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Abstract— The Climate Change scenario projected by the IPCC for the year 2050 predicts noticeable rise in temperature and this would have very 
negative effects on thermal comfort in the existing buildings. The present study assessed the thermal comfort and energy demands in workplaces 
intending to provide sustainable solutions for improved health and reduced energy consumption via the use of building materials. Data on indoor-heat 
stress, workers, thermal comfort and excess energy consumed for cooling was collected from select workplaces. The average Wet Bulb Globe 
Temperature during summer in the high heat, medium heat, and low heat industry were 31° C, 30 °C & 29 °C and  in overall 66% of workers exceeded 
above safe limit and thermal discomfort was perceived by 56% of workers who had higher odds of self-reported health symptoms (Adj. OR=8). An 
increase in energy demand corresponding to the heat level in the industry was observed. Use of vacuum insulation panel, phase change materials, 
aerated autoclaved concrete & polymer skin incorporated in the building envelope and passive envelop design has been proven to largely improve 
thermal comfort as a passive sustainable solution in the rising temperature scenario. 
 
Index Terms— Climate Change, building materials, Energy Demand, Passive Energy Saving, Thermal Comfort. 

——————————   ◆   —————————— 

1 INTRODUCTION           
The world has been experiencing a significant increase in daily 
average temperatures per decade and climate change 
scenarios are projecting a high probability of more frequent 
heat waves [1]. Invulnerable regions, like Southern India, 
where most of the residential buildings still rely on natural 
ventilation for cooling, impact on thermal comfort can be 
significant in terms of health, well-being and also energy 
consumption. There is recent evidence of overheating of 
buildings leading to extreme indoor discomfort leading to heat 
stress and even death [2-3]. In the context of climate change, 
and the view of predictions made by Intergovernmental Panel 
on Climate Change (IPCC), the rise in temperatures across 
the globe is expected to adversely affect the thermal comfort in 
the workplaces, health of the workers [4] and energy 
consumption [5]. American Society of Heating, Refrigerating 
and Air Conditioning Engineers (ASHRAE) Standard 55 
defines thermal comfort as “that state of mind which expresses 
satisfaction with the thermal environment.”It involves the well-
being of the occupants in a particular environment for a 
particular climate about their capacity to adapt to thermal 
equilibrium, physiological, psychological and behavioral 
changes [6]. A study by Venugopal et al., 2015 has shown that 
raise in temperature is likely to subject nearly 60% of the 
working populations in India to thermal discomfort in their 
workplaces [2]. As outside temperatures become higher, 
indoor comfort decreases and hence the need to provide 
cooling interventions increases [7]. Buildings are responsible 
for around 35% of India’s total energy consumption, and this is 
increasing by 8% annually [8].  HVAC (Heating, Ventilation and 
Air Conditioning) systems account for 31% of the energy used 
by commercial buildings for cooling to improve indoor comfort.  
Air conditioner purchases in India are currently growing at 
20% per year, with about half of these purchases attributed to 
the industrial sectors [9]. A typical room air conditioner uses 20 
times as much electricity as a ceiling fan and 10 times as 
much as a typical evaporative cooler. A study by Sivak, 2009 
on energy demand estimated that the potential cooling 
demand in Mumbai is one-quarter of the demand for the entire 
United States [10]. Average energy use per unit area due to 
the operation of HVAC systems in conditioned buildings in 
India currently lies in the range of 120e290 kW h/m2/year. If 

not improved, total energy usage for providing AC in buildings 
is expected to grow to 1547 TW h in 2030 [8]. A study showed 
recently that the energy used for space heating and cooling 
can be expected to increase in India by 85% from 2005 levels 
to 2050 if the buildings continue to be operated and built as 
they are done today [10]. Hence with this background, the 
present study aimed to provide sustainable solutions using 
building material to improve the thermal comfort level in 
occupational settings for improved health & safety outcomes 
with co-benefits of reduced energy consumption. 
 

