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A Review of Retrofit Interventions for Residential
Buildings in Hot Humid Climates

Tunmise Timothy Ayodele, Ahmad Taki, Muyiwa Oyinlola, and Bhattacharyya Subhes

Abstract—Buildings consume 40% of resources around the
world, low energy building is fast becoming a major component
of sustainable development. However, limiting the concept of
low energy buildings to new builds will only undermine its
effects and benefits as there are numerous existing buildings
that consume uneconomical energy resources irrespective of
how energy efficient the new ones are. Therefore, retrofit
interventions to existing buildings is important in decreasing
resource consumption and increasing energy efficiency. Some
various retrofit interventions already exist towards reducing
energy consumption in residential buildings but deciding on a
specific retrofit intervention needs assiduous consideration.
Hence, this paper focuses on the review of retrofit interventions
and their energy performances. It was found amongst others
that clay bricks, sand line, and pre-fabricated walls consume
less energy than concrete bricks by 16%, 23%, and 25%
respectively. Electrochromic glazing system with no shading
device was also found to have reduced heat gains by 53%-59%
in winter and summer. It was concluded that further research
would benefit from the combination of the various interventions
to create pathways for building retrofit in hot humid climate,
the pathways can be tested with a dynamic thermal simulation
software for energy performance.

Index Terms—Retrofit interventions, hot humid climate, low
energy, energy performance.

I. INTRODUCTION

Climate change has a significant effect on the ecosystem,
the rise in the atmospheric temperature of the globe, intense
cold and heat waves, rising ocean levels, and lot of climatic
irregularities are the drivers of the climate change. [1]
concluded that increase in the effect of climate change is as a
result of human activities that keep releasing greenhouse
gases in the atmosphere with Carbon dioxide (CO,) having
the highest concentration. Consequently, the US National
Oceanic and Atmospheric Administration (NOAA) recorded
June 2017 as much warmer than average conditions across
much of the world’s land and ocean surface. The record
breaking of 0.91°C more than the average temperature for the
20" century was recorded; this was more than the 2015
record of 0.02°C.

Buildings play important roles in people’s daily activities
as they spend approximately 85% of their time indoors [2].
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One of the main functions of buildings is to provide
protection against harsh outdoor weather condition which is
on the increase as a result of climate change. However,
buildings are the highest contributor to greenhouse gas
emissions. [3] estimated that the building sector accounts for
40% of energy consumption in the world and 80% of the
energy used is attributed to air conditioning systems and
artificial lightning, where residential buildings typically have
very high energy consumption level for cooling, the usage
often amounting to approximately 60% in all household. The
excessive use of air-conditioner is a concern on energy
efficiency, as well as economic concern; since an increase in
the demand for energy to run air-conditioners raises the
energy load which also makes the utilities to burn more fossil
thereby increasing the cost of energy and pollution. Also,
serious concern has been raised on the quality of indoor air as
a result of the use of air-conditioners [4].Cooling in
residential buildings is the reason for the increase in energy
consumption worldwide. It is estimated that global emissions
from buildings could double by 2030 [5], but the 4th
assessment report of intergovernmental panel on climate
change concluded that the building sector has a significant
potential of reducing energy consumption. The report
suggested that with proven and available technologies, the
energy consumption in buildings can be reduced by 30-50%
without a significant increase in the cost of investment.

This paper therefore provides a review of retrofit
interventions, and renewable energy systems integrated to
existing buildings in existing literature. It provides
opportunity for future research into the impacts of retrofit
interventions on thermal comfort and cost of energy. The
review adopts academic studies and publications that are
relevant to the potential of integrating retrofit interventions in
residential buildings in hot humid climate, the results from
the literature review is presented in categories of building
envelopes and renewable energy as interventions towards
reducing energy consumption and corresponding reduction
in carbon emission in hot humid climates.

Il. RETROFIT INTERVENTIONS AND THE KEY INDICATORS IN
HoT HUMID CLIMATES

The most influential climatic factors in hot humid climates
are high temperature due to solar radiation and high humidity
due to rainfall. Therefore, to control high indoor temperature
some solution based on three philosophy of prevention, delay,
and removal of solar radiation have been widely applied
[6]-[8]. Another recommendation that is climatic responsive
is the “’Umbrella Concept’” used for building roof with deep
eaves, it protects driving rains and serves as a sun shading
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device [9], [10]. Other approaches incorporating natural
ventilation is emphasized to improve thermal comfort, good
health, and wellbeing of residents while reducing the cooling
loads. Even though most of the strategies from previous
studies used in conservation of energy are not new, the
challenges of incorporating them into existing building is
prominent such that they combine new ideas in science and
technology and disagree in principle.

