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ABSTRACT 

The average temperature in South Africa is increasing at nearly twice the global rate. South 
Africa also has a large population living in informal settlements characterised by inadequate 
housing with poor thermal regulation. This population is consequently particularly vulnerable 
to the risks of increased heat stress exposure, underscoring the need to develop well informed, 
contextually appropriate heat stress adaptation strategies. One of such is the use of solar 
shading devices that block solar radiation, which after a literature review prove to have an 
increased potential in reducing indoor dwelling temperatures. The study therefore investigated 
the performance effectiveness of static and adaptive shading strategies. This was achieved 
by digitally simulating fourteen static shading strategies applied to a prototypical informal 
dwelling in Tshwane. An adaptive shading strategy with rotatable louvres was developed 
based on the synthesised results and was further tested in both virtual and in situ 
environments. The results of each were comparatively discussed using a control dwelling, and 
the accuracy of the digitally simulated data was compared to in situ measured data. The 
findings indicate that the performance of solar shading strategies is not directly proportional to 
the material surface area, suggesting that the availability of resources should be the first 
informant when developing shading strategies in informal contexts. The findings also present 
built environment professionals and informal settlement inhabitants with a practical guide to 
optimise shading performance. The roof is the most important building envelope surface to 
shade on an annual time scale, yet seasonal adaptive shading proves to reduce heat stress 
exposure significantly. This is accomplished by prioritising shading devices based on available 
resources and applying them to the surface with the highest thermal gain, while using optimal 
fin orientation. The results finally indicate that despite observed differences in absolute values, 
digital simulation is an effective method to verify design choices and optimise solar shading 
strategies. This study provides data and evidence to support a limited field encompassing 
locally appropriate heat stress adaptation strategies within informal contexts.  

KEYWORDS 

Heat stress, climate change, adaptive fa­ades, solar shading, retrofit, informal settlements, 
digital simulation, in situ testing. 
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KEY TERMS AND DEFINITIONS 

Heat stress: A combination of ambient air temperature, radiation, air circulation and air 
moisture that impacts the psychological ability to maintain body temperature within the human 
heat tolerance (Ncongwane, Botai, Sivakumar, Botai & Adeola, 2021:1). 

Adaptive fa­ade (AF): AFs represent an advancement in building performance by acting as 
dynamic barriers between indoor and outdoor environments (Loonen et al., 2015:1284). Unlike 
static facades, AFs are distinguished by their capacity to respond to external environmental 
variations and internal user preferences (Loonen, Trļka, C·stola & Hensen, 2013:486) 
through modifications in their configuration (Tolba, El Mokadem, Badawy & Shahda, 2023:7). 

Retrofitting: A technical modification to a building, either on a minor, moderate or major level 
(Tolba et al., 2023:7), to optimise its performance (Sebayang, Alkadri, Chairunnisa & Dewi, 
2023:2). 

Representative Concentration Pathways (RCP): Developed by the Intergovernmental 
Panel on Climate Change (IPCC) to project climate impacts according to four different 
mitigation level scenarios (high mitigation: RCP2.6, intermediate mitigation: RCP4.5 & RCP6, 
low mitigation: RCP8.5) (IPCC, 2023a). 
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ABBREVIATIONS 

IPCC: Intergovernmental Panel on Climate Change 

RCP: Representative Concentration Pathways 

ABT: alternative building technology 

AF: adaptive fa­ade 

Ta: ambient temperature (ÁC) 

AT: apparent temperature (ÁC) 

MRT: mean radiant temperature (ÁC) 

To: operative temperature (ÁC) 

ws: wind speed (m/s) 

e: vapour pressure (kPh) 

RH: relative humidity (%) 

SG: solar gain (kW) 

STDEV: standard deviation 

SS-N: solid shading on the northern fa­ade 

SS-E: solid shading on the eastern fa­ade 

SS-W: solid shading on the western fa­ade 

SS-R: solid shading on the roof 

RS-H: roof shading with horizontal fins extending east to west 

RS-V: roof shading with vertical fins extending north to south 

WB-445: 445mm deep window box shading 

WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 

HF-E: horizontal fins on the eastern fa­ade 

HF-W: horizontal fins on the western fa­ade 

VF-N: vertical fins on the northern fa­ade 

VF-E: vertical fins on the eastern fa­ade 

VF-W: vertical fins on the western fa­ade 

AL-C: adaptive louvres positioned closed 

AL-SO: adaptive louvres positioned semi-open 

AL-O: adaptive louvres positioned open 
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1 INTRODUCTION AND BACKGROUND 

Although cities are the biggest drivers of climate change, they are incredibly vulnerable to the 
related risks (Dodman, Archer & Satterthwaite, 2019). These risks are evident in formal urban 
settings, yet informal urban settlements are increasingly vulnerable to climate change impacts. 
South Africa has a large population residing in informal settlements, characterised by informal 
dwellings with poor indoor qualities (Statistics South Africa, 2022:30, 118). Due to climate 
change, South Africa is also experiencing several adverse impacts, with average 
temperatures increasing at twice the global rate (Department of Environmental Affairs, 
2016:12), which makes those living in informal dwellings critically vulnerable to the risks 
related to heat stress exposure (Mares & Moffett, 2016). 

Climate change has several current and future implications, leaving informal settlements 
vulnerable to these impacts. To understand its implications on informal contexts, climate 
change in terms of the global and South African contexts is unpacked. 

1.1 CLIMATE CHANGE 

1.1.1. Global context 

Climate change has already impacted multiple regions globally. Climate change-related 
extreme weather events caused 475 000 deaths globally between 2000 and 2019. During this 
period, US$ 2,56 trillion was spent on a range of different climate change adaptation measures 
(Eckstein, K¿nzel & Schªfer, 2021:5). The Intergovernmental Panel on Climate Change 
(IPCC, 2023a) reports that climate change adaptation must be exercised extensively to ensure 
the future of cities. 

The global mean surface temperature between 2011 and 2020 was 1.09ÁC higher than 
between 1850 and 1900, of which human activities caused 1,07ÁC (IPCC, 2023b:5). The 
average global temperature in July 2023 was 0,24ÁC warmer than any other July recorded 
(NASA, 2023:online), with the average global temperature for 4 July reaching 17,01ÁC, making 
it a record high since 1979 (Paddison, 2023:online). Countriesô efforts to achieve the 1,5ÁC 
target as per the Paris Climate Agreement are insufficient (United Nations Environment 
Programme, 2021a:xvi), with a 50% chance that we will exceed the target by 2060 (World 
Meteorological Organization, 2022:online).  

Climate change also affects the atmospheric carbon dioxide (CO2) concentration, which was 
higher in 2019 than in the past 2 million years (IPCC, 2023b). Global energy-related CO2 
emissions reached a record 37,4 billion tonnes in 2023 (IEA, 2024:3). The built environment 
was accountable for a third of the total CO2 emissions during this period (United Nations 
Environment Programme, 2021b; IEA, 2019:4), of which 6% were due to the extraction and 
production of building materials (Tolba et al., 2023:2).  

A third of a buildingôs lifetime CO2 emission is generated during construction and two-thirds 
when the building is being used (Borschewski et al., 2023:1). Cement and steel production, 
for example, are responsible for more than 9% of global CO2 emissions (De Villiers, 2012:3). 
The construction industry therefore has a significant impact on the surrounding environment 
(Fern§ndez et al., 2020:1) and measures need to be taken to mitigate these impacts as far as 
possible. 

These statistics highlight the urgent need for global action that addresses climate change and 
its effects. Hugo (2023:56,70) also highlights the critical role built environment professionals 
have in this global agenda to mitigate climate change and adapt to its impacts.  

1.1.2. Climate change in South Africa 

While climate change impacts South Africa in multiple ways, the increase in temperature 
requires urgent consideration. The average temperature in South Africa is increasing one and 



 

2024  2 

a half times to twice the global rate, with the western and north-eastern parts of the country 
as the extremes (Ncongwane et al., 2021:2; Engelbrecht, 2019:7; Department of 
Environmental Affairs, 2016:12). Under a low mitigation scenario (RCP8.5), simulations 
predict that the average temperature for South Africa will rise from 4ÁC to 7ÁC before the year 
2100 (Engelbrecht, 2019:11). Heatwaves, defined as a period where the maximum 
temperature is 5ÁC more than the average temperature of the warmest month (Engelbrecht, 
2019:28), are expected to increase with 80 days per year by 2100 for most interior parts of 
South Africa (Engelbrecht, 2019:28). 

To ensure peopleôs health in South Africa, the National Climate Change Response Policy 
communicated the urgency of developing and implementing health action plans that considers 
temperature extremes and local conditions (Department of Health, 2011). These response 
measures correlate with the World Health Organizationôs recommendations for developing 
heat action plans, which promote preparation measures and utilisation of resources to mitigate 
heat-related health impacts (World Health Organization, 2009). 

Although climate change causes several hazards, such as flooding, which are widely 
investigated and discussed in adaptation strategies and policies, heat stress is often neglected 
(Laue, Adegun & Ley, 2022:1). The National Climate Change and Health Adaptation Plan 
does however identify the experience of severe and more frequent heat stress exposure as 
one of the nine climate change-caused environmental risks (Department of Health, 2014). 
These risks are defined not only by the magnitude and frequency but also by an entityôs 
vulnerability. This suggests that heat stress is a growing concern in South Africa, making the 
population increasingly vulnerable. 

This study focuses on heat stress, with rising temperatures as its main informant, by 
investigating and testing possible heat stress adaptation strategies. 

1.2 HEAT STRESS 

Climate change impacts society through a range of factors, including the increased occurrence 
of heat stress due to increasing temperatures. Heat stress is mainly affected by air 
temperature, yet also radiation, air circulation, air moisture, the clothing of an individual, as 
well as the biological and psychological ability to maintain body temperature within the human 
heat tolerance of 35ÁC - 37ÁC (Ncongwane et al., 2021:1). 

The increase of heat stress occurrences has a devastating effect on people. In India, for 
example, the 0,5ÁC temperature increase between 1960 to 2009 increased the probability of 
heat-related death by 150% (Mazdiyasni et al., 2017). During 2015, the extreme heatwave in 
India caused 2 300 deaths (Vellingiri et al., 2020:25), while between 2018 and 2020, a global 
total of 3 066 deaths were heat-related (Wright et al., 2023:1). Global heat stress occurrences 
are expected to increase by 246% by 2060, compared to the period between 1985 and 2005 
(IPCC, 2023a). This increase in heat stress exposure is a cause for concern in that a similar 
probability of heat-related deaths can be assumed for Africa (Kimemia, Van Niekerk, Annegarn 
& Seedat, 2020:29). 

