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Abstract

:

The Global South, much of it in warm tropical latitudes, is expected to double its total energy demand by 2050. In addition to increased mean demand, greater demand for space cooling during external temperature peaks will exacerbate the strain on already fragile energy networks. Recent anecdotal evidence that a proportion of the increase in cooling demand is driven by cold—rather than warm—indoor thermal discomfort, suggests the imposition of an unnecessary cooling energy cost. Here, we investigate the impact of this cost on the expanding Global South using field data from four cities in India, Philippines, and Thailand. We observe that mean cold discomfort across the four cities is roughly 45 percentage points higher than warm discomfort, suggesting warmer indoor temperatures would not only lower overall discomfort but also reduce cooling energy demand. Computer simulations using a calibrated building model reveal that average savings of 10%/Kelvin and peak reductions of 3%–19%, would be feasible across the expected external temperature range in these cities. This suggests that more climatically appropriate indoor thermal comfort standards in the Global South would not only significantly counteract the expected rise in energy demand, but also produce more comfortable indoor conditions and reduce peak demand.
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1. Introduction


The built environment today is continuously expanding at the highest rate ever seen in human history. This expansion is largely driven by historically unurbanized developing economies – collectively termed The Global South in this paper. As an increase in built footprint is known to be accompanied by rising total and per-capita energy consumption which increases carbon emissions, there is an urgent need to mitigate this demand [1]. Indeed, current estimates suggest at least a doubling of total energy consumption by 2050 [2,3].



As the Global South is broadly comprised of countries with warm climates, space cooling as an end use accounts for 30%–40% of the total energy consumption annually [4,5]. In the future, it has been projected that worldwide space cooling output capacity will triple from around 2.0 PWh in 2016 to approximately 6.2 PWh in 2050, much of this in the Global South [4,5]. The increasing demand for cooling not only increases the mean energy demand, but also peak loads as the greatest demand for cooling is likely to occur simultaneously across the built stock during high external temperatures.



However, in this paper we are interested in the question of how much of this increased demand is really “needed”. There are two broad components to the overall increase in demand for space cooling. The first is the “level of service” needed, which is primarily a function of the chosen internal setpoint temperature, such that, lower setpoints result in greater demand. As a country develops and incomes rise, the ability to spend money on greater cooling capacity increases. For example, where a dwelling may have only been able to afford a single ton (3.5 kW) of air-conditioning in the past, falling prices and rising incomes might easily triple this. The implication of this is that larger installed capacities will be able to deliver a broader range of indoor temperatures, particularly at the lower end of the scale. The second is simply a function of market penetration. In our previous example, this would be the equivalent of the same home now being able to buy multiple units for different rooms or many more homes now being able to afford air-conditioning. The overall effect of both components is to increase cooling energy demand, but for very different reasons.



In this paper, we are interested in the impact, in energy terms, of the first of these components—i.e., the impact of buildings being able to cool spaces to low temperatures. We take a low temperature simply as one that results in cold discomfort. Previous thermal comfort studies conducted in Global South countries have suggested elevated levels of cold thermal discomfort are pervasive [6,7,8,9,10,11]. The main reason for this appears to be the common practice of setting the cooling setpoint in accordance with international thermal comfort standards, such as the ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) 55 standard [12], which were developed in climates with mild summers [12,13,14,15,16].



Thermal Comfort in the Global South


Thermal comfort is most commonly defined as the expression of satisfaction and acceptability of the experienced thermal environment that is represented by a comfortable state of mind [12]. Thermal comfort can be assessed through several standards such as the ISO (International Organization for Standardization) 7730 [13], the ASHRAE Standard 55 [12], and the EN (European Standard) 16798-1:2019 [16]. Thermal comfort standards impact the means in which thermal comfort is achieved and maintained within the built environment.



