptive thermal comfort.

2. Materials and Methods

The primary research method adopted in this study is quantitative. In the first phase, a
typical school building was identified. Data on the design parameters, envelope materials,
window–wall ratio (WWR), and shading devices of the building were collected through
a field survey. The operating schedule of the school was then gathered, and the outdoor
and indoor climatic parameters were monitored and analysed. In the second phase, energy
simulations were carried out with the generated model using Design Builder software, an
advanced user interface for Energy Plus. The energy simulation model was validated using
real-time data. In the third phase, the simulated proposed retrofit strategies were applied
to the reference building and analysed for their implications. Suitable retrofit options for
naturally ventilated and air-conditioned buildings were gathered from the literature and the
Indian codebooks of the National Building Code of India (NBC, 2016) [30] and the Energy
Conservation Building Code (ECBC 2017) [31]. Retrofit solutions optimising the building
envelope for enhanced thermal performance were formulated through various iterations.

2.1. Study Area

Chennai is the capital city of Tamil Nadu, India (13.04◦ N, 80.17◦ E). It is located on
the eastern coast abutting the Bay of Bengal. According to a list provided by the Indian
government’s Ministry of Education, Chennai is the third largest educational centre in the
country. It is home to numerous prestigious academic and research institutes. Chennai
is hot and humid, with summer temperatures well over the thermal comfort threshold
and high humidity, especially during the peak summer months of April, May, and June.
Climatic data from the Indian Society of Heating, Refrigerating, and Air conditioning
Engineers (ISHRAE) for Chennai show that the yearly outdoor temperature ranges from
14.5 to 39.5 ◦C. During the academic year and working school hours (9.00–4.00 pm), the
outdoor temperature ranges from 21.3 to 37.8 ◦C during the day in summer (June), with
32.1 ◦C the prevailing maximum outdoor temperature. In winter (January), the outdoor
temperature is between 30.7 ◦C and 32.6 ◦C during the day, while 24.5 ◦C is the minimum
prevailing outdoor temperature.

The relative humidity is generally very high, about 27–98%. The prevailing wind
direction is southeast during the summer and southwest and northeast during the monsoon
months. The southwest monsoon starts in June (52 mm) and ends in August (78 mm).
The northeast monsoon is from October (100 mm) to December (142 mm). The American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) standard 55
for adaptive thermal comfort shows that the 90% acceptability upper limit temperature
is 32.1 ◦C at 1.2 m/s for Chennai climate conditions [32]. Climate analysis indicates
that indoor temperatures in the hot–humid climate of Chennai remain steep during the
summer months [33]. According to the results obtained from Climate Consultant software
(version 6.0), which are plotted on the psychrometric chart for the adaptive comfort model
in ASHRAE 55-2010 [33], it can be inferred that only 21% of the school working hours fall
under adaptive comfort. The results suggest using adaptive comfort ventilation strategies
and reducing heat intake to increase comfort hours [33].

2.2. Details of the Reference Building

The experiment was conducted in a naturally ventilated classroom in an established
typical school in Chennai. Many institutes have expanded their campus infrastructure since
1990 by building new structures with modern materials and technology to accommodate
their growing requirements. These buildings are primarily ground-plus-two-story naturally
ventilated structures. Only a few individual rooms, such as computer laboratories and the
office area, are air-conditioned. In this study, a field investigation was carried out for one
such school building in Chennai, as shown in Figure 1. The architectural design details and
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quantitative environmental data of the identified school building were collected to assess
the thermal performance of the building envelope.
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Figure 1. Plan and view of the surveyed reference school building. (a) Site plan; (b) Courtyard view
of the school; (c) Second-floor plan with the instrument position in the classroom; (d) Classroom view
with the instrument.

The school, built in 2009, is a three-story building planned around an open playground
with trees and is part of a larger school campus. It has a U-shaped plan (34.0 × 54.0 m)
with north, east, and south wings, as shown in Figure 1. It has a 7.1 m wide classroom
and a 2.0 m wide corridor facing the playground. The building envelope is off-white
with peach borders. The building is a framed structure with isolated column footings.
The floor-to-floor height is 3.6 m in each of the three storeys. As per the field survey, the
building envelope has the typical construction technology of the region, as in Table 1. The
school operates five days per week from 9.00 am to 4.00 pm. The summer vacation is from
mid-April until the end of May. There are also seasonal holidays of 10 days at the end of
October and an additional 10 days in December.
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Table 1. Boundary conditions of building envelope components.