1.2.1. Effects of heat stress exposure 

Heat stress does not only result in increased discomfort. Exposure between 4 to 6 hours of 
wet bulb globe temperature of 35ÁC can lead to permanent heat trauma (Nutkiewicz, 
Mastrucci, Rao & Jain, 2022:6). This includes medical-related implications, such as fainting, 
dehydration, exhaustion, brain damage and internal organ failure (Kapwata, Gebreslasie, 
Mathee & Wright, 2018:2; Grubenhoff, Du Ford & Roosevelt, 2007). Headaches, rashes and 
exhaustion are the most common symptoms (Laue et al., 2022:5; Lugo-Amador, Rothenhaus 
& Moyer, 2004). 

People with pre-existing health issues as well as the elderly, chronically ill, pregnant, socially 
isolated, low-income people, and children younger than five years, are proven to be the most 
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vulnerable to heat stress exposure (Wright et al., 2023:2; Laue et al., 2022:5, 10; Ncongwane 
et al., 2021:2; Kapwata et al., 2018:13). Increased heat stress exposure also impact social 
structures and economics (Razzak et al., 2022; Chersich et al., 2019), increase violent 
behaviour (Chersich et al., 2019; Ranson, 2014) and affect individual performance, both 
psychologically and mentally (Ayanlade, Esho, Popoola, Jeje & Orola, 2019:2). 

Particularly high-risk settlements are those with limited access to sufficient water and 
sanitation (Laue et al., 2022:1ï4; Ncongwane et al., 2021:2), as the most apparent behavioural 
response to heat stress exposure on a household level, is to take a cold bath and drink water. 
The most apparent structural responses are to add window shading and improve air ventilation 
by either opening windows or using electric fans and air conditioning (Laue et al., 2022:6). 
Although Kapwata et al. (2018:12) indicate that only 4,2% of informal dwellings located within 
Greater Giyani Municipality in Limpopo have air conditioners, using electrified responses 
remains problematic. Not only does it increase energy use, which the poor cannot afford, it 
removes the userôs natural stimulus to sense the dangerous environments (Laue et al., 
2022:6). It is, therefore, crucial to reduce heat stress exposure while reducing energy use, 
given the current state of climate change, our global energy crisis, and vulnerable population 
groupsô limited access to electricity (IPCC, 2023a:953; Sebayang et al., 2023:2; Barozzi, 
Lienhard, Zanelli & Monticelli, 2016:275). 

1.3 INFORMAL SETTLEMENTS 

In 2020, 1,1 billion people lived in slums or similar conditions globally (United Nations, 
2023:34). In 2022, 12,3% of South African households reside within informal settlements, 
adding up to approximately 2,3 million informal dwellings (Statistics South Africa, 2022:30, 
118). The global population living in informal settlements is predicted to increase to 3,1 billion 
by 2050 (United Nations, 2023:34), of which 9,571 million will be in South Africa. 

Huchzermeyer and Karam (2006:vii) define informal settlements as urban land developed and 
occupied by the urban poor without authorisation. The UN-Habitat (2019:10) similarly defines 
informal settlements as hazardous residential areas with no security or tenure of occupied 
land, lack of essential services and infrastructure, and housing that does not comply with 
building regulations. 

1.3.1. Informal dwellings 

An informal dwelling is defined as a makeshift structure that does not comply with building 
standards, such as a shack (Statistics South Africa, 2022:84). Informal dwellings are typically 
constructed out of lightweight building materials (Hugo, 2023:56, 58; Laue et al., 2022:4) with 
no insulation (Akinwolemiwa, Bleil De Souza, De Luca & Gwilliam, 2018:277). Therefore, 
informal dwellings tend to have poor thermal qualities, as the conductive, convective and 
radiation properties of any building envelope are the main aspects influencing the heat gains 
and losses (Sebayang et al., 2023:2). This means that informal dwellings cannot store or 
release heat when needed and therefore cannot regulate indoor temperatures sufficiently 
(Laue et al., 2022:4; Fern§ndez et al., 2020:1). Making matters worse, informal dwellings tend 
to have poor air ventilation (Vellingiri et al., 2020:26; Ayanlade et al., 2019:2), and are often 
incorrectly orientated (Akinwolemiwa et al., 2018:277). 

It is critical to ensure suitable indoor building environments, as most heatwave-related deaths 
happen at home (Kimemia et al., 2020:29). As noted, informal dwellings often have poor 
performance standards and neglect sound bioclimatic design principles, all of which are 
severely neglected within the informal context due to economic constraints. Where privileged 
people can change their indoor conditions to suit their preferences with electrified responses, 
people within informal context tend not to have these luxuries (Ricci, Ponzio, Fabbri, Gaspari 
& Naboni, 2021:1), all of which further amplify the effects of heat stress (Mares & Moffett, 
2016). 
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1.3.2. Impact of heat stress exposure in informal settlements 

The urban heat island effect occurs increasingly in highly urbanised areas lacking 
greenspaces (Vellingiri et al., 2020:25). The highly urbanised City of Tshwane had a 
population of 2,9 million in 2011. It is predicted to grow to 4.4 million by 2030 and 5,8 million 
by 2050 (CSIR, 2023a:online). With settlement fabric increasing proportionally to population 
increase (Ricci et al., 2021:1), the City of Tshwane is highly affected by the urban heat island. 
The population density of informal settlements is much higher than the surrounding formal 
suburbs. Melusi, as a typical example of an informal settlement in South Africa, has a 63% 
increased population density compared to formal settlements (Hugo, 2023:58). The effects of 
urban heat island is, therefore, more evident, further increasing the risk of heat stress 

exposure (Ncongwane et al., 2021:2). 

Evidence indicates excessive heat stress in Tshwane's informal settlements, with indoor 
ambient temperatures reaching up to 48,5ÁC (Hugo, 2023:63). The occurrence of such 
dangerous indoor temperatures is predicted to increase by up to 50% before 2100 (Hugo, 
2023:63). In informal settlements, individuals are often forced into a "poverty trap" (Vellingiri 
et al., 2020:26) as every 1ÁC increase above 25ÁC leads to an approximate 2% decrease in 
productivity (Vellingiri et al., 2020:26).  

Although the increase in heat stress exposure is primarily due to climate change, factors such 
as population density and built environment conditions, including settlement layouts and 
building typologies (Nutkiewicz et al., 2022), are exacerbated in informal settlements, also 
affect heat stress exposure. Additionally, people in informal settlements face dangerously high 
levels of heat stress due to their socio-economic circumstances and lack of resources (Hugo, 
2023:56; Nutkiewicz et al., 2022; Kapwata et al., 2018:2). Globally, these settlements are also 
often excluded from climate change adaptation strategies, leaving them without support to 
mitigate the risks (Hugo, 2023:56). 

The high population growth in informal settlements further underscores the need to address 
heat stress exposure. As these vulnerable communities are disproportionately affected by 
climate change, urgent adaptation strategies are essential to mitigate the adverse effects. 

1.4 RESEARCH PROBLEM 

Compared to other climate change-associated adaptation strategies such as flooding, heat 
stress adaptation strategies are noticeably neglected in densely populated areas with hot 
climates and need to be addressed (Laue et al., 2022:1; Akinwolemiwa et al., 2018:277). With 
the average temperature in South Africa increasing at almost twice the global rate 
(Engelbrecht, 2019:7; Department of Environmental Affairs, 2016:12) and the large growing 
population residing within informal settlements (Statistics South Africa, 2022:30, 118), it is 
essential to develop and equip informal dwellings with local adaptation strategies that reduce 
heat stress exposure. This requires quantitative data on indoor building conditions (Laue et 
al., 2022:11), as there is also generally limited evidence and understanding of locally 
appropriate and assessed adaptation strategies for the informal context (Hugo, 2023:56; Laue 
et al., 2022:10). 

1.5 RESEARCH QUESTION 

How effective are retrofitted static and adaptive shading strategies at improving indoor 
temperatures and reducing heat stress exposure in informal dwellings in Tshwane, South 
Africa? 

1.6 HYPOTHESIS 

Retrofitted static and adaptive shading strategies can sufficiently reduce heat stress exposure 
by lowering the indoor temperatures of informal dwellings located in Tshwane, South Africa. 
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1.7 RESEARCH OBJECTIVES 

As part of a more extensive research effort, of which the aim is to develop, simulate and assess 
the efficiency of fa­ade-based strategies in reducing user exposure to heat stress, this study 
will: 

1. Create a reference framework of potentially appropriate heat stress mitigation 
strategies for informal dwellings by unpacking adaptive fa­ades (Literature Review: 
Part A) and reviewing existing tested strategies (Literature Review: Part B). 

2. Test how different static shading strategies affect the indoor environment of a 
prototypical informal dwelling using digital simulation and report on the efficacy and 
viability of each in reducing heat stress exposure (Data collection phase 01). 

3. Synthesise the results of objective 2 to develop and further test the performance of 
an adaptive louvre shading strategy on the prototypical informal dwelling using digital 
simulation and in situ testing  (Data collection phase 02). 

4. Reflect on the accuracy of digitally simulated data compared to in situ measured data 
and consider how future studies could use simulation methods to test shading 
strategies' performance to reduce heat stress exposure within the informal context. 

1.8 CONTRIBUTION TO LARGER AGENDAS 

Kimemia et al. (2020:29) assert that understanding the unique context and circumstances of 
informal settlements, particularly in densely populated cities such as Tshwane, is vital for 
achieving the United Nations (2023) sustainable development goals (SDG). This studyôs 
findings will enhance this understanding and promote good health and well-being (SDG 3) by 
mitigating the risks of heat stress. The study will support the development of sustainable cities 
and communities (SDG 11) by improving housing quality and advancing climate action (SDG 
13) by identifying potential heat stress adaptation strategies (United Nations, 2023:16,34,38). 

1.9 CONCLUSION 

The increase in heat stress due to climate change significantly impacts livelihoods, the 
economy, and the environment. Informal settlements are a particularly vulnerable portion of 
the South African population that experience heat stress-related effects more often than those 
in formal settlements. However, they can seldom avoid these severe conditions given their 
socio-economic circumstances. Therefore, testing the efficacy of simple shading devices will 
provide critical insight for developing contextually appropriate heat stress adaptation 
strategies that could lead to a more inclusive climate adaptation plan for South Africa. The 
following section will consider the nature of adaptive facades and define possible adaptive 
strategies that can mitigate heat stress exposure.  
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2 LITERATURE REVIEW: PART A 

This study focuses on reducing heat stress inside informal dwellings, emphasising building 
technology's application. The chapter will distinguish adaptive fa­ades (AFs) from static ones 
and discuss different controlling strategies. Key categories and terminology will be defined, 
creating a reference framework (Figure 1) that will be considered in developing appropriate 
heat stress adaptation strategies within the informal context. The second part of the literature 
review (Literature Review: Part B) will review tested strategies that improve the performance 
of the building envelope. 

 

Figure 1: The studyôs focus relative to the theoretical 
framework unpacked in the Literature Review: Part A. 

