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Abstract 
Several studies have shown that the use of upcycled materials for construction is a viable intervention for delivering afford able 
and adequate housing in low-income communities. However, information regarding in-situ performance of buildings made from 
upcycled materials is scarce in the literature. This paper compares the thermal performance of a building with walls made of sand-
filled plastic bottles (Bottle House) with two other conventional buildings, one made of mud bricks (Mud House) and another 
made of sandcrete blocks (Cement House). In order to obtain the thermal sensation vote (TSV) of the occupants, thermal comfort 
questionnaires were developed based on ISO 7730 standard using the seven-point ASHRAE thermal sensation scale. Also, a Testo 
480 multifunction meter which comprised of an anemometer, radiant globe thermometer, air thermometer, and Relative 
Humidity probe, was used to concurrently calculate the predicted mean vote (PMV). From the results of the thermal sensation 
votes (TSV) based on occupant’s survey, mean vote from participants of -2.0, 2.0 and 2.5 were observed for the bottle house, 
mud house and cement house respectively. In comparison, using the extended PMV thermal comfort model better suited for non-
air-conditioned buildings in warm climates, adjusted PMV mean values of 1.9, 2.1 and 2.1 were recorded for the bottle house, 
mud house and cement house respectively. The TSV and PMV results both indicate that occupants of the bottle house felt more 
thermally comfortable when compared to occupants in the other dwellings. The results of this paper will provide evidence on the 
prospects of upcycling plastic waste for construction and its impact on occupant’s thermal comfort when  compared to 
conventional building materials.  

1. INTRODUCTION  
The climates in sub-Saharan Africa are largely tropical, with many cities reporting high average ambient temperatures, this 
consequently leads to extreme indoor thermal environments, which have been linked to negative impacts on health, wellbeing and 
productivity. This overheating challenge is more severe in low-income urban and peri-urban communities which are usually densely 
populated and poorly ventilated, due to the housing crises [1]. This challenge is expected to worsen, since the UN has predicted 
Africa to be the most vulnerable to the impacts of climate change.  

Research on using upcycled materials for building low-cost houses has been considered a viable solution to address inadequate 
housing in low-income communities[2]. Several scholars have reported using upcycled materials such as plastic waste [3–6], 
agricultural waste[7–9] and fibre waste[10–12].  The  comprehensive review  presented by [13]  shows that numerous studies 
have investigated the thermal performance of upcycled materials for constructing homes, however these have mainly been at 
the component level. A few studies [14,15] have predicted the performance of buildings from upcycled materials using simulation 
study, however, data on experimental in-situ measurements and/or  qualitative  studies are scarce. This paper contributes to 
filling this gap by reporting on thermal performance of a low-cost building made from upcycled plastic waste. It complements the 
few studies which have reported on thermal comfort in low-income dwellings in the developing world, such as [16] who studied 
thermal comfort in low- and middle-income dwellings in Abuja, Nigeria and [17] who did a similar study in Uganda. Furthermore, 
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this study makes a unique contribution as it compares the performance of the bottle house (which has an unconventional material 
as the envelope) with conventional buildings (mud and cement) [26].    

This study is part of the Bottle House project, which is an international, transdisciplinary, collaboration between academia, industry 
and end-users in a low-income community of Nigeria [2,6,18–20]. The project explored the design and building of an affordable, 
sustainable home from upcycled materials; the walls were constructed using plastic bottles, ceiling from used bamboo scaffolding 
and the floor was created from recycled tiles. The Bottle House, shown in Figure 1, is situated in Abuja, the Federal Capital Territory 
of Nigeria.  

 
Figure 1. Bottle house in Paipe, Abuja, Nigeria [2]. 