The key indicators for an effective retrofit strategy are
reducing energy consumption while maintaining thermal
comfort, improving architectural quality, achieving limited
impact of carbon emission on the globe, and making the
expected cost of a retrofit intervention worthwhile. However,
some of these indicators often contradict in principle. A
review of retrofit technologies suggested that less cost
investment is required to retrofit building services and
systems while achieving more environmental benefits than
using renewable energy technologies [11]. Furthermore,
towards an optimum retrofit intervention process, some
conflict of interest has been identified such as, energy use
improvement against architectural quality [12]. Therefore, to
find an optimum retrofit package is a fusion that needs to be
critically reviewed.

Building envelopes comprise of structural materials and
finishes that separate inside from the outside, the enclosed
space must balance requirement for ventilation and daylight
while providing thermal comfort [13]. The building envelope
is often described as a function of its heat flow which is
known as U-Value [14]. The U-Values are available in
building standards for various materials.[15] and [16]
reported similar results where indoor temperatures of up to
4°C and 7°C lower than the outdoor temperatures were
obtained using a variety of materials for the building
envelope in hot humid and equatorial climates of Israel and
Kenya respectively.

Similarly, [17] examined the effectiveness of building
envelope in free flow building using low, medium, and high
level of mass with the same heat loss coefficients for three
buildings in hot humid climate of Sala, San Diego. Indoor
temperature of 24.5°C and outdoor temperature of 34°C
were recorded on the hottest summer day of the research for
the high mass building. However, [15] concluded that it is not
recommended to use thermal mass with night ventilation as a
passive cooling strategy in hot-humid climate such as Florida
because the diurnal temperature difference between the day
and the night is not enough to dissipate heat gains. This
suggests that ventilation strategy other than natural
ventilation needs to be introduced.

Previous study carried out in Saudi Arabia had a case study
of 6 homes, 3 typical detached houses and 3 typical
apartments for retrofit through the building envelope.
Insulation was introduced to the wall, roof and triple glazing
was added to prevent massive direct solar heat transfer,
external shading and landscaping to prevent heat gain [18].
This study was carried out to know the factors that influence
energy usage in residential buildings.

BUILDING ENVELOPE
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The result suggests that the building envelope is an important
factor that influence the amount of energy used in a building.
With energy consumption reduced by 15% and 34% for each
property it also demonstrates that retrofit intervention is
peculiar to the local climatic condition as shown in Fig. 1
below. The building envelope comprises of several element
which are discussed below.
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Fig. 1. Comparison of energy consumption (kWh/m?) between existing and
after simulation Source: [18].
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IV. WALLS AND THERMAL MASS

An attempt to carry out retrofit by optimising the building
envelope would result in reducing energy usage in buildings.
Previous studies identified walls as one of the contributors to
energy increase, some of which further focused on the
thermal mass other than materials used for the wall
construction [19]. Thermal mass is the ability of the material
to absorb and store heat energy. High density materials such
as bricks and concrete require high amount of heat energy to
change their temperatures. Such materials are referred to as
having high thermal mass due to their capacity of heat storage,
but low thermal mass materials are normally light weight
such as timber. Thermal mass materials moderate indoor
temperature by regulating day to night temperature extremes.
According to [19] thermal mass is highly effective where
there is high temperature difference between the day and
night outdoor temperatures.

Furthermore, the thermal quality of the wall through
insulation with high thermal resistance and low thermal
bridges was tested from previous studies. This was done with
various types of masonry materials from four samples of clay
bricks, concrete sand line bricks, and prefabricated walls
with 0-50 cm thickness. The result concluded that clay bricks
consumed less energy by 16% compared to concrete bricks,
the sand line 23%, and 25% with prefabricated walls [20].

V.

Furthermore, the use of insulation on different levels of
thickness of the wall and the location was investigated with a
focus on concrete blocks and clay bricks [19] . The results
showed that concrete blocks require more insulation
compared to clay blocks. Insulations are incorporated into the
building envelopes to retard heat flow in and out of the
building. This is vital as a barrier to flow of heat in
maintaining comfort in the building while reducing energy
consumption. If adequately designed, an insulated building

INSULATION
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gives comfort throughout the year and reduces the energy
consumption due to cooling by up to 50%, this also in turn
reduces carbon emission.

