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Highlights

 Natural ventilation alone was not sufficient to achieve thermal comfort.

 Natural ventilation assisted with retrofitting methods are better solution. 

 A roof cover reduced convective fluxes by 70–80% in attic and 88% in room.

 The use of the roof cover is a zero-energy-consumption low-cost affordable method.

 Assisted air ventilation with ceiling fan improve thermal comfort effectively.



1 Abstract

2 Although various cooling approaches have been proposed to overcome the thermal discomfort in residential buildings, 

3 tropical developing countries still lack affordable and effective retrofitting methods. The objective of this study was 

4 to evaluate the effectiveness of an affordable retrofitting method with high-density polyethylene (HDPE) nets as roof 

5 covers for shading over the roof, supported by full day free-running ventilation, and heat insulation above the ceiling 

6 of residential buildings in hot–humid climate regions to overcome the thermal discomfort. Field measurements were 

7 carried out in a corner terrace house in Malaysia, from September to December 2018. The roof cover with HDPE nets 

8 maintained a consistent surface temperature at the roof tiles and reduced the convective heat flux by approximately 

9 70–80% in the attic and 88% in the room. Further, it improved the compliance (acceptability: 80%) of the whole-day 

10 mean operative temperature in the room (hot–humid climate) by 10%. The roof cover can effectively provide thermal 

11 comfort in residential buildings in Malaysia, which has a hot–humid climate. Alongside active cooling with the ceiling 

12 fan, required comfortable indoor temperature can be reached under the hot–humid climate, particularly during the 

13 night-time. Furthermore, the zero-energy-consuming, low-cost low-technology roof cover method is very suitable for 

14 low-cost houses with roof tile in hot–humid climate regions. 

15

16 Keywords: passive cooling, building retrofitting, free running ventilation, roof cover, thermal comfort

17

18 Abbreviations

19 ACE - Adaptive thermal comfort equation
20 ASHRAE - American Society of Heating, Refrigerating and Air-Conditioning Engineers
21 CFD - Computational Fluid Dynamics 
22 EN - European Standard
23 NV - Full day natural ventilation
24 NV-R - Full day natural ventilation with retrofit roof cover
25 NV-R-C - Full day natural ventilation with roof cover and heat insulation above ceiling.
26 NV-R-C-F - Full day natural ventilation with roof cover, heat insulation above ceiling, and mechanical 
27 ventilation with ceiling fan.
28 HDPE - High density polyethylene
29 PV - Photovoltaic
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1 1. Introduction

2 According to the United Nations [1], the electricity consumption corresponded to 19% of the total world energy 

3 consumption, 27% of which was used by households. Most of this energy consumption goes towards heating and 

4 cooling the residential buildings. The use of energy for building cooling exhibits the highest increase rate. According 

5 to a report by the International Energy Agency [2], the share of cooling in the total energy use in buildings has 

6 increased from approximately 2.5% in 1990 to 6% in 2016. For tropical countries such as Malaysia, in 2016, 11% of 

7 the electricity in the residential sector was consumed for space cooling [3], and the energy consumption was effected 

8 by outdoor weather conditions [4]. This fraction is expected to increase owing to the increasing demand for air 

9 conditioners, economic growth, and climate changes. 

10

11 1.1 Literature review

12 In recent years, smart-house technologies consisting of various energy-efficient appliances, roof-top photovoltaic (PV) 

13 solar panels [5,6], and home energy management systems [7] have attracted attention for the provision of energy-

14 saving, low-carbon comfortable indoor environments. However, such advanced technologies are not affordable for 

15 most developing countries in equatorial regions. As a more economical option, building retrofit strategies without the 

16 use of energy has attracted attention as an effective method to overcome the thermal discomfort [8–13]. Retrofitting 

17 of existing buildings offers significant opportunities for reducing energy consumption towards nearly zero energy 

18 levels [13,14] and is being considered as one of the main approaches to achieving sustainability in the built 

19 environment at a relatively low cost [12]. 

20 Tuck et al. [15] performed a field experiment on the indoor thermal environment of a terrace house in Malaysia and 

21 pointed out that free-running ventilation was not adequate to provide comfortable indoor thermal comfort without 

22 assistance from mixed-mode ventilation. The outdoor thermal environment significantly influenced the effectiveness 

23 of free-running ventilation. Ivan [16] found that building colour, shading system, night ventilation, controlled 

24 ventilation, roof coating, and eco-evaporative cooling are the most suitable retrofitting methods for extensive use in 

25 Mexico with a tropical climate. Lan et al. [17] found that natural ventilation with louvre windows offer a 32% 

26 improvement of thermal comfort in patient wards in Singapore.
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1 Houses in equatorial regions are exposed to large radiant heat gains at roofs due to higher solar altitudes during the 

2 day-time. The absorbed solar radiation (SR) by the roof is transported towards the interior space through conduction, 

3 convection, and radiation [18]. Heat gain from the roof contributed 70% of total heat gain in tropical houses [19]. A 

4 field study by Toe and Kubota [18] on a two-storey modern terrace house in Malaysia demonstrates that the surface 

5 temperature of the ceiling beneath the roof recorded the highest value during day-time that was 2.7 °C higher than the 

6 room air temperature. The daily maximum heat flow through the ceiling into the room was approximately 33.9 W/m2 

7 in the day-time [18], indicating that the large radiant heat gain at the roof contributed to the increase in indoor 

8 temperature. Tuck et al. [15] found that the primary source of heat gain in the top-storey rooms of a two-storey house 

9 was from the ceiling surface below the roof. The vertical distribution of the room air temperature exhibited a gradual 

10 increase towards the ceiling. Thus, the reduction in heat gain at the roof from the high SR is a key approach to decrease 

11 the room air temperature of a low-rise building in the equatorial region. 