As this is a new building made using upcycled plastic bottles, no data is available on the post-occupancy thermal sensation of 
occupants in the Bottle house. This study seeks to encourage the adoption of the Bottle House for affordable housing by 
conducting a thermal comfort survey of these occupants as thermal comfort is an important parameter to consider for any 
building especially regarding building energy performance. This paper also compares the results obtained to typical building 
typologies found in the study area. Post occupancy evaluations to monitor indoor environmental conditions and assess occupants’ 
thermal comfort using surveys have similarly been done by [16,21,22]  using Predicted Mean Vote (PMV) and Thermal Sensation 
Vote (TSV) thermal comfort models. BS EN ISO 7730:2005 [23]  describes the Predicted Mean vote (PMV) as an index that predicts 
the mean value of the votes of a large group of persons exposed to the same environment on the 7-point thermal sensation scale 
(Table 1), based on the heat balance of the human body. The PMV thermal comfort model has been used extensively over the 
years in various studies and various climates. 

Table 1. Correlation between two ASHRAE short-term thermal comfort scale (TSV) and PMV [22,24].  

 TSV PMV 

Hot +3 

Short-term Warm +2 

Thermal Slightly warm +1 

Comfort Neutral 0 

Acceptable Slightly cool -1 

Range Cool -2 

 Cold -3 

 

According to Fanger and Toftum (2002) [43], the PMV model predicts occupants’ thermal sensation based on level of activity and 
clothing, and environmental factors such as air temperature, mean radiant temperature, air velocity and humidity. It has the 
advantage of including major factors affecting occupants’ thermal sensation regardless of HVAC system, indoor thermal 
environment, activity or clothing level. However,[22] explains that PMV overestimates thermal sensations in warm climates 
without considering human acclimatisation. PMV also has delimitation of not being able to evaluate occupants’ perception and 
hence the need for Thermal Sensation Vote (TSV) as utilized in this study. Likewise, PMV scale is the only scale correlated to TSV 
which can convert the verbal ranges to numerical values. According to [22], TSV allows for the evaluation of occupants’ thermal 
sensation and is based on the individual’s thermal perception. Another major reason for the discrepancy between TSV and PMV 
is that it is difficult to measure accurate values for metabolic rates and clothing insulation[25]. 
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2. MATERIAL AND METHODS 

2.1 CASE STUDY DESCRIPTION 
Abuja is situated in central Nigeria at latitude 9° 07 ′N and longitude 7° 48′ E, at an elevation of 840 m (2760 ft) above the sea-level 
and is located within the Savannah zone vegetation of the West African sub region with patches of rain forest [26,27].  Temperatures 
ranges from 12 °C to 40 °C during the dry Harmattan (dry and dusty) season (November – March) [16,26,27]. Precipitation ranges 
from 305 to 762 mm (12–30 in.) in the rainy season (April - October) [16,26,27].  Abuja's distinctive geographical features such as the 
high altitudes and undulating terrain act as a moderating influence on the weather of the city. In total five buildings were used for 
the data collection. Two houses built with cement blocks, two houses built with hand-formed mud and the Bottle house (Figure 
2). 

 
Figure 2. Buildings used for data collection (a) Cement (b) Mud (c) Bottle house.   

These were all selected from the same area in Paipe, Abuja. The external wall U-values for the Bottle House, Mud Houses and 
Cement houses were 2.94, 2.62 and 4.0 W/m2  [20]. It is noteworthy to mention that all the houses were naturally ventilated with 
some houses having mechanical fans to improve indoor comfort, although these were not in operation during the measurement 
period. 

2.2 ENVIRONMENTAL MONITORING AND THERMAL COMFORT SURVEY 
The calculated PMV estimates the mean response of occupants to their thermal environment and was determined using the six 
parameters; air temperature, mean radiant temperature (MRT), relative humidity (RH), air velocity, clothing insulation level (clo) 
and metabolic rate (met). The TSV on the other hand is the actual thermal sensation vote of the occupants and is obtained from 
the questionnaire results by asking the occupants to vote how they felt in relation to the ASHRAE 7-point thermal sensation scale 
[24]. 

During the field investigation each participant took part in a single experimental session in their living rooms. All of the dw ellings 
used the same experimental layout. During each session, measurements were taken both subjectively (using the ASHRAE 7 -point 
thermal comfort questionnaire [24]) and objectively (using a Testo 480 multifunction metre [28] that included an anemometer, 
radiant globe thermometer, air thermometer, and RH). To control the metabolic rate, participants were invited to sit down in 
their living room and either undertake sedentary work or rest during the sessions.[28] Manufacturer’s specifications of the Testo 
480 multifunction meter [28] is presented in Table 2 below. 