2.1 BUILDING TECHNOLOGY 

Building technology includes materials, methods, and systems (Tolba et al., 2023:7; Wu, Wei 
& Peng, 2019). The current built environment in South Africa is well established around 
conventional building technologies as opposed to ABTs (Construction Industry Development 
Board, 2022). Conventional building technologyôs response to climate change is limited as 
they were developed based on past, less severe climate conditions (Manzano-Agugliaro, 
Montoya, Sabio-Ortega & Garc²a-Cruz, 2015; Olgyay & Olgyay, 1992). More recent ABTs 
have an increased potential in addressing climate change impacts, as they are developed 
during the current climate conditions.  

2.1.1. The current built environment 

Architectural bodies and regulators, as well as conventional brick, concrete and timber 
industries, are well established within the current built environment (Construction Industry 
Development Board, 2022). ABTs are consequently not widely utilised (NHBRC, n.d.:3). 
Fortunately, 10% of South Africaôs Human Settlement Development Grant is allocated to the 
implementation of ABTs, and 17 000 of the 2,8 million residencies provided by the South 
African government made use of ABTs (Adetooto, 2022:11). When considering housing 
provision in South Africa and the prolific growth of informal settlements, it is vital to employ 
more effective and sustainable ABTs. 

ABT applies to the entire building and ranges from construction methods, such as off-site 
prefabrication (Osunsanmi, Aigbavboa & Oke, 2018), to building systems, such as sandbag 
building technology (Adetooto, Windapo & Pomponi, 2022). ABTs also refer to the fa­ades 
that make up the building envelope (Attia, Lioure & Declaude, 2020:3255). This study 
considers alternative forms of envelope articulation to promote the use of ABTs. 

2.1.2. Building envelopes and fa­ades 

The term envelope traditionally refers to the building enclosure In contrast, the term fa­ade 
refers to a buildingôs exterior (Barozzi et al., 2016:276) and is therefore considered part of the 
building envelope (Attia et al., 2020:3255). Building envelopes ensure structural integrity and 
user safety, perform key functions, and are the interface between indoor and outdoor 
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environments (Loonen et al., 2015:1285). Thus, the building envelope significantly affects the 
building's performance (Loonen et al., 2015:1284). 

Building fa­ades directly and indirectly affect the building's performance. Directly, by 
regulating heating and cooling loads, responsible for 40% of heat loss and gain (Barozzi et al., 
2016:276). Indirectly, they regulate ventilation and natural light through windows and 
openings, influencing energy consumption and user comfort (Lee & Selkowitz, 2009:ix). All 
these performance factors considered make fa­ades more complex than any other building 
component. 

Building envelopes and fa­ades have long been essential building components (Manzano-
Agugliaro et al., 2015; Olgyay & Olgyay, 1992), yet until recently, the focus remained on static 
robust structural systems (Loonen et al., 2015:1284). Climate changeôs fluctuating climate 
conditions demand that building envelopes should be reconsidered to ensure indoor comfort 
(Tolba et al., 2023:2). Hence a shift towards adaptive systems is observed in both academia 
and practice (Ricci et al., 2021; Tabadkani, Roetzel, Li & Tsangrassoulis, 2021:5; Barozzi et 
al., 2016:276; Loonen et al., 2013:1285), suggesting that building envelopes and fa­ades 
remain important building components (Manzano-Agugliaro et al., 2015; Olgyay & Olgyay, 
1992). ABTs such as AFs are thus regarded by built environment professionals as cost-
effective methods to improve building performance while having a smaller environmental 
footprint than conventional static building technologies (Adetooto, 2022:2ï11). 

2.2 ADAPTIVE VS STATIC SYSTEMS 

2.2.1. Static systems 

Systems building systems are integrated into a building as a general response to 
environmental conditions (Tabadkani et al., 2021:4). Static systems only respond to indoor 
and outdoor conditions without having the ability to change their configuration easily 
(Tabadkani et al., 2021:1). This leads to user modifications over time, as static systems are 
designed for optimal, average performance. Static systems were widely used in the past and 
are still relevant in contemporary buildings. Double skin envelopes, trombe walls and fixed 
shading devices are examples of static systems that improve the indoor environment 
(Tabadkani et al., 2021:5). 

 

Figure 2: Left: Stellenbosch University Faculty of Medicine (2014) by MLB Architects 
(Gleich, n.d.:online). Middle: The Umkhumbane Cultural and Heritage Museum 
(2017) by Choromanski (Choromanski, n.d.:online). Right: Ocean Sciences Campus 
Extensions NMU (2022) by SVA International (Ray Truter Photography, n.d.:online). 

Recent technological advancements lead to better performing static systems, as well as other 
systems defined throughout the study. For example, computer numerical control (CNC) 
machining led to innovative shading devices (Figure 2) with increased production efficiency 
and accuracy, as well as reduced production cost (Abougarair & Tabet, 2023:55; Padhi, 
2023:online). Static systems are, however, limited by their inability to change their 
configuration and adapt over time, making them inferior to adaptive systems. 
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2.2.2. Adaptive systems 

Classified as high-performance building systems (Attia et al., 2020:3256) AFs are physical 
barriers between the indoor and outdoor environment (Loonen et al., 2015:1284) with the 
primary objective of improving the building's performance (Tolba et al., 2023:7; Attia et al., 
2020:3256; Bedon et al., 2019:1; Loonen et al., 2015:1284). AFs achieve this performance by 
responding to different external and external stimuli. External stimuli refer to the variation of 
environmental conditions (Borschewski et al., 2023:1; Tolba et al., 2023:7; Attia et al., 
2020:3256; Bedon et al., 2019:1; Loonen et al., 2015:1284), while internal stimuli refer to the 
variation in user preferences (Borschewski et al., 2023:1; Attia et al., 2020:3256). AFs can 
therefore be described as climate mediators that allow for adaptation while considering user 
preferences and through this combination, outperform static fa­ades (Loonen et al., 
2013:486).  

The ability to adapt is most often achieved through movement, hence the popular term kinetic 
fa­ades. Kinetics is the study of different movement laws while considering the involved 
masses and forces (Hibbeler, 1974). Where the term static is characterised by ña lack of 
movement, animation, or progressionò (Merriam-Webster, 2024a:online), kinetic fa­ades are 
characterised by the motions of mechanical systems that produce a variety of fa­ade 
geometries, such as displacing, sliding, expanding, folding, and transforming of components. 
Similar to AFs, kinetic fa­ades also respond to external stimuli, yet they are designed and pre-
tuned according to predicted future conditions (Tabadkani et al., 2021:6). Therefore, kinetic 
fa­ades only refer to the fa­ade's ability to move and does not refer to the adaptive capacity. 

AFsô response to stimuli is achieved by changing their configuration (Tolba et al., 2023:7) and 
thereby changing their function (Loonen et al., 2015:1284). The change in configuration allows 
AFs to control thermal mass properties, solar shading, ventilation, energy harvesting, daylight, 
humidity (Loonen et al., 2015:1284), view towards outside, thermal control, and noise control 
(Tabadkani et al., 2021:2; Cole & Brown, 2009). The response to stimuli can vary in time 
scales, whether secondly, hourly, daily or seasonally (Tabadkani et al., 2021:3). Adaptive 
parameters include the type of control, responsive function, adaptability degree and 
aesthetics, all dependent on in situ conditions (Tolba et al., 2023:18ï19). Fa­ade parameters 
are context-sensitive and can therefore be advantageous or disadvantageous (Tabadkani et 
al., 2021:1). 

The noun adaptation is defined as the ñmodification of an organism or its parts that makes it 
more fit for existence under the conditions of its environmentò (Merriam-Webster, 
2024b:online). As both environmental conditions and user preferences vary over time, whether 
instant or seasonal (Attia et al., 2020:3256; Bedon et al., 2019:1), AFs will change their 
function repeatedly and have the ability to reverse any such changes (Tolba et al., 2023:8). 
Borschewski et al. (2023:1) state that this change in function is accomplished by integrated 
fa­ade technology and similarly describe adaptability as the modification of a componentôs 
physical properties.  

The multifunctional characteristic of AFs further distinguish them from static fa­ades and is 
the primary reason why they are considered evolutionary (Bedon et al., 2019:1; Loonen et al., 
2015:1284) and viable alternatives to conventional building technology (Borschewski et al., 
2023:1). Al-Obaidi, Azzam Ismail, Hussein and Abdul Rahman (2017:15) describe this 
evolution by referring to the multifunctional ability of AFs that respond to more than one 
parameter or stimuli. Loonen et al. (2013:486) further describe this evolution as the adaptation 
over longer time periods to ensure optimal performance in unpredicted future conditions. 
Loonen et al. (2013:484) also mention that adaptive opposed to static systems have been 
investigated in the past, such as the concept of climate-adaptive building shells through 
polyvalent walls (Davies, 1981). AFsô multifunctionality makes them economically valuable for 
the built environment as they increase energy and resource efficiency, increase user comfort 
and are more sustainable (Loonen et al., 2013:486). AFs are also more affordable, increase 
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area efficiency and have improved spatial versatility (Borschewski et al., 2023:13; Loonen et 
al., 2013:486). 

Despite the shift towards adaptive systems, conventional systems, such as blinds and 
shutters, still dominate the fa­ade industry even though they cannot be applied to more 
contemporary free-form envelopes (Barozzi et al., 2016:276). This limitation also applies to 
informal dwellings, given their free-form makeshift structure and irregular building typology, 
suggesting that adaptive systems remain a viable alternative. This reinforces the identified 
need to investigate the application of AFs within the studyôs context. 

2.2.3. Limitations of adaptive systems 

Several aspects hinder the wide utilisation of alternative and adaptive systems. Built 
environment professionals prefer to use conventional building technologies because they do 
not have the required knowledge to implement ABTs (Windapo & Cattell, 2013; Ofori, 1990). 
AFs are also scarcely used due to the lack of standard procedures, design support tools, and 
methods for assessing the operational performance of AFs (Loonen et al., 2015:1285; Lee & 
Selkowitz, 2009:3). There are also fewer stakeholders that support ABTs (Borschewski et al., 
2023:3). This suggests that AFs should be considered holistically to ensure their feasibility 
and that further research is needed to reconsider their efficacy in improving building 
performance. 

Kolarevic and Parlac (2015) further state that the low success rate of AFs are mainly due to 
the complexity of the integrated technology, and Loonen et al. (2013:484) state that the 
developmental status of technology restricts the development of AFs. Adaptive systems that 
were developed only to address one building performance aspect are automatically inferior 
compared to those addressing a range of aspects (Lee & Selkowitz, 2009:3). However, the 
multifunctionality of AFs increases their complexity, potentially leading to higher installation 
costs (Borschewski et al., 2023:3) as well as the associated maintenance cost (Kolarevic & 
Parlac, 2015). The low success rate of AFs is primarily attributed to the complexity of 
integrated technology (Kolarevic & Parlac, 2015), as well as the developmental status of 
technology (Loonen et al., 2013:484). 

Kolarevic and Parlac (2015) state that the balance between function, degree of adaptability 
and optimised performance, compared to the associated cost, is key to developing fa­ade 
solutions that successfully respond to climate change. Attia et al. (2020:3266) state that 
resource efficient technology with a low environmental impact enhances the performance of 
AFs, reaffirming that AFs should be carefully considered and demands that fa­ade types 
should be analysed within the context of a given project to ensure its feasibility. 

