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Heat stress: adaptation 
measures in South African 
informal settlements

JAN MARAIS HUGO 

ABSTRACT
Globally extreme weather events are experienced most acutely in cities. While formal 
settlements can respond to such events, informal settlements are often vulnerable and ill-
prepared. Sub-Saharan Africa is rapidly urbanising with informal settlements that require 
effective climate change adaptation measures. Two climate adaptation strategies for 
informal dwellings are considered for their success under 2100 Intergovernmental Panel 
on Climate Change (IPCC) climate scenarios. Using existing data collected from informal 
dwellings in South Africa, the findings from a digital simulation study reveal that cool roof 
paints can currently lower excessive heat stress conditions by 42–63% when applied to high 
thermal mass dwellings with poorly insulated lightweight corrugated sheeting roofing. 
However, for the future 2100 climate scenarios this strategy only lowers excessive heat 
stress conditions by 12–17%. This calls for the development of integrated multifaceted 
heat stress adaptation strategies for informal settlements in Sub-Saharan Africa.

PRACTICE RELEVANCE

This study assessed heat stress conditions and the application of two financially and 
practically feasible heat stress adaptation strategies in informal dwellings in South Africa. 
This involved assessing the efficacy of using cool roof paints and improved thermal 
insulation under current and future climate change-affected conditions. The findings 
reveal that Southern African informal dwellings experience extreme heat stress 32% of 
the time. Predicted climate change-affected conditions will increase heat stress exposure 
up to 40% over a full year. The study reveals that cool roof paints can improve the 
performance of uninsulated, low thermal mass homes in temperate climates by lowering 
heat stress conditions by 42–63%, yet this climate change adaptation strategy is only an 
interim solution with limited success (12–17% improvement) under future 2100 climate 
change-affected conditions. As a result multilayered integrated heat amelioration 
strategies are needed in informal communities.
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1 INTRODUCTION
Between 2000 and 2019 climate change-related extreme weather events resulted in a global 
cost of US$2.56 trillion as well as the loss of 475,000 lives (Eckstein et al. 2021). Although highly 
visible events typically capture public attention, heat stress events are often under-represented 
(Eckstein et al. 2021), with little done to address them (Baruti & Johansson 2020). Yet the 
impacts of higher temperatures and heat stress exposure present economic costs (Razzak et al. 
2022), increased negative health implications (Wright et al. 2021) and have adverse effects on 
inhabitants’ wellbeing (Chersich et al. 2019). This paper considers heat stress exposure in a South 
African informal settlement and reports on the efficacy of using two building-related adaptation 
measures to lower heat stress exposure under current and future 2100 climate scenarios.

While cities play a major role in the proliferation of climate change (IPCC 2022), these contexts 
also exhibit increased vulnerabilities to climate change impacts due to increased densities 
(Dodman et al. 2019), extensive resource networks and dependencies (Broersma et al. 2013), and 
future growth (UN 2019). Although several studies note the climate change vulnerability of urban 
environments (Brandt et al. 2021; Dodman et al. 2019), informal urban environments are typically 
excluded from climate change response strategies (Satterthwaite et al. 2020).

In Southern Africa, similar to other low to middle-income regions, informality largely represents 
urban and economic development (Dodman et al. 2019). Therefore, as Pieterse (2011) highlights, 
informality is increasingly considered the principal development mechanism in this region. 
While the UN (2019) projects that significant urbanisation will take place in Africa, in this region 
urbanisation is not typically associated with economic growth in the formal sector that leads 
to increased formal employment and socio-economic improvements (Anderson et al. 2013). 
Southern African cities are becoming more informal in nature.

The shift towards informality in Southern African cities is certainly a concern, while many 
governments of poor to middle-income countries aspire to eradicate informality, achieving such 
a goal is slow (Pieterse 2011). While transitioning towards more formal urban conditions is vital, 
employing strategies to lower the climate change-related risks in these informal settings is needed.

The built environment can potentially lower, or exacerbate, exposure to hazards, e.g. higher 
ambient temperatures, extreme heat days or, in worst cases, extreme heatwaves. Cool roof paint 
technologies are proven effective cooling measures to adapt the thermal envelope of dwellings 
(Vellingiri et al. 2020), yet this technology is typically prioritised for contexts with high solar radiation 
and excessively high temperatures. Incorporating these technologies with high-thermal-mass 
construction materials is typically assumed as effective climate adaptation solutions (Kolokotroni 
et al. 2018). Limited studies have considered the application of cool roof technologies in temperate 
climates, such as the South African interior region, as well as in poorly insulated, light-weight 
structures typically found in informal settlements.

This study examines adaptation strategies for heat stress in informal dwellings in Tshwane, South 
Africa. The use of cool roof paints and insulation is verified with digital simulation models based 
on indoor thermal data. These digital simulation models enable these adaptation measures to 
be tested before their implementation. This can identify and lower the risk of mal-adaptation. 
The long-term efficacy of these adaptations is also tested using 2100 climate change projected 
conditions based on the IPCC (2000) A2 SRES (Special Report on Emissions Scenarios) scenario 
family.