2 MATERIALS AND METHODOLOGY 
2.1 Study Design 
The study used a cross-sectional study design to assess heat 
stress, thermal comfort of workers and energy consumption 
towards cooling for two seasons, once during the “summer” 
(May, June & July) and another during the “winter” (January, 
February & December), in 6 occupational sectors. The study 
locations were located in 2 cities of India (Chennai & Salem in 
Tamilnadu). The occupational sectors were classified 
according to the cooling provision provided viz., use of air 
conditioner to provide thermal comfort and use of mechanical 
devices/fans to provide thermal comfort. The sectors were 
categorized as high, medium and low heat industry (based on 
the heat-generating processes) only for estimating the energy 
consumption pattern concerning cooling. The study was 
conducted with five objectives I) profiling the indoor heat 
stress in the selected workplaces II) understanding the 
workers” perceptions on indoor thermal comfort III) estimating 
the excess energy consumed and cost incurred to provide 
cooling interventions to improve thermal comfort of workers IV) 
projecting the rise in indoor heat stress in the climate change 
scenario and finally to provide V) a sustainable solution by use 
of passive building materials to improve thermal comfort that is 
sustainable. Prior ethical clearance from the Institutional 
Ethics Committee (IEC) and permission from the concerned 
industry was obtained for the study. The risks and benefits of 
participating in the study were explained to the workers and 
signed informed consent was obtained. A walk-through audit 
was done in each workplace to identify sampling locations for 
heat monitoring and to make observations about the 
workplace ventilation and existing cooling provisions. Both 
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qualitative and quantitative data were collected on different 
days when work was in progress. 

 
2.2 Profiling the indoor heat stress 
Profiling the indoor heat stress in the occupational sectors was 
done using the quantitative data on heat stress exposure via 
measurements of the Wet Bulb Globe Temperature (WBGT) 
using a portable heat stress monitor, (QuesTemp 34; QUEST 
Technologies, Oconomowoc, WI, USA), which has an 
accuracy level of ˘ 0.5 ˝C between 0 ˝C and 120 ˝C of dry bulb 
temperature and ˘ 5% relative humidity (RH) between 20% 
and 95% RH. The WBGT combines the effect of the four main 
thermal components affecting heat stress: air temperature, 
humidity, air velocity, and radiation, as measured by the dry 
bulb, wet bulb, and globe temperatures. Globally, the WBGT 
index is the most commonly used heat index in heat stress 
assessments [11-12]. 
 
2.3 Understanding the current worker's perceptions of 

indoor thermal comfort 
Thermal comfort data were recorded using a questionnaire 
adapted from [13]. The questionnaire had workers' 
demographic details like age, gender, education status and 
other details like type of work as per [14], workers” exposure 
to heat, health impacts, impacts of clothing, coping 
mechanisms and thermal responses like indoor humidity & 
ventilation status. 

 
2.4 Energy consumption and costs incurred for providing 

cooling systems 
Monthly data on energy consumption in the industries were 
collected from the high, medium and low heat industries with 
and without air conditioners to compare the energy 
consumption pattern. The current energy consumed and the 
cost incurred for it was collected from the respective 
occupational sector for 3 years (2015, 2016 and 2017) from 
their records. The selection of industries in each category was 
based on similar manufacturing processes but one with and 
another without cooling provision. The energy consumption 
and the cost incurred were estimated based on the number of 
units of electricity used seasonally. 

 
2.5 Projections of future indoor heat stress in the climate 

change scenario  
Indoor WBGT was calculated by assuming the Globe 
Temperature (GT) and Relative Humidity (RH) to be same as 
the measured value and to the measured Dry Bulb 
Temperature (DBT) which was obtained from the portable heat 
stress monitor, respective rise in temperature of four RCP 
scenarios projected by IPCC 2014[1]was added. Using this 
projected DBT and RH, the projected Wet Bulb Temperature 
(WBT) was calculated using (5.396998+ (0.525968*WB) + 
(0.06927*GT) multivariate logistic regression equation. The 
respective indoor WBGT indoor was calculated using the 
formula (0.7WB+0.3GB) and the WBGT was projected for four 
RCP scenarios projected by IPCC 2014 using Climate CHIP 
software [15]. 
 
