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ABSTRACT

This study focuses on the uncompleted multi-storey residential buildings located in hot
climates. This construction pattern is common in the case of incremental housing, where
additional floors are added to the building as housing needs grow. Top roofs in these
buildings are usually left without thermal insulation until the rest of upper floors are
erected. This causes higher thermal discomfort in the top flats compared to the lower
ones. Thus, the aim of this study is to investigate thermal effect of some proposed
temporary measures that are intended to protect these roofs from unwanted heat gains
until the rest of storeys are constructed. This has been carried out using thermal
modelling to find out the effect of these measures on the amount of heat transfer through
the roof in both summer and winter times. The analysis showed that it is possible to
achieve competent thermal protection of the top roof compared to the layered thermal
insulation using simple, cost-effective, and reversible measures. Among the examined
measures, covering the roof with white foldable sheets and the use of pergolas have been
found to be the most effective measures. In both cases, a reduction of 38% in conductive
heat transfer through the top roof in summer was observed compared to the unprotected
modelling case.
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INTRODUCTION

The concerns over the depletion of non-renewable energy sources have prompted
increasing research efforts in the field of sustainable architecture. Sustainable
architecture is a major component of the wider frame of sustainable development. This
concept is clearly expressed in the famous Brundtland definition, which states that
sustainable development is “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” [1]. This concept
shows the essential role of sustainable architecture considering the great amount of
resources consumed in the construction and operation of buildings. It is generally
estimated that about 50% of all resources globally consumed goes to the construction
sector [2]. Sustainable architecture necessitates that buildings should be energy efficient.
This means that energy consumption in buildings should be rationalised. Among the
techniques used in this regard is thermal insulation. Air conditioners began to spread in
the 1970’s. Since then, their efficiency significantly improved as a result of the
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technological developments [3]. However, the use of passive thermal design techniques
such as thermal insulation remains the first option for designers.

Thermal insulation is one of the most effective measures that help in improving
energy efficiency in buildings. The main aim of thermal insulation is to protect building
envelope from any unwanted heat transfer from/to the building. Heat transfer through
building envelope components can be controlled by the choice of appropriate materials.
These materials usually have high resistance R, to heat transfer from outside to inside and
vice versa. This technically means that these elements have low thermal conductance
coefficients, known as U-value or U-factor. This is the heat flow density (W/m?) with 1 K
temperature difference between air inside and air outside a building envelope element,
e.g. a wall, measured in W/m?K [4]. The main heat transfer process for solid, opaque
building elements occurs by conduction. This occurs as a result of the fast molecular
movement induced by heat in solid objects. Thus, elements of building envelope including
external walls, roofs, floors, and windows are all possible routes of this heat transfer.
These elements should be protected using well-designed thermal insulation to prevent
them acting as weak links or thermal bridges in the building [5]. In any of these elements,
such as the roof, conductive heat flow (Q) in Watts depends on the overall exposed surface
area of a building material (A), its U-value (U), and temperature difference between inside
and outside (AT) in Kelvin. These are given in the following simple equation:

Q=AxUxAT (1

Despite the fact that thermal insulation is useful for all building envelope elements,
roofs deserve more attention in this regard. Roofs receive a great deal of incident solar
radiation. This is because roofs are constantly exposed to solar radiation between sunrise
and sunset. This becomes more significant when the roof is horizontal or when its area is
large compared to the external area of the building. It is estimated that 60% of the gross
thermal transfer in buildings occurs through the roof [6]. Several strategies are used to
provide thermal insulation for the final roofs. This includes the use of typical layered
insulators such as polystyrene [7], the use of green roofs [8], the use of white painting [9],
and the use of moving air cavities [10].