2 HEAT STRESS RISK IN INFORMAL SETTLEMENTS
As noted above, cities are both drivers of climate change and also highly vulnerable to its impacts 
(Dodman et al. 2019). As a result, both climate change mitigation and adaptation must be 
undertaken in cities to ensure their long-term viability (IPCC 2022). To prepare for climate change 
impacts, a framework towards understanding risk is needed. This risk assessment framework is 
defined by the IPCC (2022) as an integrated analysis of (1) the scale of the hazard, (2) the nature 
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and extent of vulnerability and (3) the exposure level. Building on the basic risk definition, risk can 
be defined as the frequency and magnitude of hazards themselves, the vulnerability of the group 
or entity and the exposure to the specific hazard (IPCC 2022; Simpson et al. 2021). Simpson et al. 
(2021) continue, arguing that adaptive capacity is also a risk mitigation or perpetuating factor. 
Understanding the built environment’s impact on exposure levels to climate change hazards and 
the users’ adaptive capacity to implement response measures is critical when identifying climate 
change adaptation measures.

Although cities are vulnerable to a variety of risks, heat stress is a critical concern, especially in the 
Southern African region as this sub-tropical region is experiencing 1.5–2 times the global average 
temperature increases (DEA 2013). In this region heat stress hotspots will therefore significantly 
expand (Garland et al. 2015) only to be further exacerbated by the increased occurrence and 
intensity of heatwaves (Russo et al. 2016). These higher ambient temperatures have several 
impacts such as increases in heat stress exposure, solar radiation, extreme weather events and 
vector diseases (Wright et al. 2021). As noted by Kimemia et al. (2020) these higher temperatures 
have adverse physiological impacts ranging from mild effects (discomfort and loss in efficiencies) 
to much larger health impacts (heat cramps, heat syncope and heat stroke). Other impacts as also 
include increased occurrence of violent behaviour (Chersich et al. 2019), loss of livelihoods and 
employment opportunities (Adegun & Ayoola 2022; Razzak et al. 2022), and adverse changes in 
the local ecology (Kotharkar et al. 2018).

Buildings can lower or increase inhabitants’ exposure to various health risks. While the built 
environment can contribute to general comfort and wellbeing, the access to and choice of building 
materials can increase the inhabitants’ exposure to heat stress and diurnal thermal variations 
(Mabuya & Scholes 2020; Teare et al. 2020). In a field experiment of low-cost housing, indoor 
temperatures sensors in shack dwellings reported temperature variations of up to 14 K (Mabuya 
& Scholes 2020), while temperatures reaching 35°C were documented in low-cost government 
housing in Johannesburg, South Africa (Naicker et al. 2017).

Kapwata et al. (2018) and Kimemia et al. (2020) report that high levels of heat stress within 
dangerous to critically dangerous ranges are prevalent in informal dwellings in rural or urban 
settings. While Nutkiewicz et al. (2022) argue that the building envelope is the principal driver 
of heat stress exposure, Kapwata et al. (2018) and Kimemia et al. (2020) emphasise the need 
for appropriate response strategies, such as national and regional heat response plans, as well 
as using appropriate heat amelioration measures for informal neighbourhoods such as cool roof 
paints. Adegun & Ayoola (2022) conclude that dwellings in both affluent and poor neighbourhoods 
employ at least one passive heat amelioration strategy, but only the wealthy can afford active 
cooling measures (i.e. air-conditioning). This accentuates that dwellings of the urban poor must 
include effective passive cooling strategies.

In response to the higher thermal conditions many studies have considered diverse response 
measures. Vellingiri et al. (2020) consider multiple response measures to lowering heat stress in 
dwellings in Ahmedabad, India, concluding that diverse adaptation measures will be needed such 
as applying cool roof paints, additional insulation and in some cases completely redeveloping 
houses. Yet notably, Vellingiri et al. find that cool roof paints can lower indoor mean temperatures 
by 1 K, promoting these paints as cost-effective and easily implementable solutions. In a similar 
field experiment Kolokotroni et al. (2018) undertook a study in Jamaica, Ghana and Brazil (Recife), 
where all these contexts have high solar exposure and excessively high temperatures, and 
concluded that cool roof technologies are effective at lowering the indoor temperatures of high 
thermal mass structures with low insulative qualities by 0.6–1.6 K. However, in temperate climates 
conflicting results exist. Kimemia et al. (2020) advocate the use of cool roof technologies in shack 
dwellings with low thermal mass and suggest this can minimise heat stress exposure and lower 
maximum indoor temperatures by as much as 10 K. Conversely Nutkiewicz et al. (2022) conclude 
that while cool roof paints can lower heat stress incidents by as much as 91%, in temperate 
climates such as Johannesburg there is limited need for this technology.
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While several heat stress amelioration measures are available and many studies are being initiated 
to lower heat stress exposure, more research on the effectiveness of these strategies is needed. 
This can inform practice and limit the application of climate change mal-adaptation measures, 
particularly in vulnerable informal settlements.

3 METHODS
As part of a larger research initiative, the Built Environment and Public Health Nexus project, this 
study is premised on a pragmatism paradigm and aims to reflect reality as closely as possible 
and inform practice (Denscombe 2008). The research design involved a mixed-method approach 
with a quantitative focus. This involved the visual analysis and documentation of existing informal 
dwellings, continuous monitoring of the indoor environments and the digital simulation of selected 
houses.