Evaluating thermal comfort involves examining physical, personal, and subjective metrics of building occupants in an enclosed space. Physical metrics comprise the occupant-associated air temperature, mean radiant temperature, air velocity, relative humidity, whereas the personal metrics are the clothing insulation value and the metabolic activity level [12,13,14,15,16]. These are correlated against subjective metrics such as the thermal sensation vote (TSV) i.e., the occupants’ individual perception of their thermal environment on a 7 point ordinal scale ranging from cold (−3) to neutral (0) to hot (+3) [12,13,14,15,16]. The TSV is often used in regression analysis with associated internal temperatures to determine the ideal comfort temperature for the sampled occupants in a building or set of buildings [17,18,19,20,21,22]. Regardless of the thermal comfort model or standard employed (see below), fundamentally, the building occupant’s thermal responses—one of which being the TSV—are considered to be valid indicators of their thermal comfort.



There are two types of thermal comfort models, heat-balance and adaptive, which are derived either from studies in a dedicated climatic chamber or field studies, respectively [23,24,25]. Of these, the heat balance model, based on the human body’s heat exchange process, is considered appropriate for mechanically conditioned spaces, whereas the adaptive models are for use in naturally ventilated buildings [9,19,23,24,26]. The rest of this paper only considers the heat-balance model as external temperatures in many parts of the developing world are often above 30 °C, the nominal limit of the adaptive model, making air-conditioning inevitable for at least some of the year.



The PMV (predicted mean vote) is used in the heat-balance model to identify the mean thermal sensation of a group of building occupants through a range of physical and personal variables on the same scale as the TSV, as above [12,13,14,15,16,27]. This makes it possible, at a very fundamental level, to compare predictions (i.e., PMV) against observations (i.e., TSV) in real buildings. PMV ranges for attaining thermal comfort are defined within the standards, with buildings with “normal” levels of expectation (e.g., offices) taken to be comfortable when −0.5 > PMV > +0.5 [12,13,14,15,16]. For office workers wearing business attire, this usually translates to a desirable indoor operative temperature of 23 ± 2 °C (this is a weighted average of the mean radiant and air temperatures in a space which, under typical conditions, translates to their arithmetic mean). Individual differences in the building occupants’ notion of thermal comfort make achieving a universal thermal comfort range difficult, therefore standards intend to achieve thermal satisfaction within each space for the majority of the occupants, considered as over 80% [12,13,14,15,16]. The widespread distribution of space cooling systems in warm climates has provided indoor thermal comfort even in extremely warm climatic conditions. However, it is often the case that much more energy is expended in providing this comfort than might otherwise be needed, as cooling systems can be oversized to counteract the effect of poor envelope thermal performance. This is an aspect of wasted cooling energy that requires a separate study. However, research in a small number of countries within the Global South has uncovered worrying evidence of excessive cooling indicated by cold thermal discomfort responses from occupants [28,29,30]. For example, more than 20% of occupants have been seen to experience an uncomfortably cool to cold thermal sensation [6,7,8,9,10,11]—which is remarkable given that the original objective of the cooling must have been to ensure that no more than 20% of occupants experienced warm discomfort.



The observation that buildings are being overcooled is supported by the literature, though the evidence is weighted towards the Global North. For example, one study estimates that overcooling in American buildings adds an annual cost of USD 10 billion in the United States [7]. These studies have primarily implicated poor engineering design assumptions around the widely used variable air volume (VAV) systems with reheat, such as the study of seven buildings in California [31]. These have been supported by results from simulation studies, including those from emerging economies such as China [32,33,34]. The link between the energy cost and thermal comfort, the focus of this paper, has also been made through field data from the US supported primarily by evidence—the majority of it anecdotal—from other industrialised countries such as Australia, Canada, France, Greece, Singapore, Sweden, and the UK, and from the two emerging Asia-Pacific economies of Indonesia and Thailand [35,36]. Some research has also pointed towards moving buildings away from mechanical conditioning to natural ventilation, with higher indoor temperatures, to improve comfort and reduce energy [37].