2.2.4. Adaptive fa­ade types 

AFs include a wide and ever-growing variety of types. In 2008, 500 instances of AF variations 
had already been documented (Attia et al., 2018:168). Some of these are specifically 
categorised, such as biomimetic fa­ades, which draw inspiration from biological solutions 
(Tabadkani et al., 2021:5). Fa­ade types become so specific that they are often further sub-
categorised, such as problem- and solution-based biomimetic fa­ades (Tabadkani et al., 
2021:5). 

Adaptive systems are often referred to as dynamic systems. For example, Bedon et al. (2019) 
compares the structural characteristics of static fa­ades with dynamic fa­ades and not AFs. 
Dynamics is the study of forces that cause movement (Hibbeler, 1974). They can be 
categorised as a sub-type of adaptive systems that are specifically characterised by motion 
(Barozzi et al., 2016:277). Loonen et al. (2013:485) distinguish between adaptive and dynamic 
by emphasising AFsô ability to regulate the indoor environment, which is not a criterion for 
dynamic fa­ades. Dynamic facades are not developed to directly affect the building 
performance (Loonen et al., 2013:485), such as the media fa­ade of the Kindergarten Kekec 
(Figure 3). 
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Figure 3: Left: Meadia fa­ade of Kindergarten Kekec (2010) by Arhitektura 
Jure Kotnik (Kambiļ, n.d.:online). Right: Solar fa­ade at the HiLo NEST 
Research Building (2021) by ETH Zurich (ETH Zurich, n.d.:online). 

Being multifunctional, adaptive systems are, in general, categorised according to their primary 
function, such as providing shading (Konstantoglou & Tsangrassoulis, 2016:269; Loonen et 
al., 2015:1289). Loonen et al. (2015:1289) differentiate among six distinct functions, each of 
which deals with a unique aspect of the building's performance. These six categories are: 
thermal comfort regulation, indoor air quality regulation, enhancing visual performance, 
acoustic regulation, energy generation, and user preferences control (Loonen et al., 
2015:1289). In Attia et al.ôs (2020:3262) study where a variety of AF experts were interviewed, 
ñcomfort and well-beingò, ñenergy managementò and ñoccupant interactionò were additional 
popular topics among the interviewees when asked to define AFs. Improved comfort, energy 
management and user control reflect the main benefits and performance objectives of AFs. 

 

Figure 4: Studyôs focus relative to Borschewski et al.ôs (2023:2ï3) adaptive 
fa­ade type classification. ñImprove acousticsò is not included by 
Borschewski et al. (2023:2ï3) but mentioned by Loonen et al. (2015:1289). 

Borschewski et al. (2023:2ï3) group AF types according to more general objectives without 
limiting them to only those addressing building performance and distinguish between AFs that 
do affect building performance and those that do not (Figure 4). AF types that do affect building 
performance include those that reduce operation energy and operation costs, reduce 
emissions, and improve indoor comfort, which is defined by the combination of glare, adequate 
lighting, temperature, air quality and visual privacy (Borschewski et al., 2023:2ï3). AFs often 
simultaneously reduce operation energy and indoor environmental quality simultaneously 
(Loonen et al., 2015:1285). Borschewski et al. (2023:2) further divide the objective of reducing 
operation energy into AFs that generate energy and those that reduce the energy demand. 
Energy-generating fa­ades decrease the dependency on grid energy, such as the adaptive 
photovoltaic panels on the HiLo NEST Research Building (Figure 3). AFs that reduce the 
energy demand, such as controlling the solar gains, reduce the need for cooling systems and 
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therefore decrease the energy consumption of the building (Tolba et al., 2023:2; Ricci et al., 
2021:2). AF types that do not affect the building performance are those with aesthetic benefits, 
communication abilities and those that increase outdoor comfort, which most often affect those 
not involved in the design decision making such as passers-by (Borschewski et al., 2023:2ï
3). 

Attia et al. (2020) define AF types not according to the building performance objectives, but 
rather the technology that allows AFs to function (Figure 5). The first group of AF types, 
according to (Attia et al., 2020:3262), are dynamic shading fa­ades, where movable parts 
regulate sunlight. This group includes various strategies such as shutters, roller blinds, 
Venetian blinds, and naturally ventilated closed cavity fa­ades. The second group are 
chromogenic fa­ades with chemical-related technology are integrated into glazing such as 
electrochromic glazing, liquid crystal glazing, and thermochromic glazing (Attia et al., 
2020:3262). Solar active fa­ades are the third group which include integrated photovoltaic, 
double skin fa­ade, green wall, and phase changing technologies (Attia et al., 2020:3262). 
The fourth group is active ventilative fa­ades which include actively ventilated closed cavity 
fa­ades and automated operable windows (Attia et al., 2020:3262). 

 

Figure 5: Studyôs focus relative to (Attia et al., 
2020:3260ï3261) adaptive fa­ade type classification. 

These two frameworks (Figure 4 & Figure 5) indicate that AFs are developed with different 
objectives (Borschewski et al., 2023:2ï3) and that different fa­ade technologies allow different 
adaptive functionalities (Attia et al., 2020). These two frameworks can be used simultaneously 
when considering appropriate and feasible AF strategies. 

2.3 CONTROLLING STRATEGIES 

This study tests the efficacy of shading strategies within the informal context which makes 
complex controlling strategies inappropriate given their resource requirements and often 
associated technological complications. It is however necessary to distinguish different 
controlling strategies as part of the reference framework. 

For adaptive systems to respond to external and internal stimuli, they are strategically 
controlled (Borschewski et al., 2023:1; Attia et al., 2020:3256; Barozzi et al., 2016:280). These 
controlling strategies can either be extrinsic or intrinsic, more often referred to as active and 
passive controlling strategies (Barozzi et al., 2016:280). 

2.3.1. Active strategies 

Active adaptive systems are defined by their self-adjusting ability enabled by processors that 
receive inputs from sensors triggered by a range of stimuli (Tabadkani et al., 2021:2; Loonen 
et al., 2013). This reactive process is completed by signalling an actuator to perform a motion 
(Barozzi et al., 2016:280). The dynamics of active systems distinguish them from passive 
systems through their ability to react independently to different external stimuli as well as 
internal stimuli (Ricci et al., 2021:2; Tabadkani et al., 2021:2; Barozzi et al., 2016:277). The 
adjective extrinsic is defined as ñoriginating from or on the outsideò (Merriam-Webster, 
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2024c:online), which suggests that active systems are affected by sensors located outside of 
the primary system (Tabadkani et al., 2021). Sun, Gou and Lau (2018:43) therefore refer to 
heating, ventilation and air conditioning (HVAC) services as an example of active systems, 
where the sensor and actuator are often separated from each other. 

Extrinsic controlling strategies can further be divided into direct, reactive and system based 
strategies (Tabadkani et al., 2021:3). Direct control refers to manually controlled strategies, 
reactive control refers to strategies where sensors are used to control actuators, and system 
based requires processors and real-time environmental data (Tabadkani et al., 2021:3). 

2.3.2. Passive strategies 

Passive adaptive systems are similarly defined by their self-adjusting ability, yet oppose to 
active adaptive systems, are achieved by incorporated self-triggered elements (Tabadkani et 
al., 2021:3; Loonen et al., 2013), such as the wind-reactive fa­ades (Figure 6). The element 
itself performs the action of the sensor, processor and actuator which potentially allow the 
system as whole to be energy independent (Ricci et al., 2021:2; Tabadkani et al., 2021:6; 
Stamhuis, 2015:12). Performing the actions of the sensor, processor and actuator the system 
becomes limited to one environment (Ricci et al., 2021:2), and can thus only respond to 
external stimuli, and not to internal stimuli (Tabadkani et al., 2021:6). 

 

Figure 6: Left: Wind-reactive fa­ade of Gold Coast Estate Sibaya Sports Facility (2020) 
by Craft of Architecture (Pitcher, n.d.:online). Middle: Wind-reactive fa­ade of Tswelopele 
Building (2016) by Mediplan Architects and Health Planners (Mediplan Architects and 
Health Planners, n.d.:online). Right: Retrofitted Wind-reactive fa­ade at Olympia Car 
Park, British Parking Association in Dundee by Lang+Fulton (Lang+Fulton, n.d.:online). 

Another example of passively controlled adaptive systems is those associated with smart 
materials, such as the HygroSkin-Meteorosensitive Pavilion in France (Figure 7). Similar to 
how passively controlled strategies are defined, smart materials refer to the incorporated 
ability of a material to respond to stimuli in a sufficient amount of time, and return to the 
materialôs original state once the stimuli is removed (Stamhuis, 2015:12). The HygroSkin-
Meteorosensitive Pavilionôs fa­ade regulates ventilation by utilising 4 mm plywood sheets for 
their humidity response, an ability known as hygroscopicity (Krieg, Christian, Zuluaga & 
Menges, 2014). Abdullah and Al-Alwan (2019) state that the result of incorporating smart 
materials into architecture is a distinct higher level of adaptation. 

Pre-tuning according to predicted conditions limits the adaptability of passive systems, 
however, they tend to require less energy to operate compared to active systems (Tabadkani 
et al., 2021:3). Clearly, both active and passive strategies have the potential to enhance 
building performance by offering distinct control over building systems, each with its own 
advantages. Operating distinctly means that each has a unique role within a building, and for 
optimal building performance, a combination of active and passive systems is desirable (Sun 
et al., 2018:43). 
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Figure 7: Left: HygroSkin-Meteorosensitive Pavilion (2013) by Achim Menges Architect, 
Oliver David Krieg and Steffen Reichert (ICD University of Stuttgart, n.d.:online). Right: 
HygroSkin aperture adapting to variation in humidity (Achim Menges, n.d.:online). 

2.4 RETROFIT SYSTEMS 

Shading strategies that could potentially reduce heat stress exposure in informal dwellings 
can be developed as integrated building systems or be developed as systems that are 
retrofitted to existing buildings. With 2,3 million poor heat resistant informal dwellings in South 
Africa (Statistics South Africa, 2022:30, 118) that increase informal settlement inhabitantsô 
vulnerability to heat stress exposure (Hugo, 2023:57), retrofitting systems are equally 
important to integrated solutions. 

Sebayang et al. (2023:2) define retrofitting as ña technical intrusion to optimally utilise its (the 
buildingôs) energyò. Buildings lose their energy performance as they age, but can be improved 
with a variety of retrofitting systems as opposes to building costly new buildings (Sebayang et 
al., 2023:1). Tolba et al. (2023:6) define retrofitting as modifying technology to adapt to 
unpredicted environmental variations, which is driven by aesthetics, technicality, functionality, 
and economics. 

Tolba et al. (2023:7) further differentiate between minor-, moderate- and major levels of 
retrofitting. Minor level is mostly associated with maintenance such as painting or repairs. 
Moderate level is associated with renovation where smaller building components are 
upgraded or replaced, such windows and insulation. Moderate level also includes the addition 
of cladding and shading devices. Major level of retrofitting includes replacement of large 
building components such as the entire building fa­ade. 