3.1 CONTEXT

The project was undertaken in Melusi, a rapidly growing informal settlement in Tshwane, 
South Africa. This city is part of the Gauteng city-region (Mubiwa & Annegarn 2013), a rapidly 
densifying urban region in South Africa. Melusi represents a typical informal settlement, which 
rapidly developed since 2008, and has 27,000 residents (160 people/ha), which is seven times 
the average density of the surrounding formal neighbourhoods (22 people/ha). The built fabric of 
Melusi includes corrugated sheeting houses and masonry structures. Similar to a typical informal 
settlement, Melusi experiences overcrowding, poor-quality housing, lack of tenure, limited 
vegetation and limited infrastructure provision (Alja’afreh et al. 2022; Pieterse 2011; Satterthwaite 
et al. 2020).

3.2 SAMPLE SELECTION AND DATA COLLECTION

The study started with an observational analysis and the documentation of 10 selected 
dwellings in the settlement. The sample selection was drawn from the densest portion of the 
settlement and focused on uninsulated corrugated iron sheeting homes as the most vulnerable to 
temperature increases. A non-probability sampling method was used to recruit 10 homeowners. 
The houses were documented using photographs, drawings, reflective diaries and a structured 
checklist. Figures 1–4 illustrate two typical dwellings from the sample selection. From the collected 
data, detailed documentation of the homes was developed noting the building geometries, site 
conditions, material uses and performance characteristics, envelope articulation, occupancy 
densities, and indoor thermal loads.

Figure 1: Typical informal 
dwelling (type H3).
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Figure 2: Typical informal 
dwelling (type H4).

Figure 3: Plan and elevation of 
dwelling H3.
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Along with the observation data, the indoor environments of the house were monitored using 
temperature and humidity loggers. SSN-22 USB loggers with an accuracy of ±3% relative humidity 
and ±0.3°C temperature were used. These loggers were located in a shared room, typically a kitchen/
living room, and positioned between 1000 and 1600 mm above ground level. These loggers were 
positioned away from any glazing and additional heat sources to prevent any thermal interference. 
A weather station installed within 800 m of the dwellings collected local microclimatic data. The 
data were collected by a student cohort on a monthly basis from November 2021 to June 2022.

3.3 SIMULATION MODELS

Similar to other studies, the simulation study used the collected building and indoor environmental 
data to develop validated digital models (Hugo et al. 2021; Skelhorn et al. 2016). Two dwellings 
were selected to develop as simulation models and test heat stress amelioration strategies. 
These two dwellings were chosen as they represent two conditions (1) a highly exposed structure 
and (2) a dwelling using a shaded veranda as a typically used thermal adaptation strategy 
(Figures 5 and 6). The simulation models were developed using Integrated Environmental 
Solutions (IESve) as a modelling programme: it is an ISO 7730-validated analysis tool using the 
Energy plus simulation engine (IES 2018).

Figure 4: Plan and elevation of 
dwelling H4.
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Table 1 shows the modelling parameters of the two homes simulated in the study. The basic 
building geometry, material use, occupancy, lighting and plug load density were documented 
during several site visits. In cases where the building characteristics or use were not clearly 
visible, assumptions were made. In terms of the building use schedule, SANS 10400XA-Annexure 
B (SABS Standards Division 2022), occupancy type H4 (dwelling house), were used. Finally, 
ventilation and infiltration rates could not be measured on-site and were assumed, within a 
range of existing studies (Sherman & Dickerhoff 1998), and adjusted to achieve high correlation  
(Pearson’s R) with the measured data.

Figure 5: Thermal simulation 
model of dwelling H3.

Figure 6: Thermal simulation 
model of dwelling H4.

BUILDING CHARACTERISTIC DWELLING H3 DWELLING H4 REFERENCES

Geometry See Figure 3 See Figure 4 Observed

Floor area (m2) 36.0 25.9 Observed

Floor area to volume ratio 38.5% 43.7% Observed

Roof Material 
R-value 
Reflectivity

0.5 mm corrugated steel 
0.14 m2k/W 
0.3

0.5 mm corrugated steel 
0.14 m2k/W 
0.3

Observed

Wall Material 
R-value 
Reflectivity

0.5 mm corrugated steel 
0.14 m2k/W 
0.3

0.5 mm corrugated steel 
0.14 m2k/W 
0.3

Observed

Floor Material 
R-value

50 mm concrete 
0.25 m2k/W

50 mm concrete 
0.25 m2k/W

Observed

Windows Glazing 
Glass frames 
U-value 
Window to floor ratio

6 mm single glazing 
Steel frame 
5.17 W/m2K 
10.0%

6 mm single glazing 
Steel frame 
5.17 W/m2K 
9.1%

Observed

Population density (m2/person) 7.2 5.3 Observed

Occupancy schedule As per SANS10400XA-2 
H4 occupancy

As per SANS10400XA-2 
H4 occupancy

SANS 10400XA-2021

Plug load density (W/m2) 27.8 70.0 Observed

Lighting density (W/m2) 2 6 Observed

Ventilation rate (l/person/s) 2.0 5.0 Assumed

Infiltration rate (ACH) 1.0 6.5 Assumed

Mechanical ventilation None None Observed

Cooking heat source LP gas LP gas Observed

Table 1: Simulation model 
characteristics.