While a comprehensive review of the literature is beyond the scope of this paper, it is clear that overcooling and the resultant “wasted” energy demand, is a growing concern around the world. Given that building energy consumption contributes 23% of global carbon emissions and that a majority of this consumption in the Global South is from fossil fuel sources [4,5], the reduction of this unnecessary consumption requires urgent attention. Hence, the aim of this paper is to investigate the extent of peak and mean energy savings that are achievable by reducing cold discomfort in warm climates within the Global South.





2. Methods


Achieving our aim requires (i) an estimate of the nature and extent of cold discomfort, if any, in countries in the Global South, (ii) inferring new comfort temperatures that would not produce such discomfort and (iii) a means of estimating the savings achievable through the new comfort temperatures to those recommended in international standards such as ASHRAE 55. Each of these is described below and the resultant individual steps summarized in Figure 1.



2.1. Thermal Comfort Data for the Global South


The ASHRAE Global Thermal Comfort Database II (GTCD-II) is a wide-ranging collection of thermal comfort studies representing over 30,000 building occupant responses within air-conditioned buildings ranging from cities across the world, including the Global South. GTCD-II is available under the Open Database License and the built-in query tool provides easy access [33,38,39,40]. Given that this database is the largest such quality-tested repository of thermal comfort field data, we propose to use it in our analysis.



Using GTCD-II an analysis of the thermal comfort conditions in the Global South is established. GTCD-II accumulates several contributions by researchers, for this reason there exists a variation in the type of data collected which necessitates an initial filtration of the database. We filtered GTCD-II for studies that possess a thermal sensation vote parameter and the six indices of thermal comfort during a summer season in any city located within the Global South. For the purposes of this filter, the Global South was specified based upon the United Nations Development Programme definition [1]. Through this we obtain data for four cities: Bangalore, Bangkok, Delhi, and Makati. This allows for a generalized illustration of thermal comfort within India, Thailand, and the Philippines [38,39,40,41,42]. Each study is analysed to represent the sensed thermal comfort distribution, the predicted thermal comfort, and the average recorded internal temperatures [17,18,19,20,21,22]. To simplify the analysis, we take TSV below (−1) as “cold”, above (+1) as “hot” and in between the two as “neutral”. PMV is similarly mapped to these categories. We also use the TSV to obtain a measure of discomfort, with the space as a whole being taken as uncomfortable if more than 20% of the vote is below (−1) or above (+1).




2.2. Comfort Temperatures


The current building temperature setpoints for simulation (next section) are taken from the average internal temperatures recorded in each study for the Bangalore, Bangkok, Delhi, and Makati data. This allows us to build a clear picture of the actual scale of reductions that would be attained. Proposed comfort temperatures Tc (°C) for each region are obtained using regression analysis on the available thermal comfort data through the standard Griffiths method [20]. The regression analysis utilizes the thermal sensation votes to the associated internal temperatures which allows for the calculation of the comfort temperature to be evaluated which depicts the temperature within the study that is noted to produce a neutral vote (0) on the thermal sensation scale [17,18,19,20,21,22].



The comfort temperature calculated is associated with the Griffiths coefficient (G). We use G = 0.50 as this is widely used in warm climate thermal comfort research [21,43]. The internal air temperature Ta (°C) and the TSV is taken from each occupant response. The Griffiths method is used for calculating the comfort temperature from the study groups using Equation (1) [20,21].


   T c  =  T a  +  (  0 − T S V  )  / G    



(1)







By focusing on each populations’ thermal sensation votes, this method considers the existing thermal biases of the building occupants to certain temperatures within each region which allows for a personalized assessment of the comfort temperatures [17,19,44]. The comfort temperature evaluated through the analysis illustrates the potential internal temperature that would result in the highest occurrence of thermal comfort for each region which serves as a basis for the proposed building temperature setpoints.