Several studies have been carried out to investigate the role of thermal insulation to
protect buildings from unwanted heat gains. Alrashed and Asif [11] investigated some
factors that are related to the residential energy consumption with reference to Saudi
Arabia. These factors included weather conditions, types of dwellings, building envelops,
air-conditioning systems, and domestic appliances. A survey was carried out to analyse
the actual monthly electricity consumption in a sample of dwellings. The annual average
electricity consumption for the surveyed dwellings was found to be higher than the
standard value. The study recommended that the use of mini-split A/C systems, thermal
insulation and double-glazed windows are major factors that help reduce this
consumption by about 30%. Tettey et al. [12] calculated the effect of various insulation
materials on energy consumption and Carbon dioxide (CO;) emission in residential
buildings. The study examined a variety of insulation materials in a reference building
including mineral rock wool, glass wool, cellulose fiber, and expanded polystyrene.
Results showed a reduction of about 6-7% in primary energy use and 6-8% in CO>
emission when the insulator in the reference buildings was changed from rock wool to
cellulose fiber. This study recommended concluded that renewable-based materials can
effectively contribute to energy savings and GHG emission reduction.

Bevilacqua et al. [13] carried out an experimental investigation to find out the effect
of roof thermal insulation coupled with different vegetation strategies on the roof thermal
performances. This was done considering the Mediterranean climatic conditions. The
analysis showed that the investigated green roof was able to reduce the summer
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temperature at the interface with the structural roof by 12 °C on average. In winter, the
roof was able to maintain a value that is 4 °C higher on average. Asfour and Kandeel [7]
carried out a study of thermal performance modelling with reference to thermal insulation.
The study considered multi-storey residential buildings located in hot climates as a main
focus, where thermal insulation of external walls and roofs has been examined. This was
done using two types of thermal insulators. The numerical assessment carried out
revealed that the good use of thermal insulation in walls and roofs can effectively reduce
undesired heat gains and losses through building fabric, which help reducing human

discomfort throughout the year by about 17%.

It could be noticed that thermal insulation as a strategy of sustainability in buildings is
a common research topic. However, this study tackles the issue of thermal insulation
considering the case of temporary roofs, which is not a common topic in the literature.
The research question is how to protect temporary roofs in multi-storey buildings from
unwanted heat transfer. These roofs are not permanent, and thus not insulated using
permanent thermal insulation. Uncompleted multi-storey buildings are common in
housing sector, and could be commonly noticed in the urban environments of developing
countries. This is because construction of multi-storey residential buildings in these
environments has an incremental nature to serve the extended family social pattern [14].
This means that as the family grows, the building grows too. Thus, this study focuses on
the thermal protection of these uninsulated temporary roofs.

This is done with reference to the hot climate of the Gaza Strip, Palestine. The Gaza
Strip is characterised by a crowded urban environment as a result of its limited area
(365 km?). Its population is estimated at 1.88 million inhabitants [15], with a density of
4,661 person/km? compared to 481 person/km? in the West Bank, the northern
governorates of Palestine [16]. This high density resulted in a rapid increase in housing
land price [17]. As a result, green areas decreased and the use of air conditioning has
become a common practice. Unfortunately, the use of thermal insulation is not a common
practice in the residential buildings of Gaza. People in Gaza tend to build their houses in
the form of multi-storey apartment buildings. As mentioned above, these apartment
buildings are usually built according to the inhabitants’ present need. It is a common
practice that they do not build up to the maximum allowed height, which results in
uncompleted housing blocks. This causes several problems such as the uncompleted
facades, the unfinished exterior, and the uninsulated top roof. Taking the latter problem
as a focus of this paper, the top floor in this case usually suffers from excessive heat gains
in summer and excessive heat losses in winter [7]. The usual treatment is to apply thermal
insulation to this roof. However, it is a challenge to do so given that it is a “temporary”
roof. Thus, this paper aims at investigating this research problem through the modelling
of several possible solutions as explained in the “Research method”.