Note: ACH = air changes per 
hour.
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The IESve simulation model is a dynamic simulation model replicating the thermal performance 
of the selected homes and providing data for heat stress analyses. The simulation used a weather 
file developed from the Proefplaas weather station, located 12 km from the site, using Meteonorm 
(Meteonorm 2022). The simulations also tested future climate change-affected scenarios: these 
were based on the Intergovernmental Panel on Climate Change’s (IPCC) Emissions Scenarios Report 
replicating the A2 SRES scenario family which posits a heterogenous, regionally orientated scenario 
with little greenhouse gas mitigation, continuous global population growth and rapid land-use 
changes (IPCC 2000; Meteotest 2018). In this scenario, the South African average temperature is 
expected to increase by between 4 and 6°C by 2100 (DEA 2013).

The IESve model is based on a balanced thermal model:

 ( ) ( )+ - + + + = 0Qext Qint Qinf Qevap Qconv Qcond  (1)

where Qext, the thermal gains due to meteorological conditions, including Qint, all the internal 
heat sources from occupants and equipment, make up the thermal gains. The model then 
simulated any thermal losses through infiltration (Qinf), evaporation (Qevap), convection (Qconv) 
and conduction (Qcond). The sum of the thermal gains and losses results in a simulation model 
revealing any excess energy retained or discarded through the building’s thermal envelope.

The total external thermal gains (Qext) used a local EnergyPlus weather file that includes thermal 
gains and losses due to radiation, airflow, and latent and sensible thermal transmission. The 
internal thermal gains (QInt) were calculated using maximum latent and sensible thermal gains 
per square metre modulated by occupancy and equipment-use schedules. The thermal losses 
(Qinf, Qevap, Qconv, Qcond) were simulated using the building characteristics observed on-site 
and assumed (Table 1).

3.4 ANALYSIS OF FINDINGS

The two simulation models were validated comparing the measured field data with the generated 
model data for a 10-day summer period (1–10 January 2022). The correlation between the 
measured and modelled data was tested using a Pearson’s R correlation analysis and visual 
thermal data comparison. Dwellings H3 and H4 achieved correlations of 0.85 and 0.96 (Pearson’s 
R), respectively. Due to the small sample size, the study opted to use descriptive statistics to discuss 
the efficacy of the adaptation measures to both lower heat stress exposure and limit excessive 
cold periods in winter as typically reported in informal dwellings (Mabuya & Scholes 2020). The 
data were analysed using Microsoft Excel and the focus was on ambient temperatures, humidity, 
humidex and apparent temperatures. Humidex (Hum) and apparent temperatures (AT) were used 
due to their wide application both locally in South Africa (Garland et al. 2015; Kapwata et al. 2018; 
Kimemia et al. 2020; Orimoloye et al. 2017), and internationally (Almeida et al. 2010; Michelozzi 
et al. 2009; Rana et al. 2013). The apparent temperature and humidex indicator ranges are noted 
in Table 2. While there are differences between the two indexes, reporting both contributes to 
other studies in the Southern African region were limited field data are available.

HUMIDEX INDEX APPARENT TEMPERATURE INDEX

INDEX 
RANGE

WARNING POSSIBLE HEALTH 
IMPAIRMENTS

INDEX 
RANGE

WARNING POSSIBLE HEALTH 
IMPAIRMENTS

21–25 Less 
evident

Fatigue with prolonged 
exposure

>26

26–32 Caution Fatigue 26–31 Caution Fatigue, discomfort

33–37 Extreme 
Caution

Muscle cramps, sunstroke, 
heat exhaustion

32–40 Extreme 
Caution

Sunstroke, muscle cramps, 
heat exhaustion

38–48 Danger Sunstroke, heart failure, sun 
burn, skin rashes, fainting

41–53 Danger Sunstroke, heat cramps, 
heat exhaustion, heatstroke

> 49 Extreme 
Danger

Heatstroke, heart failure, 
skin rashes

>54 Extreme 
Danger

Sunstroke, heatstroke

Table 2: Humidex and apparent 
temperature index ranges.

Sources: Adapted from United 
States National Weather Service 
(cited in Orimoloye et al. 2017; 
and Kapwata et al. 2018).
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Humidex is calculated using local ambient temperatures and saturated vapour pressure, based 
on a method developed by Sirangelo et al. (2020). This study calculated humidex using dry bulb 
temperature and relative humidity:

 ( )= + -
5

10
9

Hum Ta e  (2)

 =
.

100
satUr e

e  (3)

 += ´ 7.5
237.76.112 10 Ta

sat Tae  (4)

As noted in equations (1–3), Hum is calculated using ambient temperature (Ta) (°C), and calculating 
the water vapour pressure (e) using the relative humidity (Ur) and Ta based on Teten’s formula 
(Sirangelo et al. 2020).