2.3. Building Energy Simulation


Through energy model simulations of the current scenario building temperature setpoints to the proposed scenario building temperature setpoints the difference in energy demand for space cooling is evaluated. We use the well-regarded and widely used EnergyPlus whole building energy simulations as the simulator and the ANSI (American National Standards Institute)/ASHRAE/IES (Illuminating Engineering Society) Standard 90.1 office commercial prototype building energy model as the base model. The ANSI/ASHRAE/IES Standard 90.1 office commercial prototype buildings are calibrated energy models in agreement with the major institutes such as the US Department of Energy, the International Energy Conservation Code, the American National Standards Institute, ASHRAE, and the Pacific Northwest National Laboratory (PNNL) researchers [45]. The prototype buildings are modelled as a typical building construction covering commercial and residential building types in several climates and are intended for the use of energy simulations in research and practice. Using energy simulation with the prototype building models and changing the building temperature setpoint in each run for each study group individually, the current and proposed simulation scenarios are observed. The PNNL schema provides prototypes for small, medium, and large offices. As our goal is to illustrate the likely scale of impact, rather than a comprehensive account of the full range, we choose the medium office case as a convenient means of investigating the effect of altered setpoints on cooling energy demand. This matches well with the sample buildings derived from GTCD-II (see Table 2) which are all medium sized offices. Although there is insufficient data to directly compare floor areas, the average occupancy of our sample buildings is 168 persons. This compares favourably with the implied occupancy of the PNNL medium office of 268 people, compared to 27 and 2490 for small and large offices, respectively. While a full description of the model can be found on the PNNL website [46], we briefly summarize the key aspects of the chosen model in Table 1.



The comparison study is conducted by simulating the operation of a building in each study’s climate with the current and proposed setpoint temperature conditions. Weather data EnergyPlus Weather Format (EPW) for Bangkok and Makati are available from the ASHRAE International Weather for Energy Calculations (IWEC) repository and for Bangalore from the Indian Society of Heating, Refrigerating and Air-Conditioning Engineers (ISHRAE) repository, whereas data for Delhi is available from both repositories. Both sets of data are produced using comparable methodologies [47], though drawing from different basis sets. As their aim is to produce typical weather years and they are produced by the same source, we take them to be comparable; choosing data for India from the more recent ISHRAE dataset. The building cooling setpoint schedules use the current temperatures and the comfort temperatures with a two-degree (°C) setback after working hours for each building in the different climates. In addition to the mean cooling energy demand analysis conducted over the summer period, peak energy demand analysis is conducted by simulating the average daily space cooling energy demand in the warmest week for each study group. The warmest week is defined as the week with the highest average daily temperature. The warmest week is derived for each study group using the weather data described earlier. As such, these are warm weeks within otherwise average years and hence absolute peaks are likely to be underestimated compared to extreme years. However, as we are interested in the difference in energy demand between the two setpoint scenarios, the use of a warm week within an average year is likely to provide a good idea of the scale of reductions possible. Finally, we simulate each study group with its associated weather conditions across a range of setpoint temperatures (20–32 °C) and the range of expected external temperatures for the location to establish the mean rate of cooling energy demand reduction that would be possible for each group.





3. Results


Our filtering of GTCD-II produced 1502 valid votes from 673 building occupants across the four Global South cities of Bangalore, Bangkok, Delhi, and Makati (Table 2). All studies were in office settings with occupants adopting similar attire and metabolic levels. The mean clothing insulation value (CLO (this is the standard metric for the resistance provided by clothing ensembles where 1 CLO = 0.155 m2·K·W−1, and is defined as the insulation provided by clothing sufficient to allow a person to be comfortable when sitting in still air at a temperature of 21 °C. One CLO approximates to underwear, blouse/shirt, slacks/trousers, jacket, socks and shoes.)) is 0.63 and a metabolic rate (MET (a standardised value for metabolic rates where 1 MET = 58 Wm−2.)) is 1.22, both vary by less than 8% across the four city groups. Firstly, we observe that mean internal air temperatures (Ta) in each study (24.7 °C, 23.6 °C, 23.6 °C, 23.7 °C) are within those suggested by ASHRAE-55 (i.e., 24 ± 2 °C) for the observed CLO and MET. The mean TSV in each study is lower than zero, suggesting the presence of cold thermal discomfort in these warm climates. However, in Bangalore and Bangkok, these are greater than −0.5 which would be considered acceptable within the standards. Excepting Bangkok, where PMV closely matches TSV, we observe PMV is 0.88 higher on average than TSV in the other cities, suggesting a strong mismatch between model predictions and observations. This is apparent in Figure 2 which shows TSV is significantly skewed to the colder left side.