The value that shows the level of performance of
insulation is referred to as the R-Value. A higher R-Value
indicates a better performance. It is mostly fitted in the roof,
walls or floors to maintain comfort and reduce energy
consumption. However, the suitability of the level of
insulation is determined by the type of climate and specific
location [21]. For instance, a common type of reflective
insulation material (aluminium foil layered onto plastic or
paper) is commonly known as radiant barrier. Although they
are used in fagde and floors, they are commonly used in
roofing insulation [22]. [21] concluded that radiant barriers
are highly effective when directly installed under metal roof
sheeting and can also prevent radiant heat gain into the roof
space by up to 95%. Although insulation is found to be the
most effective when both bulk and reflective insulations are
combined [Fig. 2], the installation for naturally ventilated
buildings differ from air-conditioned ones. [21] concluded
that the roof insulation is more effective when combined with
ridge and eave vents because east and west facing walls are
difficult to shade with overhangs.

bulk. insulation t/ \j refective Fol

AVAVAVAYAY)

NATURAL
VENTILATION

FREQUENT K
AC USE N\

Fig. 2. Installation of combined bulk and reflective insulation. Source: [21].

VI. RooF

The roof is also another part of the building envelope that
determines the performance of energy. The roof of a building
offers significant solution by conserving energy for indoor
cooling [23]. Previous studies considered design variables
for low energy buildings, to find out the effective roof type
and material that reduces energy consumption in Abuja
Nigeria using simulation. The results indicated that insulated
roofs have better energy performance compared to an
un-insulated roof. The predictions suggested 25% reduction
using 4.5cm of Poly-ethane insulation [24].

A similar simulation result carried out in Saudi Arabia
showed 32% reduction using 5.0cm of moulded polystyrene
insulation and 27% for extruded [25]. For hot humid climates,
the roof is mostly affected by solar radiation because the
angle of solar radiation is overhead throughout the year
because the incidence angle is close to normal in the peak
periods of the day [26]. Therefore, ventilation of the roof
cavity by erecting roof and eave vents reduces heat build-up
and cools the building [21].

Several advantages of green roofs have been demonstrated
in research [27]. They provide insulation due to the soil and
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evapotranspiration which keeps the roof cool despite solar
radiation [23]. Green roofs serve as thermal insulation thus
reducing energy consumption while maintaining thermal
comfort. [28] also suggested that incorporation of green roof
improves the quality of water runoff.

However, complexity in the installation and maintenance
of green roof has resulted in consideration of some simpler
alternatives. A change in colour of the roof to a lighter colour
allows for reduction in energy demand due to the efficiency
of lighter colours in reflecting sunlight. White roof will be
cooler during hottest period thus reducing the energy demand
to cool the building because of its high reflectance quality
[29]. The illustrative case study in Fig. 3 shows the effect of
change in roof colour for a residential building in Australia.
The application of reflective white paint reduced the roof
temperature by 20 K on the afternoon of the second day, and
as well reduced the interior air temperature relative to the
ambient temperature. The interior temperature was 2.1 K
above the ambient before application of the white paint and
was 0.8 K above the ambient after the painting.

10 H H H H H H H

12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00
Time of day [h]

Fig. 3. Temperature measurement of 4 days before and after applying white

reflective paint Source:[30]

A significant reduction in energy consumption can be
achieved if a light-coloured roof is used for retrofits.
Previous numerical simulation argued that a light-coloured
roof reduces operative temperature and solar heat gain by
30% when compared with a dark roof. The energy consumed
when compared, is like energy consumed if a cooling system
is installed [30]. Roofs that are white can improve comfort
and yet reduce energy consumption.
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Fig. 4. Combination of eave and roof vents reduces heat build-up. Source:
[21].

[31] further analysed the thermal performance of
ventilated roof by calculating the amount of exhausted heat.
The study showed a difference in temperature of 37.5°C
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between the ventilated and non-ventilated cavity. [21]
concluded that the ventilation incorporated in the roof could
prevent accumulated heat and therefore reduces the cooling
load of the building as shown in [Fig. 4].

VII.