2.6 A sustainable solution to improve thermal comfort by 

use of building materials 
A detailed literature review was done for identifying building 
materials based on their thermal properties that could be used 
to improve the indoor thermal comfort with a co-benefit of 

reduced energy consumption in workplaces which could 
provide a sustainable solution to cool workplaces with or 
without the availability of electricity.    

 
2.7 Data Analysis 
All data analysis was done using Microsoft Excel 2007 and 
SPSS software. Bivariate analysis was done for identifying 
associations using chi-square test.  The crude Odds Ratios 
(OR) is presented as the measure of association, the cutoff of 
0.05 was used to interpret the significance of the p-values for 
all analysis. Multivariate logistic regression analysis using a 
stepwise method was done for controlling possible 
confounders. The adjusted ORs thus calculated are presented 
with the corresponding p-values and 95% CIs. 

 

3 RESULTS AND DISCUSSION 
3.1 Study Population 
A total of 741 workers (high heat industry N=441, Medium 
Heat industry N=170 and low heat industry N=130) were 
interviewed, of whom 73% (n = 559) were males and 27% (n = 
202) were females. The mean age of the study population was 
37 years and approximately 70% of the workers (n = 540) had 
some basic level of education.  79% of the study populations 
were non-smokers, 20% of the population consumed alcohol 
and about 30% had some pre-existing medical conditions such 
as diabetes or hypertension. 

 
3.2 Heat Stress profile 
The WBGT profile in fig.1 showed that the measured average 
WBGT in the high heat, medium heat, and low heat industry 
were 31° C, 30 °C & 29 °C during summer where maximum 
WBGTs were measured in the places where employees were 
working near furnaces and dryers.  During winter the average 
WBGT 28.2°C, 27°C and 25 °C. This indicates the impact on 
ambient temperatures on indoor heat stress conditions. It is 
also clearly seen that in summer 94 % and winter only 37% of 
the workers are at the risk of heat stress recommended 
Threshold Limit Value (TLV) as per ACGIH guidelines [13] and 
hence they experienced thermal discomfort. Similarly high 
occupational heat stress profiles that exceed recommended 
TLVs have also been demonstrated in other studies conducted 
in India [3, 16] and around the world [2, 17-19]. From such 
evidence, it is suggested that occupational heat-protection and 
mitigation requires more attention and action in many regions 
of the world. 

 
3.3 Workers perception of thermal comfort 
Workers perceived higher thermal discomfort in summer (69 
%, N=250) compared to winter (45 %, N=170) as shown in 
Table 1. A significant association was observed between 
worker's perceptions of thermal discomfort and season 
(X2=73.047; p = <0.0001) and was also directly related to the 
exposure to the level of heat (high, medium or low) at 
workplaces (X2=1.718E2; p = <0.0001). The workers who 
perceived thermal discomfort had 12 times higher risk of 
exposures to heat stress compared to workers who did not 
perceive thermal discomfort (OR=12.46; 95% CI-8.140- 
19.058; p=< 0.00001) as shown in  Table 2. This proves that 
exposures to heat and indoor thermal discomfort are directly 
related. In addition to the workers perception on thermal 
comfort, their perception of heat-related health symptoms such 
as excessive thirst, muscular cramp, headache, prickly heat,  
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TABLE 1: PERCEPTIONS OF WORKERS ON INDOOR THERMAL  
COMFORT 
 

 
dehydration, tiredness/weakness/dizziness collected and 
which showed results similar to a study conducted by Nag et 
al., in 2011 who reported that  80% of the occupational groups 
in India are exposed to higher indoor temperatures reported 
excessive  sweat,  thirst,  tachycardia  and  dryness  of  
mouth,  70% reported feeling of elevated body temperatures 
(hot flashes) and 33% reported reduced urination and itchy 
skin.  