Envelope Description of Specification U-Value (W/m2 K)

Wall 12.5 mm external cement plaster + 225 mm brick
wall + 12.5 mm internal cement plaster 2.13

Roof 10 mm tiles + 12.5 mm cement plaster + 150 mm
concrete roof 3.20

Window 8 mm clear single glazing with steel frame,
14–22% Window-to-Wall Ratio 5.77

2.3. Details of the Data Collection

The study recorded architectural and planning aspects through physical measurement
and observation. The thermal performance of the case study building was assessed by
monitoring the environmental parameters of air temperature (Ta, ◦C), globe temperature
(Tg, ◦C), air velocity (Va, m/s), and relative humidity (RH, %) in the classrooms. Data on
the indoor thermal comfort parameters were collected. The details of the instruments are
in Table 2.

Table 2. Details of the instruments used during the field study.

Parameter Instrument Name Range Accuracy

Indoor air
temperature

HTC-AVM-06-Vane
Anemometer −10~60 ◦C ±1.5 ◦C

Globe temperature HTC DT-1 with a
black-painted tennis ball −50~300 ◦C ±1 ◦C

Relative humidity HTC-AVM-06-Vane
Anemometer (20~80)%RH ±3% RH @ 25 ◦C

Air velocity HTC-AVM-06-Vane
Anemometer 0.80~30.00 m/s ±(2.0% reading + 50

characters)

The real-time data were validated with simulated data using Design Builder software
(version 7.0.1.006). Suitable retrofit options recommended by the NBC 2016 [30] and
industry practices were applied through building energy simulation studies and tested
for their implications for thermal performance. The indoor environmental parameters
were monitored during May 2019 (summer), from 9.00 am to 4.00 pm, in the identified
classrooms on each floor along the three cardinal directions. A thermo-anemometer was
positioned in the middle of nine sample classrooms at 1.10 m from the finished floor level
as per ASHRAE Standard 55-2020 [33]. Thermal environmental variables were recorded
every half hour, and the data were continuously logged into a laptop to measure the indoor
environment. The nine sample classrooms were naturally cross-ventilated, and no heating
or cooling equipment was used. The floor area of the classrooms surveyed varied from 34.5
to 50.0 m2. The indoor environmental parameters were measured without occupants or
mechanical fans.

2.4. Simulation Modelling

The case study building was modelled using Design Builder software, as shown
in Figure 2, considering the existing construction details, materials, and systems. The
boundary conditions of the simulation were also evaluated using Design Builder. The
HVAC template “natural ventilation with no heating/cooling” was used to simulate the
case study building. The activity of 1 met for sitting (reading), clothing insulation of 0.5 clo
for summer clothing, and 1 clo for winter were considered as per ASHRAE standards for
the hot–humid climates for annual discomfort performance analysis. A ventilation rate of
five air changes per hour was considered, as recommended by NBC 2016 for schools. The
windows and doors were considered to be 100 % open. The simulation of the reference
building showed that the indoor air temperature (Ta) ranges from 24.80 to 37.81 ◦C annually,
while the operative temperature ranges from 25.02 to 37.80 ◦C annually. This range is above
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the thermal comfort zone defined by the ASHRAE 55 adaptive model of 80% acceptability
status (23.9–33.1 ◦C) and 90% acceptability status (24.9–32.1 ◦C) for Chennai. A base model
was created to estimate the annual energy consumption of conventional construction
practices for the case study project without considering retrofit strategies.
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Figure 2. Simulation model of the reference building.

2.5. Simulation Strategies for Retrofitting Interventions

The selected building has a gross roof area of 1024 m2, a wall area of 2373 m2, and a
fenestration area of 548.5 m2. With a classroom area of 2013.2 m2, the building requires
283,300 kWh of energy annually if it uses split-unit air conditioning with a cooling setpoint
of 24 ◦C and minimum fresh air of 5 L/s per person. According to studies, occupants in
naturally ventilated learning spaces have greater thermal tolerance levels and can tolerate
a wider range of temperatures than occupants in air-conditioned learning spaces [34–37].
Retrofit interventions would improve the building’s thermal performance and reduce its
dependency on mechanical cooling. Such retrofit measures would also help to enhance
occupants’ thermal comfort, lower cooling expenditures, and increase energy security.
Retrofitting the existing school would impose limitations on the options for modification
measures. The base case (BC) building was iterated for two retrofitting scenarios. The
first scenario entails enhancing the existing naturally ventilated state. The second scenario
adapts envelope U-values recommended by the Bureau of Energy Efficiency of India with
the consideration that the classrooms alone are air-conditioned.