Table 2. Instruments for physical measurements. 

Name Parameters Measurement range Accuracy 

Testo 480 multifunction 
meter 

Air temperature 0 to +50 °C  ± 0.5 °C 

Mean radiant temperature 0 to +120 °C Class 1 

Relative humidity 0 to 100 % RH ± (1.8 %RH + 0.7% of m.v.) 

Air velocity 0 to +5 m/s ± (0.03 m/s +4% of m.v.) 

 

Thermal comfort questionnaires were developed based on BS EN ISO 7730 standard [2005][23] using the seven-point ASHRAE 
thermal sensation scale . These were administered to the occupants of the cement house, mud house and the bottle house (Figure 
3) with 3-4 adult respondents from each house.   
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Figure 3. Data collection from occupants (a) Cement (b) Mud (c) Bottle house. 

This data was used to estimate the thermal sensation vote (TSV) and compare to the Predicted Mean Vote (PMV) calculated for 
the occupants. Participants were asked to complete the questionnaires throughout the physical measurement period.  Data for 
both comfort survey and monitored readings were collected in April, which is the end of dry season and the beginning of rainy 
season in Nigeria. It is also one of the months with the hottest temperatures throughout the year. Average outdoor temperature 
in April is 28.6oC with maximum of 33.8oC and minimum of 24oC  [29] while the relative humidity is 57% [41]. 

3. RESULTS AND DISCUSSION  

3.1 THERMAL SENSATION VOTE (TSV) 
The TSV values were calculated based on the values recorded in the questionnaires. The responses to the questionnaire, which were 
used to calculate the TSV are presented in Table 3.     

Table 3. TSENS votes of building occupants. 
Partici
pant 

Q1: Your 
activity 

level 
now 

Q2: How are 
you feeling at 

this precise 
moment? 

Q3: Do 
you find 
this . . .? 

Q4: Please 
state how you 

would prefer to 
be now? 

Q5: How do you judge this 
environment (local 

climate) on a personal 
level? 

Q6: Please state your 
personal tolerance of 
this environment. Is it 

. . . 

Q7: Time of 
completing 
the survey 

 

P1 2 -2 2 -3 1 0 12:10  
BH P2 2 -2 0 0 1 0 12:12 

P3 2 -2 0 0 1 0 12:12 

         

P1 1 0 1 -3 3 2 12:30  
MH 

1 
P2 2 1 0 -2 1 0 12:30 

P3 2 3 3 -3 4 3 12:30 

         

P1 2 2 2 -3 3 1 13:00  
MH 

2 
P2 2 2 2 -2 3 1 13:00 

P3 2 3 3 -3 3 3 13:00 

P4 3 1 1 -2 1 1 13:00 

         

P1 2 2 0 0 1 0 11:42  
CH 1 P2 2 3 1 -3 3 0 11:42 

P3 2 2 0 -1 1 0 11:42 

P4 2 2 0 -1 1 0 11:42 

         

P1 2 2 0 -2 2 3 12:00 CH 2 

P2 2 3 0 -2 3 0 12:00 

 

These responses were obtained from all participants in the afternoon. As this was done inside their homes, the clothing worn by 
the participants was casual and also lightweight typical of hot climate regions. The women were dressed in a light blouse/t -shirt 
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and a skirt/ native wrapper while the men typically wore t-shirt and trousers or native kaftan typical of the local region. The 
average clothing insulation (clo) was 0.30 and the metabolic rate (met) was 1.0 (seated, relaxed) as indicated by majority of the 
participants. These values were calculated using the BS EN ISO 7730 standard [23]. This shows that their clothing and level of 
activity did not exaggerate their thermal perception [22,23]. All participants from the Bottle house indicated TSV of -2 (cool) while 
responses from participants in other house types ranged from 0-3 (neutral to hot) with those in the cement houses (CH 1 and 2) 
indicating only +2 and +3 (warm; hot). When asked how they would prefer to feel, most of the participants in the Bottle House 
(BH) indicated that they did not want any change while one occupant mentioned they would like to feel much cooler.  In contrast 
majority of remaining 13 participants indicated that they would rather be cooler or much cooler. This disparity is also observed 
in the TSENS votes for Q5 and Q6. 