Apparent temperature uses Ta, Ur, e and air flow (ws) as parameters (Steadman 1994):

 = + ´ - ´ -0.33 0.7 4.0AT Ta e ws  (5)

Water vapour pressure is calculated using Ur and temperature:

 = ´ ´
+

17.27
6.105 10

100 237.7
Ur Ta

e
Ta

 (6)

Due to the limited use of operable glazing and poor indoor ventilation rates, similar to a study by 
Kapwata et al. (2018), wind speed was considered negligible.

3.5 PROJECT LIMITATIONS

The project findings are limited to temperate climates such as Tshwane (Koppen–Geiger 
classification—Cwa) with hot summers and dry winter (StepSA 2020). The project only considered 
poorly insulated informal housing, which typically does not adhere to basic national building 
standards. While the sample group is small, the findings can be generalised to other informal 
dwellings in the region as the analysis of the 10 homes found high similarity in the building 
characteristics and material use. Finally the thermal improvements can only be ascribed to 
changes in the building envelope and not any behavioural changes.

4 RESULTS
4.1 FIELD DATA OF DWELLING SAMPLES

A selection of 10 informal dwellings was analysed in terms of their minimum, maximum and 
mean ambient temperatures (Ta), as well as the indoor heat stress exposure (humidex (HUM) and 
apparent temperatures (AT) indexes) (Table 3). The Ta conditions over the summer (November–
January), autumn (February–April) and winter (May–June) range between 22.4 and 26.7°C. Although 
the minimum Ta never moved below freezing point (Tamin = 3.1–14.1°C), low indoor temperatures 
were noted. However, high maximum Ta ranging between 38.7 and 48.5°C were documented. This 
resulted in a mean humidex index ranging from 29.2 to 34.4, with the percentage of time exposed 
to danger to extreme danger (HUM D-ED) conditions of 7–32%. In terms of AT the resultant mean 
AT ranges from 23.3 to 28.8°C, with dangerous exposure (extreme caution to extreme danger) (AT 
EC-ED) over the analysis period being 12–34%.

Considering the indoor and outdoor temperatures on a typical summer day reveals three aspects 
(Figure 7). First, deviation from the outdoor temperatures is predominantly experienced during 
the daytime. Notably during this period a Tamax of 48.5°C was documented. These temperature 
increases can predominantly be ascribed to solar radiation exposure and poorly performing 
envelopes (Figure 7).



Although the dwellings use similar construction methods, a difference was noted in 
the minimum and maximum thermal conditions. The minimum temperatures, typically 
documented in the early mornings and evenings, reveal a mean thermal difference between 
indoor and outdoor temperatures of 1.79 K with limited deviation between the dwellings 
(Z-scores <1). The maximum temperatures reveal more diverse results, with the thermal 
differences between the indoor and outdoor ambient temperatures ranging from 2.7 to 
16.6 K (mean temperature difference = 9.22 K; high deviation Z-scores = between 0.12  
and 1.54).

Finally, even though diverse maximum temperatures were documented, Figure 8 reveals that all 
the dwellings cross the HUM D-ED and AT EC-ED threshold conditions. These findings emphasise 
the importance of adapting the dwellings.

DWELLING INDOOR TEMPERATURE (°C) HUMIDEX APPARENT TEMPERATURE (°C)

MEAN MINIMUM MAXIMUM MEAN MAXIMUM EXPOSURE (%)a MEAN MAXIMUM EXPOSURE (%)b

H1 24.6 9.0 48.5 31.4 52.4 20% 26.1 52.4 24%

H2 22.4 6.4 42.9 30.2 49.1 16% 24.0 47.4 20%

H3 24.7 10.1 45.3 32.9 50.0 23% 26.8 49.4 25%

H4 23.2 6.8 46.0 29.9 49.3 16% 24.5 48.8 20%

H5 23.7 4.8 46.6 30.8 50.4 17% 25.2 49.7 20%

H6 23.3 7.2 38.7 30.0 43.2 7% 24.5 40.6 13%

H7 25.5 14.7 46.2 33.5 50.7 26% 27.5 50.3 28%

H8 24.0 3.1 47.6 31.2 55.9 24% 25.7 54.6 33%

H9 22.0 4.3 38.9 29.2 45.4 9% 23.3 41.3 12%

H10 26.7 14.1 47.4 34.4 50.6 32% 28.8 50.7 34%

Table 3: Measured indoor 
conditions of sample homes.

Notes: a Humidex = danger to 
extreme danger range.
b Apparent temperature = 
extreme caution to extreme 
danger range.

Figure 7: Outdoor and indoor 
temperatures correlated with 
local incident solar radiance.



4.2 CURRENT AND FUTURE PERFORMANCE OF NON-RETROFITTED DWELLINGS

Two homes (H3 and H4) were selected for the simulation analyses to assess their indoor thermal 
conditions (Table 4). A comparison between the simulated (full-year analysis) and measured 
(November–June) data shows that the mean temperatures are slightly lower (2–6%), with the 
maximum temperatures ranging from 6% lower (H4) to being 16% higher (H3). Conversely the 
humidex exposure (simulated) is slightly lowered with 4% in each case. While the models show a close 
statistical correlation between the simulated and measured scenarios (see section 3.4), the difference 
can be attributed to the models accounting for the generally cooler winter and spring periods.