Retrofitting, as opposed to new buildings, produces less construction waste and utilises less 

building materials, and therefore has a smaller environmental impact (Sebayang et al., 
2023:1). El-Darwish and Gomaa (2017:1) indicate that simple retrofit solutions can reduce the 
energy consumption of existing buildings up to 33%, where Omar, Sabsaby and Amro (2015) 
report that building envelope retrofitting can reduce energy consumption by up to 28%. Tolba 
et al. (2023:2) suggest that 20% of all existing buildings must be retrofitted to achieve net zero 
CO2 emissions by 2050. Given retrofittingôs advantages, they are feasible strategies to make 
buildings more resistant to climate change effects (IPCC, 2023a:953), and are considered 
viable heat stress adaptation strategies (CSIR, 2023b:online). Retrofitting strategies include 
improved insulation and thermal mass, improved natural ventilation, solar shading, window 
orientation, green roofs and walls, and water harvesting systems (IPCC, 2023a:953). The 
IPCC (2023a:953) also states that using a combination of solar shading, improved insulation, 
and ventilation, prove to be the most effective in reducing indoor building temperatures. 

The biggest concern of appropriate retrofit systems is the diversity of geographical and climate 
conditions (Ricci et al., 2021:2). The ability to adapt to different contextual conditions is a 
critical consideration when choosing or developing retrofit systems (Ricci et al., 2021:2), which 
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suggests that retrofitting AFs, given their multifunctionality through acting as climate 
mediators, can be extremely beneficial. This extends the need to investigate the application 
of AFs within the informal context to also consider retrofitting solutions. 

2.5 CONCLUSION 

The literature review considered and defined terminology related to building performance. The 
findings suggest that fa­ades are typically defined by a combination of different types and 
strategies (Tabadkani et al., 2021:5). The literature clearly indicates that building fa­ades 
remain a crucial building component when considering context specific building performance, 
which drives the development of AFs as alternatives to static fa­ades. This highlights the need 
to investigate the application of AFs within the informal context. The literature also indicates 
that AFs are developed for different objectives and utilise different technologies. Similarly 
active and passive systems have their own advantages, all of which suggest that shading 
strategies aimed at reducing heat stress exposure in informal dwellings should be carefully 
considered and analysed within the given context to ensure their feasibility.  
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3 LITERATURE REVIEW: PART B 

With a clear distinction between different facade types, this section aims to identify potential 
heat stress adaptation strategies by reviewing selected precedent studies. The studies 
investigated different strategies that could potentially improve the indoor building environment, 
either through digital simulation, or in situ testing. This will add to the reference framework 
when considering heat stress adaptation strategies for informal dwellings. 

Similar to Borschewski et al. (2023:2ï3) classification of adaptive system types, the 
precedents were limited to only those directly affecting the building performance by either 
increasing the indoor comfort or reducing the operation energy. Precedents considering the 
operation energy of buildings were included as they report on the energy consumption which 
is most often achieved by analysing the thermal gains. Given the focus of the study, only 
strategies that could potentially be retrofitted to informal dwellings were considered. For 
example, studies that test the efficacy of retrofitting improved glazing, such as reflective or 
low-e glass, was excluded as they are not feasible. The precedents were grouped according 
to the key parameters defined by Tabadkani et al. (2021:2), Loonen et al. (2015:1284) and 
Cole and Brown (2009), and align with the IPCCôs (2023a:953) examples of retrofit strategies. 
This included focusing on (i) natural ventilation, (ii) thermal envelope improvements and (iii) 
solar shading, which are discussed in the Literature Review: Part A. 

3.1 VENTILATION 

Ayanlade et al. (2019) compared the indoor ventilation of louvre windows to sliding windows 
in the informal context of Nigeria through in situ testing. The findings indicate that louvre 
windows improve the ventilation and keep the mean indoor temperature between 21ÁC and 
28ÁC, opposed to sliding windows that keep the mean indoor temperatures between 28ÁC and 
31ÁC, which is almost a 2ÁC difference. Similarly, Abdeen et al.ôs (2019) digital simulation 
based on the formal context of Egypt, show that the indoor to reduce by 1,71ÁC due to 
improved ventilation using solar chimneys. Dabaieh, Zakaria and Kazemôs (2021) study tested 
the use of traditional, low-tech Shisha clay funnels in the informal context by comparing them 
to conventional windows. The findings indicate that clay funnels also improve ventilation and 
therefore reduce the average indoor temperature and humidity by 2ÁC and 15% respectively 
(Dabaieh et al., 2021). 

These results suggest that improving natural ventilation can be considered a viable strategy 
to reduce heat stress exposure. Yet, the IPCC (2023a:953) states that the performance of 
improved ventilation strategies will decrease as the outdoor temperatures rise in the future. 
These strategies also require extensive moderate to major level of retrofitting by either 
switching from sliding to louvre windows, making use of solar chimneys or, using clay funnels 
as windows, all of which lower their opportunity to be retrofitted in the informal context. 

3.2 THERMAL ENVELOPE 

Fallahi, Haghighat and Elsadiôs (2010) study tested a range of different double skin fa­ades 
through digital simulation and found that mechanically ventilated double skin fa­ades, 
compared to conventional double skin fa­ades, reduce the energy consumption between 21% 
to 26% during summer. Dabaieh and Elbably (2015) similarly tested Trombe wall systems for 
their thermal efficiency by reporting on the heating and cooling loads. Based in Sinai, Egypt, 
a conventional Trombe wall was virtually compared to a Trombe wall that were painted grey 
as opposed to black, had 150 mm reversible insulation and a pair of blinds. This developed 
Trombe wall reduces the cooling load by 73% compared to the base case (Dabaieh & Elbably, 
2015). 

KuczyŒski and Staszczukôs (2020) study tested the effect thermal mass has on the indoor 
temperature. The in situ testing was conducted in Nowy Kisielin, Poland, with two geometrical 
identical, formal houses. The first house was constructed with insulated lightweight steel frame 
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walls, and in the second the walls were a combination of concrete and insulation. The results, 
collected over a summer month where 22 days exceeded 30ÁC, indicate an average indoor 
temperature of between 23,08ÁC and 26,72ÁC in the house with the concrete blocks, oppose 
to 24,83ÁC and 29,57ÁC in the lightweight, insulated, steel frame house. This indicates an 
average indoor temperature reduction of 2,8ÁC and maximum reduction of 3,4ÁC, which 
echoes other studies findings which indicate that insulation proves to be less efficient (Hugo, 
2023; Vellingiri et al., 2020). 

These studies indicate that improving the thermal envelope, either by adding insulation or 
using developed wall systems provide different performance outcomes. This firstly suggests 
that retrofitting the building envelope to improve the thermal properties require complex, often 
high-tech building technology, and secondly that the performance of these systems differ 
extensively and should be individually evaluated in specific contexts. Improving the insulation 
of a building without considering ventilation and adding solar shading also results in reduced 
cooling performance after sundown (IPCC, 2023a:953). This is problematic in hot areas that 
are dependent on the heat loss overnight to ensure cooler indoor environments. 

3.3 SOLAR REFLECTION  

Cool paints reflect a portion of the solar radiation away from the dwelling to reduce the solar 
heat gain (Kimemia et al., 2020:30). Cool paints are more effective in regions that receive high 
solar radiation with high external temperatures (Kolokotroni et al., 2018:1). The biggest 
drawback of cool paints are that their performance decreases as the paint degrades, and that 
they tend to underperform in winter (Kimemia et al., 2020:30). Numerous studies have been 
conducted testing the effects of regular cool paints in the informal context, all with very similar 
results (Hugo, 2023; Nutkiewicz et al., 2022; Kimemia et al., 2020; Vellingiri et al., 2020; 
Kolokotroni et al., 2018).  

Kolokotroni et al. (2018:59) tested commercially available cool paints specifically for informal 
dwellings with flat roofs. The in situ findings indicate reduced indoor Ta of 2,3ÁC over March 
and April, and further digital simulations indicate reduced annual indoor Ta of 1,2ÁC. 
Kolokotroni et al. (2018:69) also report that cool paints are the most effective on naturally 
ventilated dwellings. Vellingiri et al.ôs (2020) in situ findings in India, indicate a similar decrease 
in indoor Tamean of 1,2ÁC with white coloured cool paint.  

Kimemia et al. (2020) also tested the in situ performance of white coloured cool paint on 
informal dwellings in Johannesburg, South Africa, yet findings indicate a 4,3ÁC reduction in 
maximum daily mean temperature. Kimemia et al.ôs (2020) findings further indicate that critical 
heat stroke temperatures above 40ÁC are reduced from 19% to 1%. Nutkiewicz et al.ôs (2022) 
study indicates that building envelope materials have the largest effect on heat stress 
exposure. Hugoôs (2023) recent digital study in Tshwane, South Africa, also confirmed that 
the use of cool paints on informal dwellings decrease the risk of heat stress exposure with up 
to 65%. The study also compared the effects of painting the entire building envelope to only 
painting the roof and adding insulation. The findings indicate that painting the entire building 
envelope is more effective (Hugo, 2023). 

Solar reflectivity is an inexpensive strategy to reduce heat stress in hot regions. Minor 
retrofitting with cool paints can be easily implemented on a large scale, making them feasible 
for informal contexts. 

3.4 SOLAR SHADING 

Solar shading can be used to both adjust the indoor environment and indoor light quality, 
through shading solar radiation with overhangs, louvres or cladding devices (IPCC, 
2023a:953). Adaptive shading devices should primarily be used to improve daylight for indoor 
environments in colder climates, opposes to warmer climates, where they should be used to 
reduce solar radiation (Konstantoglou & Tsangrassoulis, 2016:270). During winter, solar 
shading systems are typically used to reduce glare, where in summer they are typically used 
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to reduce solar radiation (Borschewski et al., 2023:2ï3). This makes mobile shading devices 
favourable as they can be removed during winter to prevent overcooling (P®rez-Carrami¶ana, 
Gonz§lez-Avil®s, Castilla & Galiano-Garrig·s, 2024:2). Therefore, given this study areasô 
warm temperate climate, only studies that tested the effect of shading devices on the indoor 
building environment through shading solar radiation, were considered. 

3.4.1. Window box shading 

Abdulkareem and Al-Maiyah (2018) investigated the effect of window shading box strategies 
on the indoor thermal comfort and lighting quality in government-built housing in Abuja, 
Nigeria. A 900 mm deep, and 300 mm deep shading device were virtually tested (Figure 8). 
The findings indicate that the frequency of indoor thermal discomfort decrease by 14% and 
16% with the 300 mm and 900 mm shading devices applied respectively. Onyenokporo and 
Ochedi (2019) similarly tested the use of window shading box strategies among twelve other 
retrofitted strategies, which included cool paint, roof insulation and improved glazing. The 
findings indicate that roof insulation reduces the annual operative temperature the most by 
3,3%, and window 500mm window box shading the second most by 3,1%. Peng Jian, Aziz 
Tengku Intan Suraya Tengku, and Leng Pau Chung (2023) virtually tested the performance 
difference of concrete, aluminium, and timber overhangs on north facing windows in Malaysia. 
The findings indicate that overhangs reduce the indoor temperature by a maximum of 2,8ÁC, 
with negligible differences between the different materials. These findings suggest reduced 
heat stress exposure by simply adding window boxes yet becomes limited when the existing 
windows are not exposed to solar radiation. 