However, a true estimate of the extent of cold, compared to hot, discomfort is only possible by looking at the proportion of votes falling below (−1) and exceeding (+1), as the comfort standards mandate overall discomfort to be less than some threshold, typically 80% for normal office conditions. This is seen in Figure 3, where we observe, on average, 70% of the votes falling into cold discomfort compared to only 24% for hot discomfort. We also observe PMV within the same scale skewing significantly towards neutral (i.e., 0).



Analysis of the mean observed and predicted comfort temperatures (using the Griffith’s method) suggests a significant disparity between the two (Table 3), h the predicted temperature being 1.8 °C above observed, on average.



Using data in Table 3 for observed and predicted temperatures as “current” and “proposed” setpoints for our simulations, we observe an average reduction of 8.5 kWh/m2 (12.3%) across the four cities (Figure 4). The range of potential reductions is substantial, with the lowest being 6.4% in Bangkok to a maximum of 19.1% in Delhi.



Analysis of average daily cooling energy load for the warmest week, again suggests that significant peak load reduction is also possible, though this is more variable between the studied cities than mean demand (Figure 5). For example, potential peak reduction in Bangalore is seen to be quite small (0.24 W/m2 = 2.7%), but it is far more substantial in Makati (2.6 W/m2 = 19.7%). Maximum reductions appear in the late afternoons (14:00–15:00), known to be the warmest times of a typical day.



While the preceding analysis uses a weather file representing average annual conditions and a peak week within it, a broader analysis is possible by considering the full range of external temperatures that a building might experience in each of the cities. In addition, given that our sample is limited to a few buildings in Bangalore, Bangkok, Delhi, and Makati, it is possible to conceive of further excursions in the indoor setpoint to derive a broad trend of cooling energy demand savings for each city. This combined analysis is presented in Figure 6, where we consider building setpoint temperatures ranging from 20 to 32 °C across the monthly mean external temperatures possible in each city. All four groups illustrate a significant reduction in energy demand for cooling as the building setpoint temperature is increased. For the Bangalore group, an average of an 8.0% decrease in energy demand for cooling is observed per K increase in building setpoint temperature. Reduction rates for Bangkok, Delhi, and Makati are 10.5, 9.1, and 10.0%/K, respectively.




4. Discussion


Within the studied data for the Global South, we find that an average of 70% cold thermal discomfort is recorded based on the thermal sensation votes. With the majority of the discomfort in the study groups being on the cold side, the claim for the overcooling of these spaces is justified. Although we do not have access to the design intention, the observed mean temperatures range of 23.6 to 24.7 °C seems to suggest this is driven by an adherence to “international’ comfort standards such as the ASHRAE-55 developed in cooler climates with milder summers. This is consistent with evidence from studies elsewhere, primarily in the Global North, as illustrated earlier.



Regression analysis of the comfort votes suggests that, on average, the occupants are likely to prefer indoor temperatures that are 2.2 K above those currently supplied. This implies an average reduction in energy demand for space cooling of between 7.7% and 24.3% across the cities, if the indoor setpoints were elevated per the prediction from the regression analysis. Indeed, mean reductions of 8% per K increase in temperature is possible when considering the entire range of external temperatures each city is likely to experience. The extent to which temperatures can be elevated to harvest such gains, beyond the 2.2 K indicated above, remains to be investigated.



However, it is not merely reductions in the mean demand that are feasible, but also substantial reductions in the peak demand, though these vary by location. In the cooling season, peak energy demand for space cooling reduces by an average of 6% for every increase in temperature by 1 K. As the Global South tends, on average, to have less resilient electricity networks whilst operating in extremely warm conditions, any rise in peak energy demand on a building level can be reflected on the network level. The 19.3% reduction in peak energy demand in the Makati data is suggestive of substantial positive impact on the network if more appropriate indoor setpoints, driven by more climatically appropriate thermal comfort standards, are adopted.