RESEARCH MATERIALS AND METHODS

This paper aims to investigate the effect of some proposed measures to protect the
temporary roofs of multi-storey buildings from unwanted heat gains in summer and
unwanted heat losses in winter. This is done with reference to the hot climate in the Gaza
Strip, Palestine. A numerical modelling has been carried out using the computerised
simulation. This modelling is particularly useful as it facilitates examining several design
alternatives and provides numerical performance assessment based on predefined
indicators. These proposed measures have been selected based on a field observation to
find out the common practices in this regard. The following roof protection measures
were concluded:

¢ Painting using white paint;

¢ Tiling using dark or light colour tiles;
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¢ Shading using pergolas;

¢ Shading using normal or high parapet;

e A combination of two or more strategies.

It is also possible to combine several strategies in this regard. For example, several
studies such as Brito and Santos [9], Ramamurthy et al. [18], and Arumugam et al. [19]
found that in hot climates, roofs with combined thermal insulation and reflective coating
is the best option. This combination could significantly reduce thermal insulation
thickness and thus reduce the cost and maximise energy savings. Numerical modelling in
this study is carried out using Ecotect program. This program is a common tool used for
conceptual thermal design. It helps designers to choose the best alternative in the early
design stage to secure better thermal performance [20]. This is consistent with the nature
of this study, which examines the preliminary effect of several thermal protection
strategies of temporary roofs. However, to obtain precise results, field measurements are
recommended to validate the simulation findings.

Ecotect offers several indicators of thermal performance, including heat gains and
losses analysis. Quantifying heat gains and losses for any defined thermal zone helps
designers to diagnose and treat unwanted heat transfer type. This includes heat transfer
between thermal zones, heat transfer due to ventilation, internal loads and occupancy,
solar exposure, and conduction. Given that heat transfer via conduction is the main focus
of the current conceptual study, heat gains and losses through the temporary roof
measured in kWh have been recorded. Factors that affect thermal conduction are
presented in equation 1 in the previous section. Considering that roof exposed area and
temperature difference are constants, variables of this study could be perceived as
follows: thermal properties of the roof as an independent variable, and summer heat gains
and winter heat losses through the roof as a dependant variable. Thermal properties that
are varied in the different examined protection strategies are as follows [21]:

e [-value (or Transmittance), which is varied as a result of changing roof layers.
U-value is measured in W/m?K, where lower U-value means less conduction and
better insulation;

e Thermal lag (or Time lag) is the time required for heat to flow from one side of the
building envelope element to the other. It is measured in decimal hours depending
mainly on the U-value;

e Solar absorption is a factor that varies between 0 and 1. It reflects the amount of
incident solar radiation that is absorbed by a surface, the roof here. This has been
varied through the alteration of roof colour.

In general, thermal simulation has been carried out considering the following

geometrical and thermal settings (Figure 1):

¢ A five-storey naturally ventilated residential building is assumed;

¢ Each floor includes two flats. Flat area is assumed 85 m?. The top flats are only
analysed;

e Each flat is assumed as a single thermal zone that accommodates 5 users in
sedentary status;

¢ Sensible gains are assumed 10 W/m?. Infiltration rate is assumed 0.5 ACH;
U-values of building elements are selected to match the commonly used materials in
Gaza. This is shown in Table 1.

The building was firstly modelled without any thermal protection of the top roof,
which presents the reference case. The building then was modelled with a typical layered
thermal insulation of the final roof using polystyrene boards, which presents the optimum
case. U-value of the insulated roof in these cases ceased from 2.19 to 0.76 W/m?K. Then,
the proposed protection measures were implemented and their effect on the building
thermal performance was recorded. The main parameter in evaluating the thermal
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performance of the different proposed measures is the reduction of heat gains through the
fabric (the opaque elements of roof and external walls). Given that the proposed
measures are only implemented on the roof, any change in the fabric heat transfer should

occur in the roof, since no changes were implemented to the external walls properties.