Windows connect the inside to the outside. It is also an
important factor that impact energy use in buildings.
Windows are used for ventilation, lightning and viewing
purposes. So, its size needs to be considered for the purpose
of solar radiation control [32]. Previous investigation on the
impact of window construction materials with a focus on the
type of glazing was carried out in Riyadh and Dhahran which
concluded that using appropriate glazing produces
significant energy reduction in hot climates [19]. Double
glazing is commonly used for external windows, but the
thermal performance of such window is determined by the
type of glass and the introduction of thermal breaker in the
system [33].

Studies further examined improving the performance of
double-glazed windows by filling the gap between the panes
of glazing with gas, use of low-emittance coating on glass,
and inserting a thermal breaker made of polyurethane. [33]
concluded that insulation with broken aluminium and
thick-walled plastic will satisfy the required minimum
temperature. Triple glazed window was however identified
as a veritable tool for energy saving, moreover they maintain
adequate levels of day-lighting in buildings.

Recommendations for window sizes in hot humid climates
vary [6]; [34]. Buildings with small windows are common
practice in arid zones to reduce solar radiation at the expense
of indoor lightning where large windows are used. Protection
from solar radiation becomes important [35]. Minimizing the
size of windows facing south and increasing the size of the
windows facing north have significant effects on energy
performance and improve brightness [36]. [37] extended
previous research by introducing shading to the windows, the
research was analysis was carried out by using simulation
tools and detailed weather data for Phoenix, Arizona in the
United States representing a hot and dry climate, four
different alternatives were generated for same model in the
simulation software, the calibration of the software is shown
in Table I below.

WINDOWS

TABLE |: BUILDING ALTERNATIVES DIMENSIONS AND SHADING CONDITION

[37]
Alternative Dimen- Floor Shading condition
zions (m) area
(m’)
Akternative (1) 72.0x36.0 235920 Double-glazed windows
. No zhading devices
Alternative (2) 720x360 235920 Double-glazed windows
. Fixead zhading devices
(overhangs)
. 1.5m projection
Alternative (3) 720x360 235920 e Double-glazed windows
®  Fixad :zhading devices
(overhangs and zide finz)
. 1.0m projection
Alternative (4) 72.0x36.0 235520 e  Electrochromic glazing
system
. No shadine devices

The results for the simulation in Table | above is shown in
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Fig. 5 below, it was concluded that alternative 4 shows have
the best performance among the tested alternatives based on
the reduction in solar heat gains of approximately 53-59% in
both winter and summer.

Solar Gains Comparison Among Alternatives
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Fig. 5. Monthly solar heat gains comparison among alternatives. Source:

[37].
TABLE II: SUMMARY OF RETROFIT INTERVENTIONS IN HOT HUMID
CLIMATE
_Element Retrofit Strategy Methodology Findings Location  Reference
Roof e Coating roofs white ~ Experiment *  Reduction of energy use  Atlanta, [43]

between 10% and 50% Chicago,

USA.

Use of reflective roofs
The albedo of the roof
was changed from

Savings of 2.2kWh/day
on energy required for

0.18t00.73ina cooling was achieved
residential building
Roof, *  Use of efficient Simulation ¢ The annual energy Riyadh, [18]
wall, and insulation in wall, consumption is reduced  Saudi
window roof, door, and floor. by between 15% and Arabia.
*  Efficient insulated 34% for each property
double or triple
glazing to prevent
massive direct solar
heat transfer.
¢  Extemal shading and
landscaping
Roof *  Application of cool ¢ Increase in roof solar Cairo, [4]
roof coatings reflectance by 0.65 from  Egypt.
*  Increase the roof solar application of a cool New Delhi,
reflectance coating, reduces loads India.
*  Change in roof colour by 8-48kWh/m2
to reflective white for ¢ Reduced the hours of
2 days discomfort by 9-100%
¢  Reduced maximum
temperature by 1.2-
3.7°C
Roof Experiment *  Roof temperature Townsville,  [30]
reduced by about 20 K Australia
on the aftemoon of the
second day.
¢  Room temperature was
lowered by 1.3 K
e Average ambient and
interior air temperature
changed from 21.8 and
23.9°Ct023.2 and
24.0°C respectively
Roof, s WallswithanR-value Simulation e Total energy Dhahranand  [31]
wall, and of 1.96 m2 K/'W was consumption was Riyadh,
window introduced. reduced by 15% and Saudi Arabia
* RoofswithanR- 18% for poorly
value of 5.88 m2 K/W insulated design in
was introduced Dhahran and Riyadh
*  Windows witha U- respectively.
value 0f 3.321 »  Total energy
Wim* K was consumption was
introduced reduced by 38% and
«  High performance 32% for well insulated
double glazing, and design in Dhahran and
0.35 ACH air Riyadh respectively.

infiltration

Although protection to windows can be achieved by
simple shading using vegetation, the lateral progression of
modern building tends to reduce this potential. Therefore,
shading elements in form of horizontal or vertical shelves
placed inside or outside can be used [38]. This shading device
according to [39] can be flexible modules to enable
adjustments, optimize day-lighting, and energy savings
potentials due to cooling loads as a result of heat gains.