12 Passive cooling through retrofitting techniques by using reflective and radiative roofs in tropical houses can decrease 

13 heat gain by facilitating the elimination of excess heat in a building's interior to maintain a comfortable environment 

14 [19]. Double-skin roof (two roof layers with an air gap between them) can be used to modulate the roof heating by SR 

15 [20]. The outer layer acts as a reflector or absorber of the SR, while the second layer covers the internal spaces [20]. 

16 The air gap between the two layers acts not only as insulation but also as an effluent pathway for the heat absorbed by 

17 the outer layer to move outwards under a tropical environment [20]. The double-skin roof reduces the heat gain by up 

18 to 71% in buildings in Singapore with a tropical climate [21]. The efficiency of a double-skin roof was increased by 

19 up to 85%, with an outer layer having high reflectivity in Djibouti City (hot arid climate) [22]. The performance of a 

20 double-skin roof was 28–34% higher than that of a normal single-layer-insulated roof for the reduction in heat gain 

21 into the building during day-time in Singapore [23]. 

22 Recent studies demonstrate that using PV panels as the outer layer of a double-skin roof can be an effective retrofitting 

23 method, which not only functions as a shading device but also absorb heat and convert it to electrical energy for usage 

24 or supplying back to the grid system [20,24,25]. The reduction in heat flux gain through the roof can be 60–63% [5], 

25 compared to that of an exposed roof. The estimated energy saving on the cooling load was approximately 6–7% for a 

26 building installed with a PV in Thailand in the tropical zone [6]. Although the rooftop PV promises to achieve an 

27 approximately zero net energy house [26], it is challenging to widely implement this approach in developing countries 
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1 owing to its high price. For example, the cost of installation of a PV system in Malaysia in 2019 was estimated to be 

2 1075–2030 USD/kW [27], which is equivalent to 64–122% of the mean monthly household income in Malaysia in 

3 2016 [28].  

4 On the other hand, as an alternative, various fabrics have been extensively used for shading in the building [29] and 

5 agriculture [30,31] sectors. Kachkouch et al. [29] evaluated the influence of a fabric sheet, used for shading the roof, 

6 for cooling and reported a reduction in ceiling temperature of 8.9 °C. Soni et al. [31], investigating the thermal effects 

7 of high-density polyethylene (HDPE) nets as greenhouse barriers to protect plants from the intensive SR, reported that 

8 the effect of shading could be controlled by the different percentage of openings in the nets. Although such fabric 

9 shading devices can be regarded as makeshift attachments rather than static building structures, the fabric shading on 

10 roofs is expected to be an affordable, effective retrofitting strategy in tropical developing countries, particularly for 

11 low-rise buildings such as single- and double-storey terrace houses.

12 In addition to the reduction in heat by a double-skin roof, the installation of a heat-insulation layer in the attic under 

13 the roof is an alternative method applied in tropical regions [20]. The insulated roof could reduce heat transfer through 

14 the ceiling by 80–90% [32]. By experimentally assessing the thermal performance of an insulated roof, Kachkouch et 

15 al. [29] demonstrated that the air temperature in the test cell reduced by 9.9 °C. 

16 Although it is widely known that solar heat gain through the roof is considerable in low-rise terrace houses [18–20,32] 

17 and solar shielding of the roofs [21,22] could reduce the primary heat gain in low-rise buildings, this common 

18 knowledge has not been implemented as affordable design for residential buildings in many developing countries, 

19 particularly low-cost houses, suggesting a knowledge gap between the academic community, the construction 

20 industry, and the policy makers.

21

22 1.2 Objective of the study

23 The objective of this study is to propose an affordable retrofitting method to improve the indoor thermal environment 

24 of low-cost low-rise buildings in hot–humid climate regions. It is an extension of the study done by Tuck et al. [15] 

25 on the effectiveness of free-running passive cooling strategies for indoor thermal environments on a real two-storey 

26 corner terrace house in Kuala Lumpur, Malaysia. 
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1

2 2. Materials and methods

3 2.1. Location and climate

4 The field measurement was carried out in a two-storey corner terrace house (Fig. 1a) in Taman Melati, Kuala Lumpur, 

5 Malaysia (3°13'10.3" N 101°43'33.9" E), from 2nd September to 16th December 2018. Kuala Lumpur is located in the 

6 equatorial region and has a tropical rain forest climate throughout the year. Terrace houses are the main type of living 

7 quarters in Malaysia and amount to 36.4% of the total living quarters in Malaysia [33]. Furthermore, in 2018, terrace 

8 houses propelled the new launches of residential property in Malaysia, accounting for 47.8% of the market volume 

9 [34]. Fig. 1b shows the monthly mean outdoor air temperature of Kuala Lumpur in the period of January to December 

10 2018, obtained from a weather station at Universiti Teknologi Malaysia, Kuala Lumpur campus, approximately 5 km 

11 away from the investigated house. The setup of the weather station was presented by Swarno et al. [35]. The mean 

12 outdoor air temperature and relative humidity (RH) were 28 ± 2 °C and 80 ± 7%, respectively. The results are similar 

13 to those reported by Khalid et al. [36] on the monthly mean outdoor temperature and RH variations throughout the 

14 year.

15

16 2.2. Investigated house

17 The total built-up area of the house was approximately 178 m2. The heights of the ground and first floors were 3.0 and 

18 3.2 m, respectively. Floor plans and elevation views of the house are presented in the report by Tuck et al. [15]. Table 

19 1 shows the characteristics of the investigated house.