The cost of thermal discomfort within the global south can be identified as two major issues. Firstly, cold thermal discomfort, as represented by the observed TSV distributions, can significantly affect the productivity and wellbeing of building occupants. This has a direct impact on commercial bottom lines as 90% of an institution’s costs are driven by salaries [48,49,50,51]. Secondly, unnecessary energy consumption adds strain on the electrical infrastructure as well as increasing carbon emissions. For example, using average grid carbon factors for India, our analysis would suggest that a simple 2 K upwards adjustment of indoor setpoints could reduce carbon emissions by 16%.




5. Conclusions


The Global South is expected to triple its space cooling energy demand whilst doubling its built footprint by 2050. There is growing anecdotal evidence that a proportion of the increase in demand is due to an unnecessary “overcooling” of the indoor environment—i.e., the provision of lower temperature setpoints than are desired by the occupants of buildings. However, clear evidence for the presence of this overcooling or indeed the extent to which it might affect demand has remained unquantified. Here, we investigate this problem using thermal comfort data from real buildings in the Global South drawn from the largest global database of thermal comfort, the GTCD-II.



We find that not only is overcooling present in every studied location, it imposes significant costs on occupant comfort, energy use, and carbon emissions. Regressions analysis of comfort votes suggests that occupants, on average, would prefer temperatures around 2.2 K above those observed. That the observed temperatures are consistent with design recommendations from “international” standards such as the ASHRAE-55 suggests that more climate- and culture-localized standards should be given priority. Using computer simulations, we find that an elevated indoor setpoint would drive down average cooling demand by around 8% and peak demand by about 6%, per K increase in setpoint temperatures. This is a significant scale of reductions, with almost no financial investment, that could also help reduce carbon emissions by about 16%.



Thus, through utilizing appropriate building temperature setpoints based on occupant responses within the Global South, more sustainable thermal conditions can be maintained for buildings and their occupants allowing for the reduction of energy consumption and carbon emissions whilst increasing thermal comfort, wellbeing and productivity.
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Figure 1. Summarized research steps flowchart highlighting the key phases carried in the compilation, analysis, and evaluation of the research. 
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Figure 2. TSV and PMV of building occupants in the ASHRAE global database for Bangalore, Bangkok, Delhi, and Makati on the ASHRAE seven-point thermal scale. 
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Figure 3. TSV and PMV distribution of building occupant data in the ASHRAE global database for Bangalore, Bangkok, Delhi, and Makati indicating cold thermal sensation (below −1), hot thermal sensation (above +1), and neutral thermal sensation represented by the remaining votes on the ASHRAE seven-point thermal scale. 
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Figure 4. Cooling energy demand for current (dark) and proposed (light) simulation scenarios for Bangalore, Bangkok, Delhi, and Makati. 
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Figure 5. Average hourly cooling energy loads for the both the current (dark) and proposed (light) setpoint scenarios. Both scenarios are plotted for cooling loads in the hottest week in an average year (weekdays only). Peak reductions of 2.7% and 19.7% are observed at 14:00 p.m. for Bangalore and Makati, whereas reductions of 5.8% and 17.8% are observed at 15:00 p.m. for Bangkok and Delhi. 
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Figure 6. Cooling energy demand at site across a range of building setpoint temperatures for Bangalore, Bangkok, Delhi, and Makati across the x-axis. Each dot in translucent grey is the output from a single simulation, hence areas with a greater density of outputs appear darker in colour. The spread of points for a given setpoint temperature on the y-axis represents the cooling energy demand associated with varying monthly mean external temperature conditions in each location. 
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Table 1. Summary description of key elements of the office building in American National Standards Institute (ANSI)/American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)/Illuminating Engineering Society (IES) Standard 90.1 office commercial prototype building energy models used in this study. For a more detailed description, the reader is referred to [46].
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	Design Element
	Specification/Value
	Source