3.4.2. Vegetation as shading 

Vegetation is regarded as a means of shading due to the limited effect of evapotranspiration 
(Holm, 1985). Vegetation increases oxygen supply (Sun et al., 2018:42), act as a weathering 
protection layer, allow food cultivation, reduce heat island effect but most importantly, reduce 
the solar radiation that affect adjacent dwellings (Akinwolemiwa et al., 2018:278). 

Akinwolemiwa et al.ôs (2018) in situ study conducted in Lagos, Nigeria, investigated the 
advantages of different green wall systems (Figure 8). The findings indicate that green walls 
reduce the indoor temperatures by 2,3ÁC on average which increase the comfortable indoor 
environment by almost 100% (Akinwolemiwa et al., 2018). Sun et al.ôs (2018) case study of 
the Zero Energy Building in Singapore, indicates a similar ambient indoor temperature 
reduction of 2ÁC to 3ÁC when green walls are used on the western fa­ade. The findings do 
however indicate that green roofs outperform green walls, reducing the external surface 
temperature by 24ÁC, as opposes to 6 - 16ÁC with green walls. Both strategies improve the 
indoor environment due to the additional solar shading and improved insulation (Sun et al., 
2018:42). This makes vegetation as shading multifunctional as they reduce heat stress 
exposure while having additional benefits.   

 

Figure 8: Far-left: Window shading device tested by (Abdulkareem & Al-
Maiyah, 2018:5). Middle-left: Green wall prototype tested by (Akinwolemiwa 
et al., 2018:280). Middle-right: Vertical fins tested by (Sebayang et al., 
2023:6). Far-right: Vertical fins tested by (P®rez-Carrami¶ana et al., 2024:6). 
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3.4.3. Shading fins and louvres 

El-Darwish and Gomaa (2017) investigated three retrofit strategies (double glazing, improved 
air tightness, external insulation, and static solar shading) and simulated how each affect the 
buildingôs energy consumption when individually applied to three different educational 
buildings in northern Egypt. The buildings were distinguished by orientation, shape and 
construction, yet the simulated findings indicate that metal fins consistently outperform the 
other strategies, and reduce the energy consumption by as much as 52% (El-Darwish & 
Gomaa, 2017:587). Sebayang et al. (2023) more recently simulated the performance of 4200 
x 1000 mm vertical fins, retrofitted at an angle on an educational building in Indonesia (Figure 
8). The findings indicate that retrofitting static vertical fins outperform improving the glazing 
from clear to reflective, by reducing the average indoor temperature by 0.73ÁC. Similar 
performance benefits were indicated by P®rez-Carrami¶ana et al. (2024), comparing vertical 
fins to venetian blinds in Alicante, Spain (Figure 8). Compared to a control case with no solar 
shading, the use of outdoor vertical fins over a southern glass fa­ade reduce the maximum 
indoor operating temperature (Tomax) from 30,1ÁC to 27,3ÁC, while indoor venetian blinds only 
reduce the Tomax to 28,8ÁC (P®rez-Carrami¶ana et al., 2024:9). In contrast, Olaniyan, Adebisi 
and Onigbogi (2023) found that horizontal fins outperform vertical side fins and window 
overhangs in reducing the solar gain by 56,55%. 

 

Figure 9: Three adaptive solar shading types tested by (Madkour & ӳls«q«Ӵ, 2023:93). 

De Bem et al. (2022), Ricci et al. (2021), and Madkour and ϝЧЂЮϜ [ӳls«q«Ӵ] (2023) tested the 
effect of adaptive shading devices. Madkour and ӳls«q«Ӵôs (2023) study compared horizontal 
louvres, vertical louvres, and folding shapes (Figure 9), and how they affect indoor 
temperatures. The study also tested the performance of each when constructed with different 
materials. Although the simulated results are very competitive, they indicate that horizontal 
louvres reduce the indoor temperature the most when constructed of wood-plastic composite 
and glass fibre reinforced polymers, and that vertical louvres reduce the indoor temperature 
the most when constructed of unplasticised polyvinyl chloride (Madkour & ӳls«q«Ӵ, 2023:95). 

 

Figure 10: Three fa­ade configurations tested by (Ricci et al., 2021:8). 

Ricci et al.ôs (2021) study tested how horizontal louvres affect the indoor thermal and visual 
light comfort by comparing a base case configuration where the louvres are fixed at an angle 
to an adaptive figuration where the louvres rotate (Figure 10). The horizontal louvres were 
constructed with porous aluminium panels and the longitudinal rotation were passively 
controlled by thermally sensitive, paraffin hydraulics. These scenarios were tested in 
Copenhagen, Munich, Bologna, and Athens using digital simulation methods. In Copenhagen, 
the findings indicate a decrease in mean radiant temperature (MRT) of 24,8% and 26,67% 
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over 21 June with the fixed and adaptive scenarios respectively. In Monaco, the findings 
indicate a MRT decrease of 20,71% and 22,78%, in Bologna, a MRT decrease of 19.8% and 
22,97%, and in Athens, a decrease in MRT of 12,47% and 17,08% with the fixed and adaptive 
scenarios respectively. These findings suggest firstly that the same fa­ade design performed 
differently in different locations, and secondly, that although the adaptive configuration 
outperformed the static configuration in all four locations, the difference is minimal. 

De Bem et al. (2022) also found that AFs have a relatively small thermal performance 
improvement. Similar to Ricci et al. (2021), De Bem et al. (2022) compared static horizontal 
fins to adaptive louvres that activates at a set point of 25ÁC. The digital results indicate that 
the adaptive strategy increase the thermal comfort over a year by 15,4%, 9% and 0%, as 
simulated in Curitiba, Brasilia and Picos respectively. 

3.5 CONCLUSION 

The literature review considered different retrofit strategies that could potentially improve the 
indoor building environment. A full list of the studies considered is summarised in Appendix A, 
Table 13. The reviewed strategies indicate four important factors. Firstly, although solar 
reflection is a cost-effective strategy, they are limited in their adaptability. They are also the 
most widely tested strategy in the informal, South African context with proven performance 
benefits (Hugo, 2023; Nutkiewicz et al., 2022; Kimemia et al., 2020).  Secondly, strategies that 
aim to improve ventilation can be complex, more applicable to the formal context, and tend to 
underperform compared to solar shading strategies. Thirdly, solar shading strategies show 
promising indoor temperature improvements and tend to be superior compared to other 
strategies. Solar shading devices also range in geometry and orientation, of which each prove 
to perform differently in diverse contexts. And lastly, there are discrepancies to whether and 
to what extent adaptive strategies surpass the performance of static strategies. Studies that 
tested the performance of adaptive systems are also limited, particularly in informal contexts. 

As a result, this study focuses on simplistic static and adaptive solar shading strategies, and 
how they affect the indoor building environment of informal dwellings, to ultimately indicate 
whether they can reduce heat stress exposure. 
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4 METHODOLOGY 

The study aims to assess the efficacy of retrofitted shading strategies in lowering heat stress 
exposure in informal dwellings, using both digital simulation and in situ testing methods. 

The United Nations Framework Convention on Climate Change (n.d.:online) proposes a 
circular process starting from an impact, vulnerability and risk assessment, through to 
monitoring and evaluation (Figure 11). The study followed a similar approach where heat 
stress risks and vulnerabilities in South Africa were assessed, as well as measuring heat 
stress exposure in a control dwelling. A reference framework was created by first reviewing 
adaptive facades as building performance improvement strategies (Literature Review: Part A), 
followed by a precedent study of tested indoor building environment improvement strategies 
(Literature Review: Part B). This reference framework was then used to strategically simulate 
different strategies applied to a prototypical informal dwelling in the Tshwane climate. The 
synthesised results lead to the development of an adaptive strategy that was applied to the 
prototypical informal dwelling. In situ measurements were taken of the indoor environment, to 
ultimately assess whether adaptive shading reduces heat stress exposure. 

 

Figure 11: Studyôs approach compared to the United Nations Framework 
Convention on Climate Changeôs (n.d.:online) adaptation policy. 

4.1 RESEARCH PARADIGM 

The study is situated within a Positivist paradigm with a quantitative focus (du Toit, 2015) to 
develop and assess the success of heat amelioration strategies for informal dwellings. This 
provides evidence on the effectiveness of heat stress adaptation strategies in informal 
settlements on an individual scale. Using simulation research methods, with a quantitative 
focus, the findings hope to inform climate change adaptation strategies that can be applied to 
current informal settings (Kivunja & Kuyini, 2017:30). 

4.2 RESEARCH DESIGN 

The study followed an in situ and digital simulation research design. The study commenced 
with digital simulations to inform the in situ simulation. Finally, both methods were conducted 
simultaneously to enable comparison. 

4.3 STUDY AREA 

Focused on informal dwellings situated in Tshwane, South Africa, the two prototypical informal 
dwellings are located on the University of Pretoriaôs Experimental Farm, Hatfield, Pretoria, 
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South Africa (25Á45'2,30"S, 28Á15'41,87"E), made available for the study. The site is classified 
as Cwa (Koppen-Geiger climate classification), characterised by a warm temperate climate, 
with dry winters and hot summers (CSIR, 2015:online). 

4.4 DATA COLLECTION 

The data collection was considered in three phases (Figure 12). Phase 00 included the 
construction of the prototypical dwellings and validation of the virtual model. Fourteen different 
static strategies were then digitally simulated in phase 01. Three configurations of an adaptive 
strategy were digitally simulated in phase 02, while one configuration was tested in situ during 
phase 02. These three phases align with the United Nations Framework Convention on 
Climate Changeôs circular adaptation policy (Figure 11). 

 

Figure 12: Data collection phases. 

Three main methods exist in evaluating the performance of building envelopes: numerical 

calculations, digital simulation, and in situ testing (Tabadkani et al., 2021:4). Numerical 

calculation is considered a fast and affordable estimation (Tabadkani et al., 2021:4), and 

digital simulation is considered an accurate prediction of reality, but more time consuming 

(Ricci et al., 2021:2; Tabadkani et al., 2021:4). Digital simulation allows limited parameter 

inputs compared to in situ testing, and once too many assumptions are made, the accuracy 

decreases (Tabadkani et al., 2021:4). Digital simulation is however an effective method to 

optimise design strategies before in situ implementation (Ricci et al., 2021:10). Simulated 

performance measurements, specifically thermal measurements, can differ drastically from 

In situ measurements (Saeed, Malen, Chamanzar & Krishnamurti, 2022:2). The most 

significant advantage of digital simulation with regards to the context of this study, is that the 

heat stress adaptation strategies were tested for their efficacy while being developed. This 

ensured an optimised design for implementation, and decreased the risk of mal-adaptation 

(Hugo, 2023:56). In situ testing is more time consuming but the most accurate method 

(Tabadkani et al., 2021:4). This studyôs data was collected through digital simulations and in 

situ testing. The virtual model and in situ dwellings reflected each other in terms of the 

building characteristics (Table 1 and Figure 13). 
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Table 1: Prototype dwelling parameters. 