In terms of the full-year simulation analysis, both H3 and H4 achieve moderate mean indoor 
temperatures of 22.6 and 23.1°C, respectively (Table 4). Yet in terms of maximum temperatures, 
the Tamax conditions differ with close to 10 K, with maximum temperatures of 44.6°C (H4) and 
54.3°C (H3). While there are dramatic differences in the Tamax conditions, the HUM and AT condition 
reveal a closer correlation in terms of the documented performance of both dwellings. H3 performs 
slightly worse with HUM D-ED for 19% and AT EC-ED conditions for 23% of the time of a full year. 
H4 experiences HUM D-ED conditions for 12% and AT EC-ED for 19% of the time (Table 4).

The occurrence of extreme heat stress exposure for between 12% and 23% of the time is 
concerning. Even more worrying are the simulations under the A2 scenario for 2100 climate 
change: the mean Ta conditions increasing to 26.2–26.3°C for both models (Tables 5 and 6). The 
heat stress conditions increase dramatically with between 150% and 270%, resulting in HUM D-ED 
conditions of 40% and 33% and AT EC-ED for 35% and 34% of the time for H3 and H4, respectively. 
A significant increase in heat exposure is noted with the general ambient temperature range 
shifting into a higher thermal regime.

4.3 SIMULATION OF HEAT ADAPTATION MEASURES

To date several studies promote using cool roof paints to lower heat stress (Kimemia et al. 2020; 
Kolokotroni et al. 2018; Nutkiewicz et al. 2022; Vellingiri et al. 2020). While the successful use of 
the technologies is reported, there is limited consensus on its effectiveness in temperate climates 
with concern that using cool roof paints will result in colder conditions in winter. In response, 
the simulation assessed two heat stress adaptation measures: (1) painting the complete thermal 
envelope (i.e. external walls and roof) with cool roof paint; and (2) only adjusting the dwelling’s 
roof with cool roof paint and adding an insulated ceiling (Table 7). These changes were identified 
as economically feasible and easily implementable in existing informal settlements.

Figure 8: Humidex and 
apparent temperature exposure 
on a typical summer day.

Table 4: Simulation findings 
of dwelling H3 & H4 over a full 
year period.

Notes: a Humidex = danger to 
extreme danger range.
b Apparent temperature = 
extreme caution to extreme 
danger range.

DWELLING INDOOR TEMPERATURE (°C) HUMIDEX APPARENT TEMPERATURE

MEAN MINIMUM MAXIMUM MEAN MAXIMUM EXPOSUREa MEAN MAXIMUM EXPOSUREb

H3 23.1 0.7 54.3 28.6 54.1 19% 23.7 56.0 23%

H4 22.6 0.5 44.6 26.7 47.3 12% 22.9 46.8 19%
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The analysis over a full-year period reveals that under the current climatic conditions painting the 
whole facade with cool roof paint lowers the HUM D-ED conditions by 63% in H3 and 42% in H4; 
similarly the AT EC-ED conditions are lowered by 65% in H3 and 37% in H4. This echoes the findings 
of Kimemia et al. (2020) who found a 92% drop in heat stroke conditions after applying cool roof 
paints to an informal dwelling in Johannesburg, South Africa.

These adaptations are effective in situations with high solar exposure and limited solar control, 
such as H3 which has no solar shading devices. Potential adverse cooling found Ta conditions 
below 18°C only increase from 33% to 39% in H3 and from 32% to 34% in H4. Conditions below 
10°C only increase with 1% over a full year in both cases.

Table 5: Simulation findings 
of heat stress adaptation 
measures for dwelling H3.

Notes: a Humidex = danger to 
extreme danger range.
b Apparent temperature = 
extreme caution to extreme 
danger range.
c Current local climatic 
conditions.
d Future ‘A2 2100’ scenario.