	Floor Area (m2)
	4982
	EIA 2005



	Aspect Ratio
	1.5
	EIA 2005



	No. of Floors
	3
	EIA 2005



	Floor to Ceiling Height (m)
	2.74
	EIA 2005



	Glazing Fraction
	0.33
	EIA 2005



	Occupancy
	18.6 m2/person
	ASHRAE 2004b



	Wall Construction (U-Value)
	steel frame (0.704 Wm−2K−1)
	ASHRAE 90.1-2004



	Roof Construction (U-Value)
	insulation above deck (0.363 Wm−2K−1)
	ASHRAE 90.1-2004



	Window Overall (U-Value)
	fixed window (4.652 Wm−2K−1)
	ASHRAE 90.1-2004



	Heating System
	furnace
	ASHRAE 90.1-2004



	Cooling System
	packaged air-conditioning unit
	ASHRAE 90.1-2004



	Air Distribution
	multizone variable air volume
	ASHRAE 90.1-2004



	Outside Air Requirement
	20 cfm/person
	ASHRAE 1999



	Operation profiles
	
	



	Lighting
	lighting power density 8.5 Wm−2
	ASHRAE 90.1-2004



	Cooling
	Auto-sized to design day
	ASHRAE 90.1-2004



	Setpoint temperatures
	Cooling only, variable per simulation
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Table 2. Descriptive statistics for the four extant thermal comfort studies in the Global South using the ASHRAE Global Thermal Comfort Database II.
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Location + Köppen Geiger Climate Class

	
Sample Size †

	

	
TSV

	
PMV

	
∆PMV-TSV

	
Ta (°C)






	
Bangalore Tropical wet savanna (Aw)

	
154 (413)

	
Max

	
3.00

	
1.50

	
−1.50

	
26.9




	
Mean

	
−0.21

	
0.39

	
0.60

	
24.7




	
St. Dev.

	
1.37

	
0.52

	
−0.85

	
1.1




	
Min

	
−3.00

	
−1.00

	
2.00

	
22.1




	
Bangkok Tropical wet savanna (Aw)

	
228 (384)

	
Max

	
2.00

	
0.87

	
−1.13

	
26.9




	
Mean

	
−0.31

	
−0.32

	
−0.01

	
23.6




	
St. Dev.

	
1.25

	
0.53

	
−0.72

	
1.4




	
Min

	
−3.00

	
−2.04

	
0.96

	
20.5




	
Delhi Monsoon-influenced humid subtropical (Cwa)

	
89 (430)

	
Max

	
1.00

	
1.10

	
0.10

	
24.8




	
Mean

	
−0.72

	
0.15

	
0.87

	
23.6




	
St. Dev.

	
0.71

	
0.41

	
−0.30

	
0.6




	
Min

	
−2.00

	
−0.80

	
1.20

	
22.5




	
Makati Tropical wet savanna (Aw)

	
202 (275)

	
Max

	
2.00

	
1.00

	
−1.00

	
27.5




	
Mean

	
−1.29

	
−0.12

	
1.17

	
23.7




	
St. Dev.

	
1.08

	
0.53

	
−0.55

	
1.1




	
Min

	
−3.00

	
−1.50

	
1.50

	
20.9








Notes: Thermal sensation vote (TSV) represents the occupants’ recorded thermal sensation vote. Predicted mean vote (PMV) represents the calculated predicted mean vote for the occupants. † The sample size is the number of building occupants polled in the study and the numbers in brackets indicate the total votes counted.
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Table 3. Current temperature and comfort temperature analysis for the four thermal comfort studies in the Global South, ordered by the difference in temperatures.
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	Location
	Observed Ta (°C)
	Proposed Tc (°C)
	∆T (°C)
	∆T (%)