Building Component Description Reference 

Geometry See Figure 13 Measured on site 

Floor area 4,08 m2 Measured on site 

Volume 9,41 m3 Measured on site 

Roof Material 0,5 mm corrugated steel Measured on site 
R-value 0,04 m2K/W (IESve, 2024) library 

Emissivity 0,28  Assumed (ThermoWorks, 2024:online) 

Solar reflectivity 0,68  Assumed (Dean Steel Buildings Inc, 2024:online) 

Walls Material 0,5 mm corrugated steel Measured on site 

R-value 0,04 m2K/W (IESve, 2024) library 
Emissivity 0,28  Assumed (ThermoWorks, 2024:online) 

Solar reflectivity 0,68  Assumed (Dean Steel Buildings Inc, 2024:online) 

Floor Material Peat soil Measured on site 

Density 700 kg/m3  Assumed (Brown & Wherrett, 2024:online) 

R-value 0,52 m2K/W (IESve, 2024) library 
Emissivity 0,9 (IESve, 2024) library 

Solar reflectivity 0,28 (IESve, 2024) library 

Window Window to floor ratio 1:8,68 Measured on site 

Window U-value 5,09 W/m2K Measured on site 

Glazing 0,4 mm clear float  Measured on site 
Frame Steel  

Frame percentage 25% Measured on site 

Population density 0 m2/person  

Ventilation 0 l/person/s  

Infiltration rate 2,5 ACH Assumed (Henderson & Harley, 2022:1) 

 

Figure 13: Dwelling geometry. 

4.4.1. Digital simulation software 

Digital simulations were done with Integrated Environmental Solutions Virtual Environment 
(IESve) modelling software, a 7730-validated analysis tool using the Energy plus simulation 
engine (IESve, 2024). The IESve software is based on a balanced thermal model, where all 
the external and internal heat sources account for the thermal gains, and infiltration, 
evaporation, convection, and conduction account for the thermal losses. The sum of the 
thermal gains and losses indicate the energy retained or lost from the building envelope (Hugo, 
2023:62). The weather file used in the simulation was developed from the University of 
Pretoria Experimental Farmôs weather station using Meteonorm (n.d.:online) 

4.4.2. Digital model validation 

The digital model was validated according to the in situ measurements and using Pearson's 
R correlation analysis (Asuero, Sayago & Gonz§lez, 2006), as well as a visual data 
comparison. At first, a 0,14ÁC Tamean and 7,85% RHmean difference was recorded between 
dwelling B and the digital model between 28 March and 29 April 2024 (Table 2), which resulted 
to a correlation of 0,76 and 0,67 for Ta and RH respectively. Pretoria experienced an out of 
the ordinary cold rainy period during the beginning of April, and data considered for the 
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validation was therefore limited to between 13 and 29 April (Figure 14). During this period a 
correlation of 0,84 and 0,74 were achieved for Ta and RH respectively, and was considered 
acceptable. 

Using a validated virtual model and insights from the precedent study on heat stress 
adaptation, various solar shading strategies were simulated for the prototypical informal 
dwelling. A factor screening method systematically tested different static strategies. The 
results were then used to develop and test an adaptive solar strategy to assess whether it is 
more effective in improving the indoor environment than static shading strategies. 

Table 2: Ta and RH recorded during validation phase from 28 March and 29 April 2024. 

 Ambient Temperature (ÁC) Relative Humidity (%) 

Context Max. Min. Mean Max. Min. Mean 

In situ (Dwelling A) 37,00 10,40 21,06 100,00 22,90 66,09 

In situ (Dwelling B) 36,70 10,10 21,03 99,00 22,00 64,02 
Digitally simulated 36,35 8,16 21,17 99,97 17,47 56,16 

 
Figure 14: In situ vs digitally simulated Ta data (28 March - 29 April). 

4.4.3. In situ testing 

The site was prepared by removing all vegetation and compacting the soil. Two identical 
dwellings were constructed off-site and placed 3,7 m apart facing north to avoid overcasting 
(Figure 15). Ta and RH were measured with Hairuis SSN-22 USB loggers that have a Ñ3% 
RH and Ñ0,3ÁC Ta tolerance (Hairruis, n.d.:online). The loggers were installed in the centre of 
each dwelling to limit thermal radiation interference from the walls (Figure 13), and at 1200 
mm above the finished floor level to reflect user experience (Figure 15). 

 

Figure 15: Left: Site plan indicating dwelling A, dwelling B, existing 
structures, and the outdoor logger position. Middle: Dwelling A and B without 
shading strategies. Right: SSN-22 USB logger installed inside the dwelling. 
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To ensure identical performance, the study compared the indoor environmental conditions of 
dwelling A and B between 28 March and 29 April 2024. A 0,03ÁC Tamean and 2,07% RHmean 
difference was recorded (Table 2), which resulted in a Personôs R correlation of 0,9992 for 
both Ta and RH. The difference can be considered negligible as it is within the tolerance range 
reported by the sensor manufacturer. 

During phase 01, digital simulation was used to generate data. In phase 02, the adaptive 
strategy was applied to dwelling B, where dwelling A was used as the control experiment to 
enable comparison and the quantification of adaptation efficacy (Saunders, Lewis & Thornhill, 
2015:180). Material choice of shading devices have a minimal effect on the indoor Ta 
(Madkour & ӳls«q«Ӵ, 2023; Peng Jian et al., 2023), therefore 18 mm C+C grade pine plywood 
(York Timbers, 2024:online) was used to construct the adaptive shading strategy. 

4.5 SOLAR SHADING STRATEGIES 

A total of fourteen static shading strategies, and three adaptive shading strategies were 
digitally simulated (Table 3). Adaptive systems that only address one building performance 
aspect, are automatically inferior compared to those addressing a range of aspects (Lee & 
Selkowitz, 2009:3), however, the degree of multifunctionality increases their complexity, 
leading to higher installation and maintenance costs (Borschewski et al., 2023:3; Kolarevic & 
Parlac, 2015). Complex building technology can lower the success rate of AFs, therefore, with 
the study focusing on heat stress adaptation strategies for informal dwellings, the shading 
strategies were simple in design to improve the feasibility. 

Table 3: Solar shading strategies tested in this study. 

 Description     

 Approach Building envelope surface Strategy 
no. 

Required 
material (m2) 

Reference Study 

Factor  
screening  

Solid 
shading 

Northern façade SS-N 4,01 (Conradie, 2017) 
Eastern façade SS-E  4,56 

Western façade SS-W 4,56 

Roof SS-R 5,54 

Roof shading 
iterations 

Roof RS-H 4,85 
Roof RS-V 4,76 

Window box 
strategies  

445 m deep 
box 

n/a (applied to window) WB-445 1,14 (Onyenokporo & Ochedi, 
2019; Abdulkareem & Al-
Maiyah, 2018) 1075 mm 

deep box 
n/a (applied to window) WB-1075 2,75 

Static fin 
strategies  

Horizontal 
fins 

Northern façade and roof HF-N 7,88 (Madkour & ӳls«q«Ӵ, 
2023; De Bem et al., 
2022; Ricci et al., 2021; 
El-Darwish & Gomaa, 
2017) 

Eastern façade and roof HF-E 8,21 

Western façade and roof HF-W 8,21 

Vertical fins Northern façade and roof VF-N 9,07 (P®rez-Carrami¶ana et 
al., 2024; Madkour & 
ӳls«q«Ӵ, 2023; Sebayang 
et al., 2023) 

Eastern façade and roof VF-E 9,65 
Western façade and roof VF-W 9,65 

Adaptive 
louvre 
strategy  

Closed 
louvres 

Roof, northern and western 
façade 

AL-C 10,49 (De Bem et al., 2022; 
Ricci et al., 2021) 

Semi-open 
louvres 

Roof, northern and western 
façade 

AL-SO 10,49 

Open 
louvres 

Roof, northern and western 
façade 

AL-O 10,49 

4.5.1. Factor screening 

To establish which side of the dwelling envelope has the greatest potential to improve the heat 
stress exposure, a solid shading device on the northern fa­ade (strategy SS-N), eastern 
fa­ade (strategy SS-E), western fa­ade (strategy SS-W), and roof (strategy SS-R) were 
digitally simulated. 

With the roof receiving the highest solar radiation compared to other building envelope 
surfaces, and therefore having the biggest solar gain (Conradie, 2017), two additional roof 
shading strategies were tested (Figure 16). The first made use of flat, horizontal fins extending 
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east to west, which focus on shading solar radiation at noon (strategy RS-H). The second 
made use of upright fins, extending north to south, which focus on blocking eastern and 
western solar radiation in the morning and afternoon (strategy RS-V). 

 

Figure 16: Roof strategy iterations. 

4.5.2. Window box shading 

The window box shading strategy was based on the concept used in Onyenokporo and 
Ochedi, (2019), and Abdulkareem and Al-Maiyah (2018) study. Two different variations were 
digitally simulated (Figure 17), each with different box depths based on the solar angles in the 
equinox periods and on summer and winter solstice. The first variation (strategy WB-445) 
made use of a 445 mm deep shading box to allow solar radiation at noon in the winter solstice 
but block solar radiation at noon in the equinox and summer solstice. The second variation 
(strategy WB-1075) is 1075 mm deep to block solar radiation at noon in the equinox, winter, 
and summer solstice. 

 

Figure 17: Window box strategies. 

4.5.3. Static fin strategies 

To test and compare the impact of shading different sides of the fa­ade (Madkour & ӳls«q«Ӵ, 
2023; Ricci et al., 2021; El-Darwish & Gomaa, 2017), 300 mm wide horizontal fins, spaced 
400 mm apart, were applied to the northern fa­ade (strategy HF-N), the eastern fa­ade 
(strategy HF-E), and the western fa­ade (strategy HF-W). These three strategies were tested 
in combination with flat, horizontal fins on the roof (Figure 18). 
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Figure 18: Horizontal fin strategies. 

Similar to the horizontal fin strategies, the impact of vertical shading fins (Madkour & ӳls«q«Ӵ, 
2023; Sebayang et al., 2023) were tested on the northern fa­ade (strategy VFN), eastern 
fa­ade (strategy VFE), and western fa­ade (strategy VFW). These 3 strategies (Figure 19) 
were also tested in combination with flat, horizontal fins on the roof. The fins were 300 mm 
wide and spaced 300 mm apart. 

 

Figure 19: Vertical fin strategies. 