DWELL-
ING H3

SIMULATION CONDITION

NO INTERVENTION INTERVENTION 1: ENVEL-
OPE COOL ROOF PAINT

INTERVENTION 2: INSULA-
TION AND ROOF PAINT

CURRENTc 2100 
SCENARIOd

CURRENTc 2100 
SCENARIOd

CURRENTc 2100 
SCENARIOd

Tempera-
ture

Mean 23.1 26.3 19.9 23.9 22.3 25.7

Minimum 0.7 5.7 0.6 5.9 2.9 7.6

Maximum 54.3 56.0 39.7 42.8 41.9 44.9

Humidex Mean 28.6 34.4 26.0 32.7 28.3 34.2

Maximum 54.1 58.4 45.2 49.8 47.6 52.1

Exposure (%)a 19% 40% 7% 33% 11% 38%

Apparent 
tempera-
ture

Mean 24.0 28.6 20.7 26.2 23.2 28.1

Maximum 56.0 60.7 42.0 47.5 45.7 50.8

Exposure (%)b 23% 35% 8% 25% 15% 33%

DWELL-
ING H4

SIMULATION CONDITION

NO INTERVENTION INTERVENTION 1: ENVEL-
OPE COOL ROOF PAINT

INTERVENTION 2: INSULA-
TION AND ROOF PAINT

CURRENTc 2100 
SCENARIOd

CURRENTc 2100 
SCENARIOd

CURRENTc 2100 
SCENARIOd

Tempera-
ture

Mean 22.6 26.2 21.2 25.1 22.4 26.1

Minimum 0.51 5.28 0.52 5.29 1.5 6.2

Maximum 44.6 47.94 40.0. 43.8 40.9 44.7

Humidex Mean 26.7 32.9 25.6 32.1 26.7 32.9

Maximum 47.3 52.3 44.7 44.8 45.7 50.6

Exposure (%)a 12% 33% 7% 29% 9% 32%

Apparent 
tempera-
ture

Mean 22.9 27.9 21.5 26.8 22.7 27.8

Max 46.8 52.4 41.9 48.1 42.8 49.2

Exposure (%)b 19% 34% 12% 29% 16% 34%

Table 6: Simulation findings 
of heat stress adaptation 
measures for dwelling H4.

Notes: a Humidex = danger to 
extreme danger range.
b Apparent temperature = 
extreme caution to extreme 
danger range.
c Current local climatic 
conditions.
d Future ‘A2 2100’ scenario.

RESPONSE ADJUSTMENTS MADE REFERENCE

Intervention 1: Complete envelope painted 
with cool roof paint

Mean ageda reflectance: 0.72 
Mean aged emittance: 0.89 
Mean SRI: 87.17

Cool roofs (2022)

Intervention 2: Roof only insulation added and 
painted with cool roof paint

Mean aged reflectance: 0.72 
Mean aged emittance: 0.89 
Mean SRI: 87.17 
Insulation: 80 mm Isoboard 
R-value: 3.33 m2K/W

Cool roofs (2022) 
Isoboard (2022)

Table 7: Description of the heat 
stress adaptation measures 
undertaken in the simulations.

Notes: Mean aged reflectance 
is derived from the Cool Roof 
Rating Council which provides 
validated evaluation of the 
radiative properties of cool 
roof products. The study used 
‘aged’ values that represent the 
radiative properties three years 
after the products’ installation.

SRI = solar reflectance index.
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As a response to the adverse cooling concern, the second strategy only adjusted the roof increasing 
its reflectivity and insulation capacity (Table 7). This approach was less successful with a HUM D-ED 
decrease of 42% for H3 and 25% for H4. The AT EC-ED conditions were lowered by 34% in H3 and 
15% in H4. The performance under colder temperatures in H3 show the Ta conditions below 18°C 
and 10°C are lowered by 5% and 4%, respectively, over a full year. In H4 the impact was less with 
only an improvement of 2% (Ta <18°C and <10°C).

4.4 PERFORMANCE OF ADAPTATION MEASURES UNDER FUTURE CONDITIONS

The findings confirm that both strategies can lower the heat stress exposure for inhabitants under 
present climatic conditions. Covering the thermal envelope with cool roof paints is the most effective 
and due to the low thermal capacity of the dwellings has a little effect on the low indoor temperatures.

However, a significant increase in heat stress conditions is identified for the A2 climate scenario 
(2100). This means the long-term effectiveness of these strategies is insufficient and a serious 
concern. In terms of assessing intervention 1 under 2100 climate conditions (Table 7) the Hum 
D-ED conditions are only 17% and 12% lower in H3 and H4, respectively (Tables 5 and 6). Similarly, 
in terms of the AT EC-ED conditions, improvements of 29% and 15% for H3 and H4, respectively, 
were noted. Conversely intervention 2 (Table 7) is less successful, only lowering the HUM D-ED 
conditions by 5% in H3 and 3% in H4. As per the AT conditions, the AT EC-ED conditions in H3 are 
6% lower and the H4 simulation shows a negligible improvement.

Focusing on 48-h peak summer and winter periods, using current and future climatic models, the 
performance of these two strategies is unpacked. Figures 9 and 10 show the increase in average 
temperatures results in the dwellings being exposed to a generally higher thermal regime. They 
also reveal that dwellings easily cross the heat stress thermal thresholds of 35°C (Kimemia et al. 
2020), emphasising the importance of developing the dwelling’s thermal or insulative capacity to 
lower future heat stress exposure.

Figure 9: Current and future 
performance of adaptation 
measures versus outdoor 
temperatures for dwelling H3.

Note: Dwelling NI = dwelling 
simulated with no intervention; 
Dwelling Int1 = dwelling 
simulated with intervention 
1; Dwelling Int2 = dwelling 
simulated with intervention 2.



Higher ambient temperatures affect the efficacy of the adaptation measures. Isolating the 
thermal difference between the non-adapted and adapted models reveals that intervention 1 is 
32% (H3) and 27% (H4) less effective, while intervention 2 is 30% (H3) and 39% (H5) less efficient 
under the 2100 climatic conditions (A2 scenario). This can be ascribed to Fourier’s law on isotropic 
bodies stating higher thermal differences increase thermal transfer. The poorly insulated dwellings 
conduct more thermal energy into their interiors affecting the efficacy of the adaptations.