20 The construction of the house was completed in 2004 with brick walls on a reinforced concrete frame structure. Table 

21 2 lists the building materials. The material of both floor slabs was reinforced concrete. The top-floor rooms were 

22 covered with a cement board ceiling and concrete roof tiles (Fig. 2). The U values of the ceiling board and roof tiles 

23 were high at 66.7 [37] and 70.8 [38] W/(m2·K), respectively. According to the manufacturer [37] of the ceiling board, 

24 the thermal conductivity is 0.3 W/m.K, and the thickness is 4.5 mm. With such a thin sheet of ceiling board, the U 

25 value is expected to be high. As expected, the U value is also high ( 70.8 W/(m2·K)) for the roof tiles that are made of 
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1 concrete having a thermal conductivity of 0.85 W/m.K, and a thickness of 13 mm. Notably, no insulation layer was 

2 incorporated in the envelope of the house, including floors, walls, roof tiles, and ceilings.

3

4 2.3. Measurement

5 Measurement was carried out in the master bedroom on the top floor, owing to its west-facing orientation and highest 

6 temperature in the investigated house [15] as continuity from the previous study. There were no occupants in the room 

7 during the period of measurement to eliminate any influence of human factors to the measurement. All windows of 

8 the room were fully open during the measurement to allow completely natural ventilation in the room while its door 

9 was closed. Four cases with different combinations of natural ventilation, passive cooling, and active cooling strategies 

10 were considered (Table 3). The process of measurement for four cases is shown in Fig. 3. The measurement in each 

11 case was carried out for five consecutive days, with intervals of approximately 20 to 30 days for the installation of 

12 retrofitting devices and materials. The whole measurement period was three months (September to December 2018). 

13 The first case was based on full day natural ventilation (NV) through the windows as a reference for comparison to 

14 the other cases. The second case (NV-R) involved full day NV and fabric roof shading, proposed by Abuseif and Gou 

15 [20], attached to the existing roof. This was performed to check the effectiveness of roof cover using HDPE nets to 

16 reduce heat gain on the roof. In the third case (NV-R-C), an insulation board consisting of fibre glass was installed 

17 above the ceiling board of the master bedroom on the top floor in addition to the NV-R setting. The addition of heat 

18 insulation board above the ceiling is to enhance the blocking of heat gain through the roof by having a second layer 

19 of filter to the penetration of heat. In the fourth case (NV-R-C-F), active cooling with a ceiling fan was used in addition 

20 to the above three strategies to improve natural ventilation by enhancing air movement in the room,  as highlighted by 

21 Tuck et al. [15]. In Malaysia, ceiling fan is the common fitting in the house for ventilation purposes. Most people will 

22 switch on the ceiling fan on hot days and during night time during sleeping.

23

24 2.4. Measurement setup

25 2.4.1. Instrumentation
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1 The outdoor air temperature (To), relative humidity (RHo), and wind speed (Vo) were measured in the open space 

2 beside the house [15]. Outdoor air temperature and relative humidity were measured at 1.5 (human height at the ground 

3 floor), 3.0 (height of the first floor), and 4.5 (human height at the first floor) m from the ground level to evaluate the 

4 outdoor vertical temperature profile. The external sensor was housed in a fan-aspirated solar shield to avoid the effect 

5 of the solar radiation. Simultaneously, solar radiation was measured at 4.8 m above the ground, while wind speed was 

6 measured at 5.0 m above the ground. The indoor air temperature (Ti), relative humidity (RHi), globe temperature (Tg), 

7 and air velocity (Vi) were measured in the master bedroom. Fig. 4 shows the measurement points (plan view; Fig. 4a) 

8 and types of climatic parameter measurements (cross-section view; Fig. 4b) in the master bedroom and roof. 

9 Fig. 5 shows the setup for each measurement. Indoor air temperature and relative humidity were measured at three 

10 different heights (0.5, 1.5, and 2.5 m) in the investigated areas (Fig. 5a) to represent the thermal environment above 

11 the floor, in the middle of the room, and below the ceiling. Indoor globe temperature and air velocity were measured 

12 at 1.5 m above the floor. The attic air temperature was measured at 0.8 m (1/3 of the attic height) and 1.6 m (2/3 of 

13 the attic height) above the ceiling level at the centre of the roof attic (Fig. 5b) to obtain the vertical variation in air 

14 temperature between the roof tiles and ceiling. The surface temperature of the roof tiles was measured at the bottom 

15 surface of a roof tile above the master bedroom (Fig. 5c). Simultaneously, the temperatures of the top and bottom 

16 surfaces of the ceiling board (Fig. 5d and 5e) were measured. The instruments used in these field measurements are 

17 listed in Table 4. All indoor and outdoor instruments recorded values at intervals of 1 min. The consistent readings of 

18 all instruments were verified before the measurements by comparison of their measured values. 

19

20 2.4.2. Retrofitting of a roof cover

21 A layer of black HDPE net with 90% shading (low transmittance and high absorptance on solar radiation) was set on 

22 top of the existing roof as a roof cover (Fig. 6) in all cases except for case NV. The net was supported with a timber 

23 frame (Fig. 6a and 6b). An air gap (thickness: 300–600 mm) was provided between the existing roof and roof cover 

24 to allow ventilation for cooling. The net was supported on a m2 grid timber frame (Fig. 6b) placed directly on 1 × 1 

25 top of the existing roof (Fig. 6c). In addition to the measurement of the indoor thermal environment (section 2.4.1), 

26 the surface temperature of the roof cover, temperature of the air gap, surface temperature of the covered roof tile (Fig. 
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1 6e and 6f), and surface temperature of the uncovered roof tile of the neighbouring house (Fig. 6d) were recorded as 

2 additional data in case NV-R.

3

4 2.4.3. Retrofitting of an insulation above the ceiling 

5 Fig. 7 shows a 50-mm-thick Rockwool slab with a density of 60 kg/m3, used as the heat insulation between the attic 

6 and rooms in cases NV-R-C and NV-R-C-F. It was set horizontally above the ceiling boards above the master 

7 bedroom. 