3.2 PREDICTED MEAN VOTES (PMV)  
Fanger’s theory [30]  was used to calculate the PMV values using the measured parameters. The Predicted Mean Vote (PMV) and 
Predicted Percentage of Dissatisfied (PPD) values were calculated by the testing equipment (Testo 480 multifunction meter). The 
operative temperature for each dwelling was also calculated as the average of the air temperature and the mean radiant 
temperature according to ASHRAE Standard 55  [24].  From Table 4, it can be observed that the average air temperature for the 
Bottle house over the measurement period was 32.2°C and mean radiant temperature was 32.7°C with operative temperature of 
32.45°C. 

Table 4. Measured temperature and PMV values 

HOUSE TYPE Values MRT (°C) Air temp (°C) Calc. 
Operative 
temp (°C) 

RH (%rH) Air 
velocity 
(m/s) 

PMV 
Calc 

PPD Calc 
(%) 

Bottle House Mean 32.7 32.2 32.5 54.0 0.02 2.7 96.2 

Min 32.1 31.9 32.0 51.0 0.01 2.6 94.7 

Max 34.9 32.6 33.8 56.1 0.05 3.0 99.1 

         

Mud House 1 Mean 35.0 34.7 34.9 51.1 0.05 3.0 99.1 

Min 35.0 34.6 34.8 49.9 0.03 3.0 99.1 

Max 35.0 34.8 34.9 51.7 0.06 3.0 99.1 

         

Mud House 2 Mean 39.0 36.8 37.9 47.5 0.02 3.0 99.1 

Min 36.6 36.0 36.3 42.2 0.02 3.0 99.1 

Max 43.4 38.2 40.8 55.0 0.04 3.0 99.1 

         

Cement 
House 1 

Mean 33.7 33.2 33.45 60.4 0.02 3.0 99.1 

Min 33.5 32.8 33.15 59.5 0.01 3.0 99.1 

Max 34.4 33.5 33.95 61.0 0.03 3.0 99.1 

         

Cement 
House 2 

Mean 35.3 34.4 34.9 58.0 0.06 3.0 99.1 

Min 34.6 34.3 34.5 55.8 0.03 3.0 99.1 

Max 36.6 34.6 35.6 58.8 0.08 3.0 99.1 

 
These values are much lower than that recorded in the other dwellings. This could be attributed to the overall components of the 
building envelope in the Bottle house having higher thermal resistance compared to that of the other dwellings[20]. This is also 
evident in the different PMV recorded, with the Bottle house also recording lower Percentage of persons dissatisfied (PPD) than 
the other dwellings. The PPD is calculated based on the number of thermally dissatisfied people in a group using the predicted 
mean vote (PMV). Acceptable thermal sensations, according to the PMV model should typically fall within -1 and +1 on the scale  
[31] therefore, these values indicate that the occupants are uncomfortable as they fall between +2 and +3 on the PMV scale.  
However, the PMV model has been tested over the years and has been noted to better predict thermal sensations in air -
conditioned buildings when compared with non-air-conditioned buildings as it tends to overestimate the feeling of warmth [32]. 
This is supported by the fact that the thermal sensation (TSV) from the occupants in both the mud house and the bottle house 
are different from the PMV results recorded in Table 4.      