The effect of different shading approaches on inside
temperature and solar heat gains protection were investigated
by using reveals, vertical fins, and overhangs. They showed
that window reveals were best for reducing solar gains and
reducing internal temperatures, followed by overhangs, and
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vertical fins respectively [40]. However, determining the
appropriate shading for buildings remain a complicated
process due to previous knowledge and understanding of the
sun movement, timing, and positioning in a location [41] .
Also, investigation on the importance of low emittance value
was carried out in three different climatic conditions, using
two types of buildings (sensitivity for small changes in the
emittance). The research concluded that reducing thermal
emittance by 2% to 3% and the solar radiation energy
transmittance by 2% to 3%, the energy performance of
external windows will be poor if the residential building is
south facing [42]. A summary of some retrofit strategies in a
typical hot climate is summarised in [Table I1]

VIIl. RENEWABLE ENERGY

To further reduce energy consumption in buildings after
exhausting the proper retrofitting of the building envelope,
cooling system that is highly efficient with low capacity can
then be installed. Significant progress has been made in the
area of renewable energy such as: wind energy and solar
radiation in form of photovoltaic or thermal application [43].
However, [44] argued that the recent trend involves
distribution  renewable  generation, energy storage
possibilities, and demand-side load management. They
concluded that adopting multi-generation system to produce
renewable energy will result in improved energy
performance.

[45] observed that there is a rapid increase in the
installation of building-integrated photovoltaics because
many nations are establishing some goals towards reduction
of energy consumption. To achieve these goals, existing
buildings are expected to incorporate energy efficiency,
savings, and optimal use of technologies such as photovoltaic
to generate energy naturally. Although photovoltaic
technology has great benefits for people, high penetration can
cause energy quality in the electricity network [46]. This
form of renewable energy is applicable and more efficient in
hot climates that have a huge amount of solar radiation.

A study analysed multi-family houses in different
locations in Brazil with an aim to discover the impact of
integrated photovoltaics system on energy consumption. It
was concluded that a large amount of energy can be
generated through vertical facades [47]. Introducing the
photovoltaic system on a roof top or the use of other
renewable energy bridges the gap between generation and
consumption of energy to the extent of achieving a
zero-energy building [48]. A photovoltaic panel according to
[49] can also improve the aesthetic value of a building when
introduced in its fagade. Photovoltaic cells work with high
efficiency and have a significant impact on the thermal and
electrical efficiency of a building. It was further argued that
photovoltaic cells with a supporting structure is cost effective,
it can be made of low-cost material without reducing its
performance [50].

Also, wind energy is a form of natural energy. Significant
innovations in wind energy technology have increased the
potential of energy generation through wind turbines [51].
However, there are arguments opposing wind projects, due to
issues surrounding the visual landscape and noise [52]. Wind
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turbine technology is said to be too visible and disruptive due
to its noise [53]. This technology has been found viable in
countries with excess wind energy but the level of acceptance
of this technology by people who live close to the location is
very low. [54].

IX. CONCLUSION

This review paper revealed that low energy retrofit
involves reducing energy needed in a building while
maintaining thermal comfort as well as reducing its impact on
the environment in terms of carbon emission. A review of
existing studies was carried out relative to evaluation of
significant know-how and techniques for retrofitting in hot
humid climate, existing literatures on energy performance
and retrofit interventions for hot humid climatic conditions.
Existing work showed that retrofit processes are more
effective when integrated into building envelope, although
the roof intervention was significant, the most effective and
efficient intervention was found to be the electrochromic
glazing system with no shading which reduces heat gain by
53%-59% in winter and summer. Future research would
benefit from creating several pathways through the
combination of various retrofit interventions for hot humid
climates. Future work could also test these pathways for their
respective energy performance by using dynamic thermal
simulation software to demonstrate the feasibility of adopting
the combination of the pathways towards a Net-zero energy
consumption in residential buildings for hot humid climate.
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