8

9 2.4.4. Mechanical assisted enhance air movement with the ceiling fan

10 In case NV-R-C-F, the speed of the ceiling fan at the centre of the master bedroom (Fig. 8a) was set to 2 (Fig. 8b), 

11 which is the normal speed set by the owner of the house and is equal to approximately 165 m/min (estimated from 

12 product specification for ceiling fan of 1500mm diameter), throughout the five days of measurement to assist in room 

13 ventilation. 

14

15 3. Results and discussion

16 3.1. Outdoor climatic conditions

17 The outdoor climatic variables, SR, To, RHo, and Vo, were converted to hourly averaged data and plotted against time 

18 (Fig. 9) for the four cases. In general, the outdoor climatic conditions were different among the four cases. As the 

19 target site was located at the equator, the times of sunrise and sunset during the measurement were fixed (7:00 and 

20 19:00, respectively). We could estimate the weather on each day by the diurnal variation in solar radiation. Among 

21 the four cases, the numbers of days having solar radiation larger than 800 W/m2 were not equal. Table 4 lists the 

22 average hourly solar radiation values and average daily outdoor air temperature for the measurements for five days of 

23 the four cases. The underlines indicate the days in the different cases having approximately equal solar radiation 

24 values. The last two days, in case NV, exhibited smaller solar radiation values owing to the heavy rain in the afternoon. 
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1 In addition, cases NV-R and NV-R-C-F had smaller solar radiation values than those of the other two cases. The 

2 outdoor air temperature also differed between the four cases; the days with smaller solar radiation values tend to have 

3 lower outdoor air temperature values, as expected. Fig. 10 shows the outdoor wind speed and wind direction for the 

4 four cases. Generally, the wind speed were low in the range of 0.5-2.1 m/s and wind blew from the southeast and 

5 southwest directions.

6

7 3.2. Indoor thermal conditions

8 Fig. 11 shows the hourly averaged indoor thermal variables, Ti, Tg, RHi, and Vi, of the master bedroom. Outdoor air 

9 temperature and the temperature difference between the indoor and outdoor, are also included for comparison. Apart 

10 from the influence of rain, the indoor temperatures in all cases were in the range of 27 to 33 °C, slightly lower than 

11 those in the previous study by Tuck et al. [15] (27–37 °C). As the globe temperature values were similar to the globe 

12 temperature values throughout the measurement (Fig. 11a), it can be assumed that a low specific radiation heat existed 

13 in the room. The weather conditions differed between the different cases and days. In particular, the fourth and fifth 

14 days of NV, the fourth day of NV-R, the fifth day of NV-R-C, and the third day of NV-R-C-F exhibited different 

15 trends in temperature differences between the indoor and outdoor (Fig. 11b) owing to precipitation.

16 On most days in the measurement period, indoor air temperature increased after the sunrise with an increase in outdoor 

17 air temperature. However, this increase was modest compared to outdoor air temperature owing to the shelter effect 

18 of the building envelopes. Accordingly, indoor air temperature was lower than outdoor during the day-time. The 

19 difference between indoor and outdoor air temperature had the largest value (approximately 3 to 5 °C) around noon. 

20 In the afternoon, indoor air temperature gradually decreased with the decrease in outdoor air temperature, but the 

21 reduction rate was small. Consequently, indoor air temperature exceeded outdoor around 15:00 to 18:00. During the 

22 night-time, indoor air temperature was higher than outdoor by approximately 3 to 4 °C owing to the heat storage of 

23 the building envelopes, except under heavy rain conditions. The opposite trend was observed for relative humidity. 

24 At night, the outdoor air exhibited a higher relative humidity than the indoor for all cases.

25 The comparison of the different cases for the days with relatively large solar radiation values shows that the daily 

26 negative peaks of temperature difference between the indoor and outdoor in the first three days, in case NV without 
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1 retrofitting, were 2 to 3 °C, higher than the cases with retrofitting. This implies that retrofitting reduced the room air 

2 temperature during the day-time. 

3 Fig. 11c shows that indoor air velocity exhibited a positive correlation with outdoor wind speed in all four cases. 

4 Nevertheless, indoor air velocity was very low in all cases without mechanical assisted enhancement in air movement 

5 using a ceiling fan (lower than 0.1 m/s), which was not beneficial for improvement in thermal comfort. The low indoor 

6 air velocity indicates that the air movement inside the room, created by case NV, was very low even at a moderate 

7 outdoor wind speed of 0.2–1.8 m/s. On the other hand, indoor air velocity in case NV-R-C-F with the ceiling fan was 

8 increased by approximately 0.2 m/s, compared to the other cases. 

9

10 3.3. Relationship between the indoor and outdoor air temperatures

11 To understand the relationship between the daily variations in indoor and outdoor temperatures in the different cases, 

12 the decrement factors (f) were calculated as [41]

13 f = (Ti,max − Ti,min)/(To,max – To,min), (1)

14 where Ti,max and Ti,min and To,max and To,min are the daily maximum and minimum indoor and outdoor air temperatures, 

15 respectively. Fig. 12 shows the relation between the decrement factor and the daily total solar radiation for each case. 

16 As decrement factor reflects the thermal attenuation of the building envelopes, a building with an airtight super-

17 insulation is expected to have a small decrement factor. In contrast, decrement factor for a building with excessively 

18 large ventilation between the room air and outside reaches 1. In our measurement, all four cases involved NV, and the 

19 building was thermally improved in terms of solar shading in the four cases. However, no significant differences 

20 between the four cases are observed in Fig. 12, probably owing to the short-term gusty rains, which were frequently 

21 observed in the afternoon during the measurement period. The typical sudden shower in the tropical region has a small 

22 spatial range and transient characteristic. Hence, we could not determine the exact time of the rain by using the 

23 precipitation data from the nearest metrological station. Nevertheless, for the days with daily total solar radiation  

24 values larger than 15 MJ/day, decrement factor in case NV was larger than those in cases NV-R and NV-R-C, which 

25 confirms the effectiveness of the retrofitting for the reduction in heat gain.  
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1

2 3.4. Comparison of the vertical temperature profiles in the master bedroom

3 The vertical profiles of the air temperature, from the floor of the master bedroom to the rooftop, are shown in Fig. 13. 