 
Fig.1.Wet Bulb Globe Temperature (WBGT) profiles across 

various workplaces during summer and winter seasons 
 

Thermal discomfort shall also impair a person’s ability to do 
physical and mental work [20]. Similarly, in the present study, a 
significant association was observed between the workers” 
perceived thermal discomfort and self-reported heat stress 
symptoms (X2=1.706E2; p = <0.0001) and the exposed 
workers were 11 times at a higher odds of heat-related health 
symptoms (OR=11.13; 95% CI-7.464-16.603; p=< 0.00001). 
The association was still significant when the workers” 
perception on thermal comfort were adjusted for confounders 
like age, gender, water consumption, pre-existing medical 
conditions, education status and (OR=8.4; 95% CI-4.499-
15.657; p=< 0.00001) and self-reported health symptoms (Adj. 
OR=8.4; 95% CI-4.796-14.073; p=< 0.00001). From these 
results and previous Indian – based research [16, 21-22] it is 
clear that indoor thermal discomfort has a significant role to 
play on workers health and the indoor thermal comfort, in turn, 
is largely influenced by outdoor ambient temperature which is 
predicted to rise in future as per IPCC, 2016. 
 

 
TABLE 2: ASSOCIATION BETWEEN WORKERS PERCEPTION OF 

THERMAL COMFORT AND STUDY VARIABLES 

 
Note: 1Adjusted for age, gender, education, alcohol and 
smoking, years of exposure, *Significant association p=<0.05 
 

3.4 Estimating the excess energy consumption and cost 
used for air conditioner 
In summer, the average ambient temperature in high heat, 
medium heat, and low heat manufacturing industries was 
33°C, 33.5°C and 33.7°C respectively. Similarly, in winter, the 
ambient temperature in high heat, medium heat, and low heat 
manufacturing industries was 29 °C, 31°C and 28°C (Table 3 a 
& b). In summer, the average indoor WBGT (without process 
generated heat), in the occupational settings was found to be 
much higher than in winter as can be seen in (Table 3a & b). In 
high heat industries, an unusual low WBGT in winter was due 
to production shut down in few work areas during the 
assessment period. The average excess energy consumed for 
use of air conditioners for improving thermal comfort in the 
industries in summer compared to winter was 76890 units, 
13326 units and 230 units in high heat, medium heat, and low 
heat manufacturing industries respectively. This result proves 
that energy consumption for cooling is based on indoor heat-
generating processes and largely dependent on the ambient 
temperature. This statement has been proven and 
concurrence with several other types of research globally [5, 
23]. 

 
 
 
 
 
 
 
 
 
 

TABLE 3: HEAT STRESS AND ENERGY CONSUMPTION PATTERN IN THE 

SELECTED OCCUPATIONAL SECTORS FOR SUMMER AND WINTER FOR 

THE YEARS 2015-2017  
 

No. 
Self-reported 
observations  
(ASHRAE 2004) 

Summer 
(Total n=361) 

% (N) 

Winter 
(Total 
n=380) 
% (N) 

1  Thermal discomfort  69 (250) 45 (170) 

2  High indoor humidity  42 (150) 53(201) 

3  
Need mechanical 
ventilation  

84 (304) 74 (281) 

4  
Coping mechanisms to 
avert heat  

25 (91) 11(42) 

5 
 Self-reported heat stress 
symptoms  

83 (299) 68 (258) 

No
. 

Study 
variable
s 

Chi-square 
Test, p-value 

Risk Estimate, 
Crude Odds 
Ratio, 
95 %CI 

Adjusted 
Odds Ratio1, 
95 %CI 

1 WBGT 

1.718, 
p<0.0001*, 12.45,8.14 -19.05 

8.393,4.49
9-15.65 

2 Season 
73.047, 
p<0.0001*, 

5.720,3.72-8.790  
0.75,4.499
-15.65  

3 

Self 
reported 
heat 
stress 
symptom
s 

1.706, 
p<0.0001* 

11.132,7.46-16.60  

8.369, 
4.796-
14.073  
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Type of 
industry 

High-heat  Medium-heat  Low-heat  

  Year 
201
5 

201
6 

201
7 

201
5 

201
6 

201
7 

201
5 

201
6 

201
7 

Location Salem Chennai Chennai 

SEASON-SUMMER                                  

Ambient dry 
bulb 
temperature 
°C 

31.2 35.3 34.9 31.7 34.2 34.1 30.9 31.6 33.4 

RH (%)* 64.0 56.0 58.0 56.0 48.0 48.1 60.0 46.0 51.1 

WBGT °C 28.2 30.7 30.6 27.7 28.6 28.6 27.5 26.8 28.3 

Energy 
consumptio
n for 
cooling 
(Mev) 

8.4*  8.5*  1.1#  1.4#  1.1# 
 9.4*  2.1@  3.5$ 

 4.5$  

Amount 
spent for 
cooling in 
INR(in 
lakhs). 