Sl

Figure 1. Perspective and plan of the reference modelling case

Table 1. Thermal properties of building materials used in the reference modelling case

Element Description U-value [W/m?’K]  Thermal lag [hrs]
Walls Concrete blocks with cement plaster 1.69 5
Windows Single glazed with aluminium frame 6.0 N/A
Ceilings 25 cm concrete slab covered with tiles 1.85 6.8
Final roof 25 cm concrete slab 2.19 6.8
RESULTS AND DISCUSSION

In Ecotect, the hourly heat gains/losses graphs display the magnitude of all the
different heat flow paths in the building. These are displayed over a 24-hour period for
any day in the year. This includes conduction loads through the fabric, which is our focus
in this study. Given that external walls’ conditions are not varied, the observed change in
the fabric heat transfer should be related to the different proposed roof protection
strategies. The average hottest day is used to represent the summer time, and the average
coldest day is used to represent the winter time. Figure 2 shows the obtained results. It
shows the average daily summer heat gains and winter heat losses through the top roof for
the western flat (top) and the eastern one (bottom) considering different protection
strategies. In general, no significant difference is observed between the two top flats.
However, heat gains through the top floor of the eastern flat are slightly less than the
western one. This could be attributed to the shading effect of the staircase, which is
extruded for an additional floor above the final roof. The shadow of the staircase covers a
significant area of the top roof of the eastern flat when the sun moves towards the west.
This is supported by the fact that heat losses through the top floor of the eastern flat are
slightly higher than the western one. This true for all the strategies examined in this study.
Thus, the rest of discussion will be limited to the western flat.

Full roof insulation strategy

It could be noticed in Figure 2 that the best reduction of the unwanted heat gains/
losses through the top roof is observed in the fully insulated roof case. The 25 cm slab in
this case is protected using the following layers: 5 cm of polystyrene boards, 5 cm of
foam concrete, 2.5 cm water proofing, 2.5 cm of sand, and 2.5 cm of cement mortar and
ceramic tiles. U-value of the insulated roof ceased from 2.19 to 0.76 W/m”K. As a result,
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the average daily fabric gains in summer decreased from 50.1 kW/h in the reference case
to 21.3 kW/h in the fully-insulated case. This means a reduction of about 57%. In winter,
a significant reduction is observed too. Average daily heat losses decreased from
—42.8 kW/h in the reference case to —27.2 kW/h in the fully-insulated case. This means a
reduction by about 35%. The observed improvement is much higher in summer since the
prevailing climate in the study area is the hot climate.

W Summer Fabric Gains [kW/h] @ Winter Fabric Losses [kW/h]

High Parapet
Short Parapet
Pergola

Dark Tiles
White Tiles
White Wash

Full Insulation

Ref Case

-60 -40 -20 0 20 40 60

W Summer Fabric Gains [kW/h] @ Winter Fabric Losses [kW/h]

High Parapet
Short Parapet
Pergola

Dark Tiles
White Tiles
White Wash

Full Insulation

Ref Case

-60 -40 -20 0 20 40 60

Figure 2. Average daily summer heat gains and winter heat losses through building fabric
for the western flat (top) and the eastern one (bottom) considering different roof
protection strategies

Roof painting strategy

As argued in the research method, full roof insulation is usually not implemented in
Gaza due to the fact that multi-storey buildings are usually constructed incrementally.
Thus, temporary protection strategies are more favoured in this case. The first strategy is
the use of white paint/cladding that is applied directly to the uninsulated roof slab. This
strategy means that solar absorption of the roof was reduced from 0.9 to 0.1. This in fact
has been found to have the most significant effect considering that no additional
insulation layers are applied to the roof. This is in agreement of Filho and Santos [9]
findings, which suggested that for subtropical climates, the application of white paint on
a roof that has no additional layers for thermal insulation is the best solution to reduce
energy consumption.
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As shown in Figure 2, the average daily fabricgains in summer decreased from
50.1 kW/h in the reference case to 30.2 kW/h in the case of roof painting. This means a
reduction of 39%. In winter, no significant change was observed. This means that the
benefit of this strategy is limited to the summer period since white paint is applied to the
external layer of the roof and has nothing to do with the heat escaping from the interior
through the roof. A possible alternative to assist the solar radiation to warm up the roof in
winter is the use of white sheets in summer that could be removed in winter time.