4 The presented values are the relative temperatures with respect to the floor of the master bedroom, time-averaged over 

5 the entire period, including the day-time (7:00 to 19:00) and the night-time (19:00 to 7:00). The temperature of the 

6 roof surface of the neighbouring dwelling directly exposed to the atmosphere is included for reference.

7 In the case NV, the room air temperature gradually increased with the height, during both night- and day-time. In 

8 contrast, the temperature above the inner surface of the ceiling board differed between the night- and day-time. In the 

9 day-time, the temperature considerably increased with the height and reached the maximum at the inner surface of the 

10 roof tile; the temperature difference between the attic and inner roof surface was particularly large, owing to the solar 

11 radiation heating. The temperature of the outer surface of the roof tile was lower than that of the inner surface, probably 

12 owing to the transient evaporation cooling upon the showers and heat storage of the tile. On the other hand, the 

13 temperature above the ceiling during the night-time exhibited a considerable decrease along the height direction, 

14 probably owing to the nocturnal radiative cooling. Nevertheless, considering the higher room air temperature than the 

15 outer roof surface temperature by approximately 4 °C during the night-time, the nocturnal cooling was not sufficient 

16 to exceed the heat storage to cool the room air, and thus was not an effective passive cooling method for this house.

17 In the case NV-R, the temperature gradient of the room air was smaller than in case NV, which implies that the 

18 reduction in solar heat gain at the roof could attenuate the indoor temperature variation. The temperatures of both sides 

19 of the ceiling surface were slightly lower than indoor air temperature during both night-time and day-time. Similar 

20 trends were observed in the other three cases with retrofitting. 

21 In the three cases with the ceiling insulation (NV-R-C and NV-R-C-F), we can confirm the effect of the insulation by 

22 the equivalent temperature of the inner ceiling surface in the day-time and night-time.

23

24 3.5. Effect of the roof shading on the thermal load 
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1 Fig. 14 shows the temperature differences between the roof surface and outdoor air, Tr = (Trst – To), during the day-

2 time after every 15 min under various solar radiation conditions. The temperature differences for the neighbouring 

3 roof without roof cover are also presented for comparison. The data were classified by two weather conditions, fair 

4 and raining days. The raining day was identified by referring to the time-series solar radiation data in Fig. 9a. An 

5 abrupt decrease in the solar radiation indicated rainfall in the considered period. The temperature differences between 

6 the roof surface and outdoor air for a fair day without the roof cover exhibited a positive correlation with solar 

7 radiation, as expected, and reached approximately 20 °C at solar radiation of 900 W/m2. In contrast, the increase in 

8 the temperature differences between the roof surface and outdoor air on a fair day with the roof cover was marginal 

9 (in the range of -2 to 4 °C). This suggests that the roof shading considerably reduced the surface heating by solar 

10 radiation. For the rainy days, the plot scatters were larger than those for the fair days. The large scatter in the case 

11 without the cover at a small solar radiation might be caused by the transient decrease in solar radiation due to the 

12 showers. The positive effect of the roof cover for the reduction in heat gain into the building is consistent with the 

13 studies by Zingre et al. [21] and Omar et al. [22] on shading by a double-skin roof.

14 To quantify the convective heat, which contributed to the increases in air temperatures of the roof attic and bedroom, 

15 the convective heat fluxes Qh [42] were estimated, 

16 Qh = hc(Ts −Ta), (2)

17 where hc is the convective heat transfer coefficient, Ts is the surface temperature, and Ta is the air temperature. 

18 Convective heat fluxes for the attic was calculated based on the temperature difference between the inner surface of 

19 the roof tile and air temperature in the attic. Convective heat fluxes between the ceiling and room was calculated by 

20 using the temperature difference between bottom surface of the ceiling and air temperature in the room. Fig. 15 

21 illustrates the convective heat fluxes between the roof tiles and attic air and between the ceiling board and master 

22 bedroom air. Convective heat transfer coefficient of the roof tiles was set to 3.87 W/m2·K (tilted surface), and that of 

23 the ceiling was set to 4.04 W/m2·K (horizontal surface [42]). 

24 Fig. 16 shows the time variation in estimated convective heat fluxes for four cases. In the case NV, the maximum 

25 convective heat fluxes from the roof tiles for the first three days was high (50–65 W/m2) at noon. On the fourth and 

26 fifth days, owing to the rain, convective heat fluxes from the roof tiles was substantially reduced. In the case NV-R, 

27 the maximum convective heat fluxes from the roof tiles at noon was considerably reduced to approximately 15–25 
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1 W/m2. Thus, the roof cover reduced the thermal load through convection by 60–70%. The data for NV-R-C and NV-

2 R-C-W do not considerably differ from those for NV-R.

3 For the master bedroom, the daily maximum convective heat fluxes in case NV was approximately 18–22 W/m2 (at 

4 13:00 with a time lag of 1 h compared to convective heat fluxes of the attic). In case NV-R, convective heat fluxes 

5 was considerably reduced to 1–4 W/m2. Fig. 17 shows the heat fluxes over 24 h on a clear day (first day of NV and 

6 NV-R). The pattern of the graph is the same as the finding by Singh et al. [43] on roof surface in summer in India with 

7 a peak heat flux of 68.1 W/m2. Furthermore, when the heat insulation slab was added to the ceiling, the maximum 

8 convective heat fluxes in the room was reduced to 2 W/m2. In contrast, the minimum convective heat fluxes in the 

9 room was measured at night-time when indoor air temperature was higher than bottom surface temperature of the 

10 ceiling. Convective heat fluxes increased from -6 W/m2 in NV-R to -3 W/m2 in NV-R-C. Similar to attenuation of the 

11 roof heating in day-time, the insulation of the ceiling attenuated the nocturnal radiation cooling from the rooftop at 

12 night-time. 