38.2 41.5 37.5 39.7 37.1 32.1 0.06 0.1 0.12 

SEASON-WINTER  

Ambient dry 
bulb 
temperature 
°C  

31.7 30.8 32.2 31.0 30.3 31.5 28.9 28.8 29.2 

RH (%)  45.8 45 49.0 44.4 51.9 47.0 52.9 54.0 53.1 

WBGT °C  26.7 25.8 27.0 26.0 25.6 26.6 25.0 25.4 24.7 

Energy 
consumptio
n for 
cooling 
(Mev)  

8.7*  8.0#  8.8*  1.0#  1.3#  8.3*  1.8$  3.5$  3.4$  

Amount 
spent for 
cooling in 
INR (lakhs).  

35.6 37.6 33.5 35.7 35.9 28.8 0.05 0.1 0.09 

 
NOTE 1 MeV = 4.4504902416667x10-20 kWh and MeV= 
Mega-electron Volt,  * Energy consumption for cooling x10+24 
Mev, # Energy consumption for cooling x10+25 Mev, @ Energy 
consumption for cooling x10+23 Mev, $ Energy consumption for 
cooling x10+22 Mev. 
 
3.5 Projections of future indoor heat stress in the 
changing climate change scenario 
To substantiate the hypothesis that rise in ambient 
temperature due to climate change has an impact on the 
indoor WBGT with consequent occupational health risks and 
higher energy consumption, projections for future rise in indoor 
WBGT in the selected workplaces was done using Climate 
CHIP software in the various RCP scenarios predicted by 
IPCC 2014[1]. As may be seen in Fig. 2 a & b that the 
projections show a rise in WBGTs in the Chennai area and the 
decadal rise is projected to be 0.38°C for May (i.e. Chennai 
workplaces could be up to 3°C higher in 2100). The indoor 
thermal discomfort will increase for the workers with a 
projected rise in temperatures in the coming decades. The 
consequence of enhanced thermal discomfort is increased 
health risks with consequent rise energy consumption towards 
providing cooling interventions to the workers. Though the 
winter rise in temperature is also steep, the temperatures in 
workplaces with at least minimal cooling provisions will be 

manageable with fewer health risks and with only a marginal 
rise in energy consumption.  It must also be noted that 
increasing energy demands if misaligned with energy 
production will force energy cuts and selective supply based 
on priorities [24]. Any mechanical cooling device is unusable 
without electricity and this has been the problem faced by 
many workplaces in Tamilnadu during summer months due to 
major energy cuts. The workers suffer due to heat stress as 
they still have to continue working with or without cooling 
interventions during summer months [2]. 
 

 
(a)                                                                     

 
 (b) 

Fig.2.Projections of WBGT for RCP scenarios 6:0 & 8.5 for 
summer (a) and winter (b) (Source: Climate CHIP.org) 

 
 