2.5.1. Scenario 1: Retrofit Measures for Naturally Ventilated Building

The first scenario considers up to two iterations of retrofit measures for each building
envelope element in Table 1. The retrofit measures (RM) (Table 3) proposed to reduce heat
ingress and increase cross-ventilation are discussed below.

• For the roof, exterior reflective tile (RM1) and extensive green roof (RM2) are included
to reduce heat ingress.

• For the walls, light-colour painting (RM3) and shading of west walls with trees (RM4)
are considered.

• For the windows, 450 mm concrete fins are added to the north and south walls (RM5),
and an aluminium louver in front of the east wall and a brick wall blocking the west
window opening are employed (RM6).

• To facilitate stack and night ventilation, the percentage of fenestration is increased.
The prevailing wind direction is southeast and southwest from March–September in
Chennai. The wind passes through the central courtyard towards the south-side trees
(Figure 3). The size of the windows is retained along the south wall. Further, the WWR
is increased to 40% (RM7) and 60% (RM8) on the leeward side along the corridor on
the east wing, south wing, and north side of the north wing for the entire classroom
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length. The night ventilation and ceiling fan during the day are applied as a retrofit
option (RM9).

• Reflective glass (RM10) and double glazing (RM11) are considered for windows.

Table 3. Discomfort hours at each floor level and building orientation for various envelope retrofit
strategies.

Discomfort Hours

Retrofit Measures (RM)
Ground Floor First Floor Second Floor

N E S SW NW N E S SW NW N E S SW NW

BC- Base Case 215 122 139 361 476 268 210 222 364 464 467 439 441 544 572
RM1-Reflective roof tiles 188 102 122 343 465 210 134 161 324 433 245 179 220 366 412

RM2- Extensive green roof 186 103 120 343 467 215 143 160 329 440 220 167 186 358 404
RM3- Light-coloured wall paint 186 115 125 290 388 238 193 201 294 381 446 414 432 490 515

RM4- Shading west wall 214 122 134 125 185 266 210 219 183 216 466 439 441 417 402
RM5-Concrete fins 450 mm (north and south) 192 122 134 348 465 254 210 219 352 451 455 440 441 542 566

RM6-Aluminium louvers (East); west wall opening closed 157 124 131 160 188 232 202 210 202 234 444 417 430 407 423
RM7-increasing WWR 40% on the leeward side 314 193 142 357 558 368 259 222 359 530 529 464 440 513 618
RM8-increasing WWR 60% on the leeward side 215 122 106 358 476 268 203 221 359 464 467 425 441 513 573

RM9-Night ventilation and ceiling fan during the day 212 91 112 257 385 282 172 211 258 362 495 423 453 442 492
RM10-Reflective glass 178 111 121 274 374 231 193 200 294 388 447 432 432 485 530

RM11-Double glass 142 98 106 202 273 213 181 185 250 311 436 416 417 475 483

Retrofit packages

Base Case 215 122 139 361 476 268 210 222 364 464 467 439 441 544 572
Affordable 296 267 269 358 428 197 142 156 272 364 296 267 269 358 428
Advanced 127 65 58 136 61 161 86 91 85 134 198 161 170 128 153

In addition to this, two integrated retrofit packages were devised. Affordable retrofit
package with the combination of RM1 + RM3 + RM5 + RM7 + RM10 measures, and
advanced retrofit package with the measures of RM2 + RM3 + RM4 + RM5 + RM6 + RM8 +
RM9 + RM11 were considered. The simulation study was iterated for the integrated design
of the combination of the retrofit measures for the various building elements discussed in
Section 3.

2.5.2. Scenario 2: Retrofit Measures for an Air-Conditioned Building

In the second scenario, the maximum U values prescribed by ECBC 2017 are considered
for the building envelopes. The ECBC has prescribed three energy performance standards,
named ECBC, ECBC+, and Super ECBC, for each building typology and climate type [31].
Each building component has a defined U-value per each standard of ECBC, as below.

• The prescriptive requirements for roof assembly of school buildings in warm–humid
climates are suggested to be 0.47 (ECBC), 0.26 (ECBC+), and 0.20 W/m2K (Super
ECBC). The roof insulation must be installed externally as part of the roof assembly
instead of as a false ceiling.