	Bangalore
	24.7
	25.5
	0.8
	3.2%



	Bangkok
	23.6
	24.5
	0.9
	3.8%



	Makati
	23.7
	26.4
	2.7
	11.4%



	Delhi
	23.6
	26.5
	2.9
	12.3%
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nav.xhtml


  buildings-10-00093


  
    		
      buildings-10-00093
    


  




  





media/file8.jpg
Wim'

2

Bangalore Bangeok
J/ /\
o =
5 5 0 g P O = g
Hour
Simulation — CurentScenaro  Proposed Scenari.






media/file11.png
b e 'ar]
DT -
O (e 'Y R -n_“w._
DI W 3 Y
D - o -E
L4
.m I M D
=]
m DI D m L -ﬁ
5 R R T
DD 0 -ﬂ
DD B0 O w=
O
-
S 0D B0 = T -ﬂ m
D D Ol D @0 m
o emee o com [ O =
o aEIE @ O0E m.
| O
L 1 ] L Rl s sow [
Gl T ) L ReL & o0®
s
O O R R Re] & o0 . ol
o m @ 0@ @ m @S W
- O swes ® oco® [0
o DD @ @ @ ® 9@ W
O D @ BEE @ (= T I R -ﬂ
O EOED S @ e @ o I
o DEE om @ @08 @ L= @ @ W -ﬂ
I o i ] @ @EE @ o) @ @ O
1 I I 1 I I 1 1 1 1
oo [{w] =t (| = oo [{w] =t 4l =

(W fys) puewtaq Bujjoog





media/file6.jpg
497

605

1 -

g % @ @ LE
wh/m?

Cooing Energy Demana
Simuttion [l cunescanao [ Proosed scensio





media/file1.png
Accumulation
of Thermal
Comfort Data
for the Global
South from
GTCD-II

Thermal
Comfort /
Discomfort
Assessment of
Acquired Data

Evaluation of
the Average
Current and
Proposed
Comfort
Indoor
Temperatures

Simulation of
Whole
Building
Energy
Performance in
Current and
Proposed
Temperature
Scenarios

Analysis of
Peak Building
Energy Loads
in Current and
Proposed
Temperature
Scenarios

Trend Analysis
of Cooling
Energy
Demand
Across Indoor
Temperature
Range





media/file10.jpg
8

owa 8
swe &
et 3

A Eo I 8

(0 /4) P

q Buiooo.





media/file7.png
Bangalore

Bangkok 1

Delhi 4

Makati -

49.7
53.2

73.2

78.2

20 40 60 80
kWh / m?
Cooling Energy Demand

Simulation . Current Scenario Proposed Scenario






media/file9.png
Bangalore Bangkok

18
12 7

B ‘_/-'"'_'d-f/ /\

'D_ S,

Delhi Makati
18 1
12 1
.
E_
{}- ¥ T T T T T
] 12 18 24 0 ] 12 18 24
Hour
Simulation — Current Scenario Proposed Scenario






media/file5.png
Bangalore Bangkok
100%
508 1
2 0% 4 ——
= Delhi Makati
= 100% 1
50% 1
0% - . ' . -. . —
Cold Meutral Hot Cold Meutral

Hot

TSV






media/file3.png
Bangalore o
100
501 I | |
L 01— R - ) 11 i T
[
j - .
3 Delhi —
O
100
501
01 — — L] I B B - ~ I I ) _
h B B v 1 2 - 1 0 1






media/file4.jpg
1005

%

2 100

o

Eangae Sangior
i ] = =
o o
1 -
e s






media/file0.jpg
Accumulaton
Tl
ComionDuta
fortheGlobt
S o
Grenil

Themal
oo/
Dicamiont
e
A Do

Evslstonof
e Aveage
Proped
Comion
Temperatures

(Suloiomal
Whole
Buiding
Eneryy
Potomancein
et and

Tempenature
S

Aot
Pk B,
By Lowcs
inComenand
Popsd
Tompensture
S

T Ansyis
of ool
Enersy
Dot
Rt ndoor
Tempesars

Range






media/file2.jpg
Count

10

3 3
Thermal Scale:

W ew W