 
3.6 A sustainable solution to improve thermal comfort 
With this predicted rise in WBGTs in the coming decades, 
there is expected to be a rapid increase in the energy demand 
and hence there is an urgent need to address it as it will be an 
alarming issue in tropical places across the globe.  The results 
of perceived thermal discomfort, health impact due to thermal 
discomfort and energy consumed for an air conditioner for 
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improving indoor thermal comfort indicate a need to look for 
preventive approaches that are feasible and sustainable. A 
literature review attempt was made to find alternative 
sustainable solutions for the selected occupational settings in 
a tropical setting like the Chennai area (Table 4). Buildings by 
itself can contribute to thermal discomfort and hence utilization 
of advanced building materials and passive technologies in 
buildings may offer a sustainable solution for thermal comfort 
and reduced energy consumption. A range of materials that 
have properties for passive cooling techniques may be used to 
help achieve thermal comfort. It is apparent that materials with 
lower thermal conductivity, thermal diffusivity and absorptivity 
may be suitable as envelopes for building, especially 
workspace that is occupied primarily during the day.  The 
review particularly identified certain materials such as Vacuum  
Insulation  Panel  (VIPs) [25-26],  Phase Change Materials 
(PCMs) [27], Aerated  Autoclaved concrete/Autoclaved 
Cellular concrete (ACC) [28]& polymer skin [29], with good 
thermal properties with a potential to be incorporated in 
different parts of the building envelope to enhance thermal 
comfort[30]. Light-colored external surfaces, reflective paints, 
window treatments and roof gardens [31]are also identified as 
preferred options to help reduce the heat load of the building. 
In India, the Central Public Works Department (CPWD) has 
used 8.8 million Fly Ash Bricks (FAB) in all their construction 
projects in Tamilnadu during the years 2003–2004 [32]. Singh 
et al., have also studied the impact of different glazing systems 
on human thermal comfort in an Indian scenario [33].  A 
summary of the sustainable building materials suitable for 
tropical countries and their thermal properties is presented in 
Table 4 that is substantiated by literature [30]. 
 

TABLE 4: THERMAL PERFORMANCE OF BUILDING MATERIALS 

PROVIDING THERMAL COMFORT FOR TROPICAL SETTINGS 
 

Sl. 
No 

Thermal 
properties and 
performance 

Building materials References 

1 Low Thermal 
Conductivity 

Wood, cork, straw bale, 
Vermiculite Concrete, 
Vacuum insulated 
panel, Hollow clay tile  

[34], [35], [26, 
36], [35], [37] 

2 High Heat 
Capacity 

Wood & timber, brick, 
Phase Change Material 

[38],  [39], 
[40] 

3 High Thermal 
Mass 

Straw, Concrete, 
Autoclaved Cellular 
Concrete, Phase 
Change Materials 

[41], [42], [43] 

4 High Thermal 
resistance 

Rockwool, straw, 
Vermiculite Concrete, 
Polymer skins, 
Aerogels, Shaped 
Memory Polymers  

[28],[40] 

5 High Solar 
Reflectivity  

Structures coated with 
white elastomeric 
coatings, gray cool paint 
with titanium dioxide, 
red-brown roof tiles 

[39],[44-45] 

6 High Thermal  
Emissivity  

Low-E coating glass, 
High- albedo paints  

[46], [33],  
[47] 

 
4 CONCLUSION 
The study has assessed the indoor thermal comfort condition 
of the workers and energy used for cooling intervention to 

improve the thermal comfort in 6-occupational sectors located 
in Tamilnadu, India. In the wake of the changing climate 
scenario, an attempt was made in projecting the future thermal 
discomfort level for various RCP scenarios predicted by IPCC 
that was likely to be experienced by the workers due to heat 
stress. Uses of sustainable building materials, improved 
envelopes and  passive design to reduce the heat stress 
impact and to naturally cool the workplaces are suggested. 
The findings from this study are as follows: (1) workers in India 
are subjected to high thermal discomfort heat conditions in 
their workplaces irrespective of the season and is predicted to 
increase in the future (2) Energy demand for indoor cooling 
interventions has increased and will continue to increase 
based on projections of the future rise in WBGTs in the 
workplaces (3) Interventions for improved indoor thermal 
comfort including identifying sustainable building materials 
with low thermal conductivity, high-heat capacity, high thermal 
mass, high thermal resistance, high solar reflectivity, high 
thermal emissivity, and passive envelop design that could 
reduce heat transferability into the buildings. The current study 
provides clear evidence to re-emphasize that thermal 
discomfort and energy demand is an alarming issue in tropical 
settings like India with consequent occupational health and 
productivity risks, especially in the context of climate change.   
 

5 FUTURE SCOPE 
If you Further studies will be done in the future to identify the 
appropriate passive building design using sustainable building 
materials that could be recommended to be used in the high 
heat, medium heat, and low heat occupations sectors to 
improve the thermal comfort and energy-saving options. 
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