13 As the solar radiation values differed between the days and cases (Fig. 8a) owing to precipitation, fair days with similar 

14 daily total solar radiation of 14.7–16.1 MJ/day were considered for comparison of the scatter plots of Qh versus SR for 

15 the four cases (Fig. 18).The graph shows a significant reduction in convective heat fluxes in the attic with the roof 

16 cover. The maximum convective heat fluxes reduced from 70 to approximately 10 W/m2 (Fig. 18a) in the attic, and 

17 from 25 to approximately 3 W/m2 (Fig. 18b) in the room. However, during the night-time after the sunset at 19:00, 

18 even though solar radiation was zero, the heat absorbed in the roof tiles during the day acted as a heat source and 

19 contributed to the increase in attic air temperature through the convectively transported heat. For better comparison, 

20 particularly at night-time, a similar scatter plot of Qh against the equivalent outdoor temperature (Teq) is shown in Fig. 

21 18c for the attic and Fig. 18d for the room. Teq is expressed by To, SR, and solar absorptivity (a) of the roof tiles [44] 

22 (Eq. 3). The absorptivity of the orange light of the roof tiles was set to 0.6 [45].

23 Teq = To + a(SR/h). (3)

24 Fig. 18c,d shows the effects of solar radiation and outdoor air temperature for a whole day, including night-time. The 

25 effect of the roof cover on the reduction in convective heat fluxes in the attic was emphasised when equivalent outdoor 
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1 temperature was above 30 °C (Fig. 18c), and 25 °C (Fig. 18d) in the room. When equivalent outdoor temperature was 

2 below 25 °C, the room temperature was higher than outdoor, which led to a negative convective heat flux.

3 To further analyse the effect of the roof retrofitting on the indoor thermal environment, the temperature difference 

4 between the indoor and outdoor, ΔT = Ti – To, was plotted against Teq . Fig. 19 shows the negative correlation between 

5 equivalent outdoor temperature and the temperature difference between the indoor and outdoor. Even though the plots 

6 of the different cases were scattered and overlapped, the temperature difference between the indoor and outdoor were 

7 observed by comparing the four regression lines. The temperature difference between the indoor and outdoor, 

8 estimated based on the regression line, had the highest value in case NV when equivalent outdoor temperature was 

9 higher than 30 °C, while the lowest value was observed for NV-R-C-F, indicating that the three types of retrofitting 

10 and ceiling fan effectively reduced the room air temperature during the hot day-time with a large solar radiation. 

11 During the night-time at equivalent outdoor temperature below 26 °C, all cases exhibited large scatters. The 

12 temperature difference between the indoor and outdoor had the lowest value in case NV, which suggests that the 

13 influences of the retrofitting and ceiling fan on indoor air temperature were marginal.

14

15 3.6. Comparison of the indoor comfort temperatures by using adaptive comfort standards

16 Adaptive thermal comfort standards were used to evaluate the thermal measurement data. According to the various 

17 adaptive comfort standards, the acceptable indoor comfort temperature based on operative temperature for a naturally 

18 ventilated space can be predicted by using outdoor air temperature. The different standards use slightly different 

19 equations for the prediction of the comfort temperature. The American Society of Heating, Refrigerating, and Air-

20 Conditioning Engineers (ASHRAE) Standard 55-2017 [46] defines the acceptable thermal environment for occupant-

21 controlled naturally conditioned spaces based on a neutral value of operative temperature between the 80% upper and 

22 lower acceptability limits of operative temperature in the space,

23 Tcomf-op = 0.31Tmm + 17.8, (4)

24 where Tcomf-op is the indoor neutral Top (°C), and Tmm is the monthly mean outdoor air temperature (°C). In contrast, 

25 the European Standard (EN) 16798-1 [47] is based on a different equation for the calculation of acceptable indoor 

26 temperatures for buildings without mechanical cooling systems,
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1 Tcomf-op = 0.33Trm + 18.8, (5)

2 where Trm is the running mean outdoor air temperature (°C). Toe and Kubota [48] proposed an adaptive thermal 

3 comfort equation (ACE) for naturally ventilated buildings in hot–humid climates by using the ASHRAE RP-884 

4 database,

5 Tcomf-op = 0.57Tdm + 13.8, (6)

6 where Tdm is the daily mean outdoor air temperature (°C). Table 6 summarises the mean measured operative 

7 temperature, mean calculated operative temperature, and indoor neutral operative temperature values obtained 

8 according to ASHRAE Standard 55-2017, EN 16798-1, and the adaptive thermal comfort equation for the hot–humid 

9 climate for all cases. 

10 In Fig. 20, the outdoor air temperature and operative temperature values in all cases are plotted against the three 

11 comfortable temperatures predicted by the standards. In the case NV (Fig. 20a), operative temperature generally did 

12 not comply with ASHRAE Standard 55-2017 and EN 16798-1. However, for 38% (26% at night and 12% of day) of 

13 the period, operative temperature in case NV was below the acceptable comfortable indoor temperature predicted by 

14 the adaptive thermal comfort equation for a hot–humid climate. 

15 In NV-R (Fig. 20b), the values also did not comply with ASHRAE Standard 55-2017 and EN 16798-1. However, the 

16 compliance percentage was increased to 48% with respect to the hot–humid-climate adaptive thermal comfort 

17 equation. During the day-time, the percentage increased by 2% (to 14%), while during the night-time by 8%. Thus, 

18 the roof cover improved the thermal performance of the room by 10% compared to the case NV. 