Intervention 2 was significantly less effective under the 2100 climatic conditions. During the 
summer, intervention 2 starts trapping thermal energy early in the mornings while intervention 1 
is more effective in dispelling heat and lowering indoor temperatures (Figures 9–11). This prompts 
one to question the efficacy of half measure adaptations, in this case only providing insulated 
ceilings without adequate changes to the whole structures as proposed by multiple studies 
(Mabuya & Scholes 2020; Naicker et al. 2017).

5 DISCUSSION
Using cool roof paints in temperate climates will result in cooler daytime indoor environments, 
(Figures 9 and 10). The maximum indoor ambient temperatures are significantly reduced with 
between 4.6 K (H4) and 14.6 K (H3). Painting corrugated metal structures with little thermal 
capacity has little impact on the cool nocturnal indoor temperatures.

Responding to potential adverse cooling, the study also considered alterations to the roof with 
additional insulation and increasing its reflectivity. This was chosen as a feasible retrofitting 
intervention without reconstructing the whole dwelling. Under current climatic conditions this 
strategy is less effective than intervention 1 (cool paint applied to the external envelope). This 
highlights the impact that the poorly insulated, low thermal mass walls have on the indoor 
environment. Although the added roof insulation has slightly improved the low morning 
temperatures, the overall impact is limited.

Figure 10: Current and future 
performance of adaptation 
measures versus outdoor 
temperatures for dwelling H4.

Note: Dwelling NI = dwelling 
simulated with no intervention; 
Dwelling Int1 = dwelling 
simulated with intervention 
1; Dwelling Int2 = dwelling 
simulated with intervention 2.



As a heat stress adaptation measure, cool roof paint on exposed informal dwellings is highly 
effective. Interestingly the two structures performed differently, as the dwelling with the added 
north/north-western-facing veranda (H4) exhibited slightly lower indoor temperatures (compared 
with H3): Tamean = 0.4 K lower; Tamax = 9.5 K). The adaptation measures are slightly less effective for 
H4 than H3. This results in the cool roof adaptation measure lowering the HUM D-ED conditions to 
7% for both H3 and H4, while the AT EC-ED conditions were lowered to 8% and 12% for H3 and H4, 
respectively. This reveals that using cool roof paints surpasses the efficacy of a shaded veranda as 
cooling structure (implemented in many dwellings), yet the thermal improvement of the shaded 
verandas must not be neglected.

For future climatic conditions, these interventions were less successful. Although both heat stress 
adaptation measures result in cooler indoor environments, the second strategy is less effective in 
limiting heat stress exposure. Only a 12–17% lowering of the HUM D-ED conditions were noted for 
the cool roof paints covering the whole thermal envelope, while only adjusting the roof (adding 
thermal insulation reflectivity) leads to only a 3–5% improvement in HUM D-ED conditions. But this 
will be insufficient to reduce heat stress in a warmer climate or during extreme climate events.

This has implications for practitioners and policymakers to develop multifaceted heat health-
response strategies for Southern African informal settlements. This will require more holistic and 
integrated response measures that (1) improve the building stock, (2) create public cooling zones, 
(3) establish and grow vegetation coverage, (4) ensure accessibility to potable water during crises 
and (5) develop awareness campaigns and training programmes to promote behaviour changes 
and community response strategies during heatwave events (Cheung & Jim 2018; Kapwata et al. 
2018; Liang et al. 2014; Razzak et al. 2022).

Figure 11: Correlation between 
outdoor thermal energy and 
adaptation measures for 
dwellings H3 and H4.

Note: Dwelling NI = dwelling 
simulated with no intervention; 
Dwelling Int1 = dwelling 
simulated with intervention 
1; Dwelling Int2 = dwelling 
simulated with intervention 2.
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6 CONCLUSIONS
Responding to the increasing global occurrence of heatwave events and the need to lower heat 
stress in marginalised communities, this article provides evidence for potential interventions. It 
shows an immediate potential for success but also their limitations over the medium term due to 
a warming climate.

This study considered the efficacy of heat stress amelioration measures in informal dwellings in 
Tshwane, South Africa. The measured indoor thermal conditions, documented in the dwellings 
during the spring to winter, reveal the existing indoor environments currently expose users to 
excessive thermal conditions (HUM D-ED and AT EC-ED) for up to a third (8 h) of a typical day.

Simulation analyses of two selected dwellings considered interventions for current and future 
conditions—based on a future climate scenario (A2 for 2100). The simulation models allowed 
the research team to address data gaps, and also to simulate structural heat stress amelioration 
measures. Two strategies proved to be effective under current conditions but were insufficient for 
future conditions.

From a practical implementation perspective, painting a dwelling’s whole envelope with cool 
roof paint is successful, easy to implement and cost-effective. However, under future climatic 
conditions, the strategies of improved albedo and insulating the roof are shown to be inadequate 
for mitigating heat stress. Instead, multilayered and integrated response measures will be 
needed. The implications for public health policies and strategies are to develop and implement 
an integrated heat resilience plan.

In terms of further research, the community acceptance, implementation requirements and in situ 
performance of these strategies have to be verified—specifically the performance of ageing cool roof 
paints in urban conditions with high insolation, dusty conditions and little maintenance capacity.
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