All three occupants of the bottle house voted -2 on the TSV scale (Table 3) indicating that they felt cool within the dwelling which 
according to two out of the three participants was comfortable while for one participant this was uncomfortable. However, the  
PMV calculated for these occupants ranged between +2.6-3.0 (Very Warm-Hot). Similarly, in the other dwellings, the PMV 
calculated was +3 for all occupants indicating that the indoor environment is hot and uncomfortable. The TSV results, in contrast , 
show that the occupants voted between 0 and +3 which signifies that they felt slightly warm to hot, except one person who felt 
neutral. Only 4 out of 16 participant’s true thermal sensation was accurately predicted by the PMV model. The difference is 
particularly glaring when comparing the thermal sensation votes for the occupants in the Bottle house to the calculated PMV. 
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This result can be compared to previous research in similar climates which show that the PMV comfort model overestimates the 
thermal comfort sensation of building occupants [33–35]. Hamzah et al. (2018) [34] carried out a survey of eight secondary schools 
in Indonesia using questionnaires to collect data in order to determine the thermal comfort of the students based on TSV. 
Although they recorded high air and radiant temperatures ranging from 28.2-33.6oC, 80% of the students surveyed reported that 
they were comfortable. The errors resulting from this over-estimation of PMV, however, can be combated by using the extended 
PMV model for "non-air-conditioned buildings in warm climates" developed by Fanger and Toftum (2002) [32] which considers 
the different expectations of building occupants. This is calculated by using an expectancy factor, e, for the region under study, 
in this case Abuja, Nigeria. The expectancy factor is used to multiply the recorded PMV and give a better e stimate of the thermal 
sensation of the building occupants in naturally ventilated buildings. According to Fanger and Toftum (2002) [32], for regions with 
year-round warm weather having no or few air-conditioned buildings, an expectancy factor of 0.5 or 0.7 respectively should be 
used. This study used the expectancy factor of 0.7 to get the adjusted PMV in Table 5.  

Table 5. Comparison of observed Thermal sensation votes (TSV) with new PMV model. 

 Expectancy 
factor, e 

Mean PMV 
recorded 

PMV adjusted to occupants’ 
expectation 

Mean Thermal 
Sensation votes 

BH 0.7 2.7 1.9 -2.0 

MH 1 0.7 3.0 2.1 2.0 

MH 2 0.7 3.0 2.1 2.0 

CH 1 0.7 3.0 2.1 2.3 

CH 2 0.7 3.0 2.1 2.5 

 
Using the extended PMV model brings the PMV values much closer to the TSV values as is evident in Table 5 above. On the PMV 
scale, +2.1 is considered ‘Warm’ which is a more accurate thermal sensation than ‘Hot’ (+3) which was initially recorded for the 
other dwellings. Furthermore, Fang et al. (2017) [36]observed in their study that with operative temperatures higher than 34oC, 
PMV is less accurate and discrepancy between PMV and TSV arises with increasing operative temperature.  It is noteworthy to 
mention that although the PMV adjusted to occupants’ expectation for the other dwellings are similar to the mean thermal 
sensation votes, that for the bottle house is different and is still significantly less than that recorded for the other dwellings. The 
slightly better performance could be attributed to the deliberate design features incorporated to improve thermal performance  
as detailed in [2]. These  include, water filled bottles to increase thermal mass, orientation of the building to improve natural 
ventilation  and light-coloured painted walls to reduce radiant temperature. 

4. CONCLUSIONS 
This study has considered the use of waste plastic bottles for housing construction for low-income householders in Nigeria which 
is novel when compared to existing research. The study went further to conduct post-occupancy surveys for the bottle house to 
determine thermal sensation votes (TSV) of the occupants and comparing this with the Predicted mean vote (PMV) calculated 
using experimental readings. These figures were also compared to two popular building typologies (mud and cement) which are 
typically found in this location. The results of this paper show that occupants of the bottle house felt thermally comfortable even 
though measured indoor conditions suggest otherwise. In any case, the bottle house had the best performance compared to the 
other houses. This was attributed to the intentional measures incorporated during the bottle house construction.   

Although this paper provides novel insights on in-situ thermal performance of  the bottle house, it has some limitations. One such 
limitation is the  sample size  as only  16 respondents in total,  therefore, further study needs to use a larger sample  size, with a 
longer term thermal comfort survey and environmental monitoring over different times / periods of the year not just during the 
hottest month. The TSV records short-term thermal perception of occupants, as such longer periods of observation and 
measurement will immensely improve the findings of this study. 
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