19 Fig. 20c shows the results after the introduction of the heat insulation slab on the ceiling. For 39% of the period, 

20 operative temperature in case NV-R-C was below the acceptable comfortable indoor temperature predicted by the 

21 adaptive thermal comfort equation for a hot–humid climate. The compliance during the day-time was maintained at 

22 14%, but during the night-time, it decreased from 34% to 25%. The low performance of the heat insulation slab in the 

23 attic is not consistent with the findings by Kachkouch et al. [29], possibly as the earlier installation of the roof cover 

24 before the installation of the heat insulation slab has blocked most of the convective heat from the roof to the ceiling. 

25 The installation of the heat insulation slab above the ceiling did not block the heat from entering the roof during the 

26 day but prevented heat release through the ceiling at night. 
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1 In NV-R-C-F (Fig. 20d), the compliance percentage was very high for 92% of the period, operative temperature was 

2 within the acceptable comfortable indoor temperatures predicted by adaptive thermal comfort equation for a hot–

3 humid climate and 13% by EN 16798-1. Notably, the compliance reached 100% of the adaptive thermal comfort 

4 equation for a hot–humid climate during the night-time. The increase in indoor thermal comfort temperature by the 

5 ceiling fan is consistent with the study by Nicol et al. [49]. In his review on the effect of wind on the thermal comfort, 

6 Rijal [50] has concluded that the increased wind velocity increases the comfort temperature, particularly in hot and 

7 humid climate regions. Table 6 summarise the compliance of operative temperature in the room to ASHRAE Standard 

8 55-2017, EN 16798-1 and ACE hot-humid for the four cases of study.

9

10 4. Conclusions

11 The objective of this study was to evaluate the efficiencies of the various retrofitting methods for the improvement in 

12 the indoor thermal environment of the terrace house, particularly by using the roof cover under the hot and humid 

13 climate.

14  Complete ventilation was not sufficient to achieve the predicted comfortable indoor temperatures. However, 

15 with respect to the adaptive thermal comfort equation for a hot–humid climate, for 38% of the period, 

16 compliance of Top was achieved in case NV.

17  The roof cover reduced air temperature in attic by approximately 1.4 °C on average for a whole day and by 

18 up to 3.5 °C in the day-time. In the room, the reduction was 0.8 °C on average for a whole day, but there was 

19 no reduction during the day-time.

20  The roof cover reduced the convective heat fluxes in the attic and room by 70–80% and 88%, respectively. 

21  The building retrofitting with the roof cover increased the compliance with the ACE for a hot–humid climate 

22 by 10%. 

23  The heat insulation above the ceiling was not effective for the blockage of heat from the roof. It did not 

24 improve compliance (maintained at 14%) during day-time. During night-time, the compliance was further 

25 reduced from 34 to 25%. The heat insulation slab trapped the heat in the room and prevented its escape from 

26 the roof through the ceiling.
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1  The active cooling with the ceiling fan effectively achieved the required comfortable indoor temperature 

2 under the hot–humid climate, particularly during the night-time.

3 This study shows that the roof cover can effectively provide thermal comfort in residential buildings in Malaysia 

4 having a hot–humid climate. The low-cost installation (3.6 USD/m2 including materials and labour) of the HDPE net 

5 as the roof cover (compared to 167–310 USD/m2 for the PV installation) is affordable for most house owners in 

6 Malaysia. The proposed zero-energy-consumption low-cost method is suitable for landed houses in the Southeast 

7 Asian regions with hot–humid climates. Furthermore, for remote areas without electricity, the roof cover can provide 

8 an effective means of passive cooling. Further studies can be conducted on the application of the roof cover in 

9 traditional houses in Southeast Asia.

10 The limitation of this study was the durability of the material used as the roof cover. The HDPE net will deteriorate 

11 gradually with time because it was originally designed for temporal use in agriculture. It is also weak against  strong-

12 wind, which should be also noted, although strong weather events such as typhoons and hurricanes rarely occur in the 

13 tropics. Therefore, to widely implement this roof cover system, it is necessary to select appropriate materials that can 

14 withstand long-term outdoor use and to develop a fixing details that can be easily attached and detached in strong 

15 winds. Furthermore, no precipitation data were collected in this study. Thus, it is strongly recommended to include a 

16 precipitation study in any future research related to thermal comfort. 
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2 Fig. 1 Location and climate of the investigated house. (a) Map of the region around the investigated house (Google Maps, 2019). (b) Monthly mean 

3 outdoor air temperature and RH obtained from the weather station at Universiti Teknologi Malaysia in Kuala Lumpur, Malaysia. The error bars 

4 indicate the corresponding standard deviations for each month.
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4 Fig. 4 Setup of the measurement in the master bedroom and attic above the room. (a) Measurement points in the master bedroom. (b) Cross section 

5 of the master bedroom and roof, which indicates the measurement points vertically from the floor up to the roof. Tcsb: ceiling bottom surface 

6 temperature, Tcst: ceiling top surface temperature, Tr: attic air temperature, Trsb: roof bottom surface temperature, Trst: roof top surface temperature.
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5 Fig. 8 Case NV-R-C-F. (a) Ceiling fan at the centre of the master bedroom, (b) whose speed was set to 2 (approximately165 m/min).
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1 Fig. 9 Outdoor climatic data for the investigated house. (a) SR, (b) To and RH, and (c) Vo.