• For opaque external walls, the maximum U-values of the assembly are suggested to be
0.85 (ECBC), 0.63 (ECBC+), and 0.22 W/m2K (Super ECBC). However, ECBC suggests
that in all climatic zones, excluding the cold climatic zone, opaque external walls of
unconditioned buildings of no-star hotels, healthcare buildings, and school buildings
must have a maximum assembly U-value of 0.8 W/m2K.

• The vertical fenestration assembly U-value and solar heat gain coefficient (SHGC)
must be 3.0 (ECBC) and 2.2 (ECBC+ and Super ECBC). The maximum SHGC of all
orientations is 0.27 (ECBC) and 0.25 (ECBC+ and Super ECBC). The maximum WWR
must be 40%, and the minimum visible light transmittance is 0.27 [31].

The simulated values and the field study results of the sample classrooms were
compared using regression analysis. The R-square was found to be 0.8764, indicating a very
strong and good association of correlation (Figure 4). The validation was checked using
regression analysis for each sample classroom so that further retrofit iterations simulated in
the model would be close to the actual results for the building.
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3. Results and Discussions

The building does not have a west wing. Therefore, the northwest and southwest
corner classrooms were considered for the west orientation simulation study. The whole-
building analysis of the simulation showed that the reference building is comfortable up to
76% of the 90% acceptability status of the ASHRAE 55 adaptive model [32]. April–August
months are comfortable for less than 70% of the time (Figure 5). The simulation study
results indicate that the reference building provides a comfortable environment for its
occupants for a significant portion of the year. Specifically, the north, east, and south wings
are comfortable 79%, 83%, and 82% of the time, respectively. However, the northwest
and southwest sides are only comfortable 66% and 71% of the time, respectively, annually.
Furthermore, the study also reveals that the comfort level varies by floor. The ground floor
offers the most comfortable environment 82% of the time, followed by the first floor at 79%
and the second floor with 67% per year.
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3.1. Simulation Performance for Naturally Ventilated Retrofit

A fundamental strategy for lowering the room air temperature of a low-rise building
in the equatorial zone is to reduce heat gain through the roof [38]. The BC building’s
second (topmost) floor showed the maximum temperatures and discomfort hours. The top
level is the most crucial for achieving thermal comfort due to heat gain from the roof [38].
The northwest and southwest classrooms at all levels also had the most discomfort hours
due to west exposure. The various retrofit interventions were simulated to increase cross-
ventilation, reduce heat ingress, and increase window shading. The thermal performances
were compared with the existing reference building for two retrofit packages, as mentioned
in Section 2.5.1. The most impactful retrofits for reducing the discomfort hours were on the
second floor due to roof retrofits (RM1 and RM2), up to 62%, and lower floors due to west
wall retrofits (RM4 and RM6), up to 65% (Table 3 and Figure 6). It was observed that, as an
independent retrofit measure, adding concrete fins to the north and south wall (RM5) had
the adverse effect of increasing the discomfort hours. Moreover, increasing WWR (RM7
and RM8) had a minimal impact in reducing discomfort hours across all floors Figure 6.

Considering the 9.00 am–4.00 pm working hours, Figure 7 shows the trend of dis-
comfort hours for the two retrofit packages for each orientation and floor level. The
whole-building simulation study showed a 7% increase in comfort hours due to the af-
fordable retrofit package and a 17% increase for the advanced retrofit package. There are
increased discomfort hours on the ground floor in the cardinal directions for the affordable
retrofit package. As an integrated measure, the crucial second floor (up to 39%) and the
west wall (up to 87%) had the highest reductions in discomfort hours.
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The peak winter week appears in the fourth week of January. The affordable package
slightly reduces the temperature by 0.41 to 0.75 ◦C in the afternoon session. The advance
retrofit considerably reduces temperatures by 1.02 to 3.38 ◦C from morning (11.00 am)
to evening (4.00 pm) (Figure 8). The peak summer week occurs in the second week of
June, once the school reopens for the academic year after a summer vacation break. The
affordable retrofit package shows an impact on the reduction in the temperature around 0.8
to 1.18 ◦C from 1.00 to 4.00 pm. A study in Nigeria showed a reduction of up to 3 ◦C with
minimum retrofit interventions [39]. The advance retrofit package significantly reduces
the temperature by about 1.32 to 3.16 ◦C through the working hours of 9.00 am to 4.00 pm
(Figure 9). Though there is a considerable reduction in temperature, the retrofit measures
for naturally ventilated conditions cannot completely address the occupant discomfort
during the summer of hot, humid climatic regions. Therefore, air conditioning in the
classrooms during summer might be a possible solution to attain comfortable conditions
with minimal energy usage. After applying the retrofit strategies, it was found that the
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case study building with a classroom area of 2013.2 m2 would require 43,490 kWh of
energy annually, considering the uncomfortable months of April, June, July and August,
if split-unit air conditioning with a cooling set-point of 24 ◦C and minimum fresh air of 5
litres/second per person were used. This equates to a 15.35% energy reduction compared
to the BC. According to the literature, active and passive measures should be integrated
into building design to maximise energy efficiency [40].
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3.2. Simulation Performance for Air-Conditioned Classroom Retrofit