Roof tiling strategy

The use of white tiles is based on the same concept of the white painting strategy.
However, it secures additional layers of sand, cement mortar, and ceramic tiles upon the
roof which ensures better thermal protection. This reduces U-value of the roof from 2.2 to
1.8 W/m?K. Also, solar absorption of the roof was reduced from 0.9 to 0.1. This strategy
looks very effective and secures the best protection compared to the rest of strategies
(with the exception of full insulation strategy). However, it includes some costs that may
not be appropriate for the protection of temporary roofs (this is discussed at the end of the
study). As shown in Figure 2, the average daily fabric gains in summer decreased from
50.1 kW/h in the reference case to 25.9 kW/h in the case of using white tiling. This means
areduction of 48%. In winter, a significant reduction is observed too. Average daily heat
losses decreased from —42.8 kW/h in the reference case to —36.3 kW/h in the case of
using white tiling. This means a reduction of 15%. The use of dark tiles reduces U-value,
but not solar absorption factor of the roof. Thus, the observed reduction in fabric gains
has declined from 48% to 36%.

Roof shading using pergolas

This strategy offers a horizontal shading element that stretches over the top roof
(Figure 3). As there is no contact between the pergola and the roof, conductive heat
transfer value is independent of the pergola’s U-value. Pergolas can be constructed using
clay tiled roofs, membranes, or panels. As shown in Figure 2, the average daily fabric
gains in summer decreased from 50.1 kW/h in the reference case to 31.5 kW/h in the
whitewash case. This means a reduction of 37%. In winter, average daily heat losses
slightly increased from —42.8 to —43.7 kW/h. This shows that the effect of using pergolas
on conductive heat transfer through the roof is quite similar to the use white painting.
However, to benefit from solar radiation in winter, it is recommended to use foldable
pergolas that are easily removed during winter seasons. Figure 3 shows the resulting
incident solar radiation (insolation) on the roof at noon time of an average summer day. It
is clear that the majority of the roof receives low insolation levels (210 Wh) as a result of
the implemented shading strategy.

Figure 3. Roof shading using a pergola (left) and the resulting insolation on an average summer
day at noon time (right)
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Roof shading using parapets

A parapet is a barrier which forms a protection for roof users. In Gaza, flat roofs are
used in the residential buildings, where parapets are constructed in the form of 1.2 m solid
walls. Another less common option is to extrude this wall up to the full floor height, i.e.
3 m. The prospective windows are usually opened in this wall as voids. Both options are
examined here (Figure 4). Figure 2 shows that normal parapets have almost no effect on
the conductive heat transfer through the final roof. This is due to the limited shading
effect of such elements over the roof. However, extruding the parapet to the full floor
height showed slightly better performance, namely in summer. As shown in Figure 2, the
average daily fabric gains in summer decreased from 50.1 kW/h in the reference case to
46.4 kW/h. This means a reduction of 7% in summer heat gains through the top building
roof. Table 2 summarises summer and wintertime protection status as a result of using the
above-discussed protection measures of the temporary roof.

Figure 4. Roof shading using normal and extended parapets

Combined strategies

Finally, it is possible to maximise the observed positive effect of the above-discussed
strategies using a combination of two or more strategies. Several possibilities exist here.
However, the combination of the most two effective strategies is examined here. These are
the use of pergolas and white coating of the roof. These two strategies are easy to apply as
temporary insulation measures. As a result, a further reduction of summer fabric gains by
about 5% is observed. However, this is insignificant considering the additional cost of this
strategy as discussed in the following section.