2

3

4

5

6

7

8

9

10

0
200
400
600
800

1000
SR

 (W
/m

2)

NV NV-R NV-R-C NV-R-C-F



7

(a) (b)
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1 Fig. 10 Wind speed and wind direction for (a) NV, (b) NV-R, (c) NV-R-C, and (d) NV-R-C-F.
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1 Fig. 14 Temperature difference between the roof top surface and outdoor air in case NV-R, which shows the effect of the roof cover.
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4 Fig. 15 Convective heat fluxes between the roof tiles and attic air and between the ceiling board and master bedroom air. 
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Qh1 = h1(Trsb – Tr)

Qh2 = h2(Tcsb – Ti)

h1: convective heat transfer coefficient from the roof 
tiles

h2: convective heat transfer coefficient from the 
ceiling board

Qh1: convective heat flux that heats the air of the space 
between the roof and ceiling

Qh2: convective heat flux that heats the room air
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1 Fig. 16 Convective heat fluxes in the master room and attic.
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1 Fig. 20 Comparison of the operative and outdoor air temperatures to the temperatures predicted by related international standards. 
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1

2 Table 1 Characteristics of the investigated house.

Characteristic Master bedroom Bedroom 2 Bedroom 3 Family area Living area Dining area

Level First First First First Ground Ground

Orientation of the external wall West East East/South South West South

Floor area (m2) 15.2 9.6 9.6 16.3 15.2 15.7

External wall area (m2) 8.1 6.2 16.6 17.7 6.3 9.3

Window area (m2) 2.9 2.2 3.6 1.5 3.6 1.8

Window-to-wall ratio 0.36 0.35 0.22 - - -

External-wall-to-floor ratio 0.53 0.65 1.73 - - -

3

4

5 Table 2 Building materials of the investigated house.

Component Material (structure) U [W/(m2·K)]

Window Aluminium-frame-fixed single clear glass casement window 5.7 [39]

Door 35-mm-thick solid hardwood panel door 4.9 [38]

Ceiling (first floor) 4.5-mm-thick cement board 66.7 [37]

Wall 114-mm-think brick wall with 18-mm-thick cement plasters on both sides 3.1 [38]

Floor (ground floor) 150-mm-thick reinforced concrete slab with a 15-mm-thick broken marble finish 0.9 [38]

Floor (first floor) 150-mm-thick reinforced concrete slab with a 5-mm-thick hardwood parquet finish 1.0 [38]

Roof 12-mm-thick concrete roof tile 70.8 [40] 

Shading device to window Canopy roof with concrete roof tiles  –

6 Note: The U values are based on common building materials in Malaysia [37–40].
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1

2 Table 3 The four cases of study considered.

Case NV NV-R NV-R-C NV-R-C-F

Strategy Passive cooling Combination of passive 
cooling and building 
retrofitting

Combination of passive 
cooling and building 
retrofitting

Combination of passive 
cooling, building retrofitting 
and active cooling

Method Full day natural ventilation Full day natural ventilation 
with a retrofit roof cover

Full day natural ventilation 
with a roof cover and heat 
insulation above the ceiling

Full day natural ventilation 
with a roof cover, heat 
insulation above the ceiling 
and mechanical assisted 
enhanced air movement with a 
ceiling fan

Date of 
measurement

3/9/2018–7/9/2018 29/9/2018–3/10/2018 30/10/2018–3/11/2018 10/12/2018–14/12/2018

3

4

5

6

7

8

9

10

11

natural 
ventilation 

roof cover 

heat insulation

ceiling fan 

heat insulation

roof cover roof cover 

natural 
ventilation 

natural 
ventilation 

natural 
ventilation 
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1 Table 4 Used instruments.

Space Instrument Parameter Manufacturer, country Sensor type Resolution Accuracy and range

Indoor Thermo-recorder 

U12-013

Ti

Tg 

RHi

Onset, USA External sensor tmc1-hd 

External sensor tmc1-hd 

+ 40-mm black sphere

Internal sensor

0.03 °C

0.05%

± 0.35 °C [0 to 50 °C]

± 2.5% (10 to 90%)

Hot-wire anemometer Vi Kanomax, Japan Needle probe 6542-2G 0.01 m/s The larger value between ± 

2% of the reading and ± 

0.015 m/s

Data logger GL820 Ti Ts Graphtec, Japan Thermocouple type k ± (0.05% of the reading +1.0 

°C) 

Outdoor Thermo-recorder 

U12-013

To

RHo

Onset, USA External sensor tmc1-hd

Internal sensor

0.03 °C

0.05% 

± 0.35 °C [0 to 50 °C]

± 2.5% (10 to 90%)

Ultrasonic 

anemometer 

HD52.3D

Vo Deltaohm, Italy Ultrasonic 0.01 m/s ± 0.2 m/s or ± 2% [0 to 35 

m/s], ± 2% [>35 m/s]

Pyranometer CM11 SR Kipp & Zonen, Netherlands Sensitivity: 7 to 14 µV/W/m²

2

3

4 Table 5 Average hourly SR values and daily To averages for the four cases.

NV NV-R NV-R-C NV-R-C-F

SR (MJ/day) To (°C) SR (MJ/day) To (°C) SR (MJ/day) To (°C) SR (MJ/day) To (°C)

Day 1 17.5 27.2 14.7 28.5 19.5 28.3 10.4 26.8

Day 2 21.6 28.0 10.9 28.8 15.3 27.9 15.1 27.1

Day 3 14.9 27.4 12.1 27.5 15.6 28.4 13.9 26.8

Day 4 4.1 25.0 11.9 27.5 19.5 27.5 10.8 27.4

Day 5 7.9 25.5 11.8 27.3 11.4 26.7 10.3 26.5

Average 13.2 26.6 12.3 27.9 16.2 27.7 12.1 26.9

5 The underlines indicate the days in the different cases having approximately equal SR values.
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1 Table 6 Compliance of operative temperature to ASHRAE55-2017, EN16798-1 and ACE hot-humid for the four cases.

Case NV NV-R NV-R-C NV-R-C-F

Compliance of Top to ASHRAE 
Standard 55-2017

No 
compliance

No 
compliance

No 
compliance

No 
compliance

Compliance of Top to EN 16798-1 No 
compliance

No 
compliance

No 
compliance

13%

Compliance of Top to ACE for hot-
humid climate

38% 48% 39% 92%

2