According to a study by [41], envelopes designed to meet the Energy Conservation
Building Code (ECBC) criteria provide a significantly improved thermal comfort envi-
ronment for workers, allowing them to spend 60% of their working hours in comfort,
compared to the traditional envelope specifications used in India. The study also found



Buildings 2023, 13, 1103 12 of 15

that implementing ECBC building envelopes improves energy efficiency in buildings [41].
In this study, classrooms on the northwest side were impacted the most, with 14% (ECBC),
16% (ECBC+), and 17% (Super ECBC) increases in energy savings from the BC, as illus-
trated in Figure 10. The energy savings were similar for the three ECBC packages. Higher
results have been found in other composite climate studies, which have proposed improved
glazing and roof insulation for increased thermal comfort [41].
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4. Conclusions

This study examined several retrofit strategies for suitable interventions to help stake-
holders to provide an enhanced built environment for students. The study analysed simula-
tion results to select retrofit options that could improve the indoor thermal environment for
the hot–humid region of Chennai. Increased cross-ventilation, decreased heat infiltration,
and the addition of shading were suggested for naturally ventilated retrofit. Through
integrated retrofit measures, the indoor operative temperature was lowered by up to 3.2 ◦C
in summer and 3.4 ◦C in winter, compared to the Base Case building. Despite implementing
retrofit measures, it may not be sufficient to completely alleviate occupant discomfort in
hot and humid regions during the summer season. As a result, using air-conditioning in
classrooms during the summer could be a viable solution to achieve comfortable conditions
while minimising energy consumption. Implementing retrofit measures and passive design
principles to remodel the building could help school owners to increase comfortable hours
by up to 17%. In the given case study scenario, the second floor showed the greatest
reduction in discomfort hours, up to 62%, due to roof retrofits, while the lower floors
saw up to a 65% reduction in discomfort hours from west wall retrofits. However, the
addition of concrete fins to the north and south walls had a negative effect on discomfort
hours when implemented as a standalone retrofit measure. Additionally, increasing the
window-to-wall ratio had minimal impact on reducing discomfort hours across all floors.
When the envelope follows the ECBC code compliance, up to 13% of the whole building’s
energy consumption is saved annually. The findings of this study will help existing school
building owners optimise their schools’ thermal performance and energy usage with mini-
mum technical interventions. School stakeholders can decide on the appropriate strategies
based on regional practices, suitability, and affordability. This research could help builders,
facility managers, and architects evaluate and select the most effective envelope solution for
improved comfort. On the case-by-case basis of the condition of the building, the budget
constraint of the client, and the requirement of the occupant, the decision can be made by
the builders, facility managers, and architects at the individual level from the envelope
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solutions suggested in the current study, either as an individual retrofit measure or as a
combination of the retrofit measures depending on site condition and client requirements.
This study is limited to two combinations of retrofit packages. Further, multiple combina-
tions of the retrofit measures can be iterated to visualise the trends of the impacts of the
different retrofit elements.

Since the study was conducted during summer vacation, subjective surveys of occu-
pants could not be gathered. As a result, the study is limited to a quantitative survey. The
payback period of the retrofit will be analysed by the authors in future research. Augment-
ing prior findings regarding the positive impact of energy retrofitting on existing buildings,
the findings of this study indicate that energy retrofits are effective at a regional level.
Policy decisions should be made to facilitate local bodies to mandate code compliance.
Further studies can be conducted on other retrofit measures, such as acoustics and air
quality. Research on the economic feasibility of new innovative materials to attain the
U-value for code compliance set by the ECBC can also be conducted.
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