A comparison between all protection strategies

Table 2 compares the different proposed protection strategies in terms of their
efficiency in summer and winter times. Although the hot climatic conditions are
considered in this study, the additional benefit of heat loss reduction in winter is desirable
too. Figure 5 shows the obtained fabric gain reduction per square metre for the top three
protection strategies compared to their normalised initial cost (USD/m?). This cost has
been estimated according to the local market price. The best scenario could be achieved
in the case of the highest protection and the lowest cost. Figure 5 shows that this is not
achievable because as protection, heat gain reduction, increases, the cost increases too.
The highest cost is observed in the full insulation case, which includes the cost of thermal
insulation, waterproofing, and top tiling. Costs of painting and shading strategies are
almost the same, and are much lower than the rest of strategies (USD 1 and USD 1.5,
respectively).

Thus, it is possible to notice that painting the roof or covering it with white foldable
sheets; and the use of pergolas are the most effective measures. In both cases, a reduction
of 38% in conductive heat transfer through the roof in summer could be observed
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compared to the unprotected modelling case. The tiling strategy offers higher protection
but at much higher initial cost (USD 15/m?). This means that every reduction in a heat
gain of 2 kWh through the roof requires an initial cost of USD 100. However, a further
energy consumption and payback analysis is required to find out if this cost could be
recovered in a reasonable period of time or not.

Table 2. Summer and winter time performance summery of using the different proposed protection
measures of the top roof

Protection strategy Reducing summer gains Reducing winter losses
Full insulation V

White painting
White tiles
Dark tiles
Pergola
Normal parapet

X X 2.2 <2 2 2

X
\/
\/
X
X
X

High parapet

== Summer Fabric Gains  —#&=Roof Protection Cost
[kWh/m?] [USD/m?]
0.60 .\ / 30
0.50 25
0.40 \ / 20
0.30 ‘5‘7/\- 15
0.20 10
0.10 / 5
0.00 +—& a7

Ref Case (No Shading Roof White Tiling Full
Protection) Using Painting Insulation
Pergola

Figure 5. The effect of the top three protection strategies on the summer fabric gains (kWh/m?)
compared to the estimated initial cost of each strategy (USD/m?)

CONCLUSIONS

Sustainable architecture is a major component of the wider frame of sustainable
development. One major aim of sustainable architecture to improve energy efficiency in
buildings. This is achievable using several techniques including thermal insulation.
Thermal insulation is not commonly used in the residential buildings of the Gaza Strip.
Taking the final roof as a focus of this study, one main reason of not insulating this
component is the local common practice of incremental housing construction.
Multi-storey residential buildings are usually constructed according the occupants’
current urgent need, leaving the “temporary” final rood uninsulated.

However, it is possible to notice that people use some techniques in treating this
temporary roof, which affect its thermal performance in one way or another. The effect of
these practices on occupants’ thermal comfort has been analysed using computerised
thermal modelling. The study found that it is possible to achieve competent thermal
protection of the top roof compared to the layered thermal insulation using simple and
reversible measures. These measures should be simple because they are temporary and
should not be expensive. They should also be reversible to avoid the wintertime penalty
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of preventing the deserved solar radiation from reaching the roof. However, the
wintertime penalty of using these protection measures has been found to be insignificant
compared to the great advantage obtained in summertime.

Among the examined protection measures, covering the roof with white foldable
sheets in addition to the use of pergolas has been found to be the most effective measures.
In both cases, a reduction of 38% in conductive heat transfer through the roof in summer
was observed compared to the unprotected modelling case. In addition, cost of these two
strategies is relatively low compared to the rest of the strategies. The observed reduction
of fabric heat gains in summer is a major advantage that would significantly reduce the
cooling load attributable to the roofs located in hot climates. A further field survey is
recommended to examine social acceptance and aesthetic impact of the different
proposed roof protection measures.
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