4.5.4. Adaptive louvre strategy 

The adaptive strategy was developed based on the static strategiesô results. With the previous 
strategies merely concepts representing different static shading methods, the adaptive 
strategy was designed for implementation. The louvres rotate around a horizontal axis, which 
allow individuals to adjust their angle for increased versatility, and to accommodate user 
preferences (P®rez-Carrami¶ana et al., 2024:2).  Each facade measures approximately 2000 
x 2000 mm, while the pitched roof has two 1000 x 2000 mm surfaces. Thus, four 1000 x 2000 
mm louvre shading devices were designed, with the louvres oriented along the length in two 
and along the width in the other two. These can be paired on any envelope surface for future 
in situ testing in both horizontal and vertical positions. 
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Figure 20: Adaptive louvre strategy. 

The strategy was applied to the roof and the northern fa­ade, and the adaptive capacity was 
tested by digitally simulating the louvres in three positions (Figure 20). In the first, the louvres 
were positioned parallel to building envelope as a ñclosedò position (strategy AL-C), in the 
second, they were positioned parallel to the FFL as a ñsemi-openò position (strategy AL-SO), 
and in the third they were rotated 45Á as an ñopenò position to allow full solar radiation at noon 
(strategy AL-O). Strategy AL-SO was further tested by taking in situ measurements after it 
was applied to dwelling (Figure 21). 

 

Figure 21: Strategy AL-SO constructed and applied to Dwelling B. 

4.6 DATA ANALYSIS 

4.6.1. Methods 

Descriptive statistics were used to describe and compare the efficacy of shading strategies 
(Lee, 2008). Similar to how Onyenokporo and Ochedi (2019) ranked the efficacy of different 
interventions based on material quantity and implementation cost, the relationship between 
the performance of strategies and the total surface area used to cast the necessary shading, 
were used to comparatively discuss the efficacy. The data analysis focused on establishing 
which strategy is the most effective in reducing the heat stress exposure inside the dwelling 
per year and per season. 



 

2024  28 

To ensure that the essence of each season is effectively captured while maintaining a clear, 
consistent, and manageable dataset, March, June, September, and December were used to 
represent the four seasons. These four months align with the equinoxes and solstices, and 
therefore the data from these months represent the characteristics of each season at their 
most defined points. 

4.6.2. Heat stress metric 

Apparent temperature (AT) was used to measure heat stress exposure, due to its wide 
application in similar South African studies (Hugo, 2023; Kapwata et al., 2018; Orimoloye, 
Mazinyo & Nel, 2017; Garland et al., 2015). AT is a measurement indicating how humans 
perceive temperature and is a combination of ambient temperature (Ta), relative humidity (RH) 
and wind speed (ws) (Australian Government Bureau of Meteorology, 2010; Steadman, 1994): 

ὃὝ Ὕὥ πȟσσὩ πȟχύί τ 

The water vapour pressure (e) was calculated using the RH and Ta: 

Ὡ  
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With no official index table of the relationship between AT and associated health risks in South 
Africa, risk levels of heat stress exposure was determined using the United States National 
Weather Serviceôs (n.d.:online) heat index (Table 4), as used in other studies testing heat 
stress exposure (Kapwata et al., 2018; Orimoloye et al., 2017; Opitz-Stapleton et al., 2016; 
Garland et al., 2015; Blazejczyk, Epstein, Jendritzky, Staiger & Tinz, 2012). 

Table 4: AT risk levels (United States National Weather Service, n.d.:online). 

AT range (ÁC) Risk Level Health Risk 
< 26 None None 

26 - 31 Caution Fatigue and discomfort 

32 - 40 Extreme caution Sunstroke, muscle cramps and heat exhaustion 

41 - 53 Danger Sunstroke, muscle cramps, heat exhaustion and heatstroke 
> 54 Extreme danger Sunstroke and heat stroke 

4.7 DELINEATIONS, LIMITATIONS AND ASSUMPTIONS 

4.7.1. Delineations 

The aim of the study is to determine whether passively controlled, retrofitted solar shading 
strategies can sufficiently reduce heat stress exposure by improving the indoor environment 
of informal dwellings, therefore, the development and implementation costs of the strategies 
were disregarded from the study. While larger contextual factors also affect the thermal 
performance of informal dwellings, this study focused on adaptation strategies that can be 
applied to the building envelope. As the study aims to address informal settlements, precedent 
studies in which the effect of improved glazing strategies were tested, were excluded due to 
the resource accessibility and associated cost. Additionally, complicated controlling strategies 
such as actively controlled strategies, that require advanced technologies, were also deemed 
unfeasible given their resource requirements. The impact of user behaviours and occupation 
were excluded from the study to ensure better controlled conditions for monitoring. This was 
also excluded from the digital simulation. 

4.7.2. Limitations 

The study was primarily limited by time and funding, therefore, a combination of in situ testing 
and digital simulation were used to ensure cost effective and rapid development. The in situ 
testing period was also limited due to the time constraints of this course, yet it will be 
continuously monitored beyond the study. As a result, the infiltration rates used in all the digital 
simulations were assumed (Henderson & Harley, 2022:1). The study is also specific to a 
climatic region, thus the results is limited to the context of Tshwane. 
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4.7.3. Assumptions 

The indoor building environment of the two dwellings without any adaptation, were monitored 
and compared over a 33-day period. The differences were within the tolerances of the 
equipment and therefore the two dwellings are comparable. Additionally, the thermal and 
reflective characteristics of the corrugated sheeting and floor (Table 1), were assumed based 
on existing studies (Hugo & Sonnendecker, 2023). Lastly, the wind speed (ws) used to 
calculate the AT inside the dwellings were negligible, as the windows and doors of the dwelling 
were permanently closed. It was assumed as 0,01 m/s (Kapwata et al., 2018). 

4.8 CONCLUSION 

Using a variation between digital simulation and in situ testing methods, the Ta and RH data 
were collected for the different scenarios. AT was calculated accordingly and translated to 
heat stress exposure, distinguished by caution, extreme caution, danger, and extreme danger 
exposure levels, which were used for analysis. The results present the heat stress 
experienced inside a prototypical informal dwelling, with and without solar shading strategies 
applied.  



 

2024  30 

5 RESULTS 

The study firstly aims to investigate whether shading strategies can enhance the indoor 
building environment of informal dwellings in Tshwane to mitigate heat stress exposure. This 
was examined through digital simulations of a prototypical informal dwelling employing various 
shading strategies. Secondly, the study digitally evaluated the effectiveness of an adaptive 
louvre shading strategy to assess the potential for further reducing heat stress exposure. The 
findings from the digital simulations are presented in this chapter. Finally, the study seeks to 
verify the accuracy of digital data in measuring heat stress exposure in informal settings by 
comparing it with in situ measurements. 

5.1 DIGITAL SIMULATION: AMBIENT TEMPERATURE 

The simulated ambient temperature (Ta) over a full year period for the outdoor environment, 
control dwelling, and applied adaptation strategies, are presented in Table 5. The standard 
deviation for Ta ranges from 6,35ÁC for outdoor conditions, to 8,02ÁC for the control dwelling. 
The results show a Tamean of 21,0ÁC and a Tamax of 41,22ÁC inside the control dwelling, which 
is lower compared to Hugo (2023:64) in situ measurements indicating a Tamean ranging 
between 22ÁC and 26,7ÁC and a Tamax of up to 48,5ÁC for typical informal dwellings in Pretoria. 
Kimemia et al.ôs (2020:33) in situ measurements also indicate a higher Tamax near 48ÁC for a 
similar dwelling. Furthermore, in terms of the Tamean the control dwelling exhibits a 13% higher 
indoor Tamean compared to the outdoor Tamean (18,625ÁC vs control dwelling: 21,049ÁC), and a 
20,88% higher indoor Tamax compared to the outdoor Tamax (34,1ÁC vs control dwelling: 
41,22ÁC). 

Table 5: Ambient temperature per year (simulated data). 

 
 

Ambient Temperature (ÁC) 

 Scenario Count Max. Median Min. Mean Skew Kurt STDEV 
 Outdoor 8760 34,100 19,000 1,200 18,625 -0,312 -0,440 6,348 

 Control 17520 41,220 20,760 1,160 21,049 -0,026 -0,705 8,019 

Factor 
screening 

SS-N 17520 41,540 20,310 1,280 20,657 0,014 -0,638 7,855 

SS-E  17520 41,410 20,380 1,320 20,694 0,019 -0,653 7,881 

SS-W 17520 40,280 20,690 1,320 20,852 -0,055 -0,663 7,748 
SS-R 17520 38,160 20,470 1,460 20,482 -0,134 -0,644 7,336 

RS-H 17520 37,990 20,530 1,410 20,524 -0,142 -0,653 7,361 

RS-V 17520 39,780 20,560 1,320 20,701 -0,072 -0,663 7,644 

Window box 
strategies 

WB-445 17520 41,300 20,625 1,180 20,900 -0,022 -0,687 7,950 

WB-1075 17520 41,340 20,550 1,190 20,845 -0,013 -0,672 7,925 

Static louvre 
strategies 

HF-N 17520 37,740 20,210 1,450 20,236 -0,122 -0,608 7,210 
HF-E 17520 38,090 20,360 1,480 20,333 -0,124 -0,604 7,235 

HF-W 17520 36,630 20,490 1,480 20,405 -0,189 -0,649 7,185 

VF-N 17520 37,780 20,250 1,470 20,265 -0,125 -0,635 7,287 

VF-E 17520 38,170 20,360 1,500 20,388 -0,116 -0,654 7,342 
VF-W 17520 37,640 20,470 1,490 20,446 -0,151 -0,632 7,254 

Adaptive 
louvre strategy 

AL-C 17520 38,220 20,090 1,530 20,181 -0,081 -0,612 7,294 

AL-SO 17520 37,940 20,140 1,460 20,205 -0,100 -0,612 7,260 

AL-O 17520 38,680 20,535 1,450 20,611 -0,109 -0,672 7,516 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

Comparing the solid shading strategies (strategy SS-N, SS-E, SS-W and SS-R) to the control 
dwelling (Table 5), the results indicate that strategy SS-R (solid shading on the roof) achieve 
the greatest reduction in both Tamean and Tamax, by 2,69% (20,482ÁC vs control dwelling: 
21,049ÁC) and 7,42% (38,16ÁC vs control dwelling: 41,22ÁC) respectively. Two different roof 
shading strategies were tested, and the findings show that strategy RS-H (roof shading with 
horizontal louvres extending from east to west) outperforms strategy RS-V (roof shading with 
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vertical louvres), reducing Tamean by 2,49% (20,524ÁC vs control dwelling: 21,049ÁC), and 
Tamax by 7,84% (37,99ÁC vs control dwelling: 41,22ÁC). 

The two window box shading strategies (strategy WB-445 and WB-1075) performed the worst 
compared to the other strategies (Table 5). Strategy WB-445 (445mm deep window shading 
box) reduce the Tamean by 0,71% (20,9ÁC vs control dwelling: 21,049ÁC), while strategy WB-
1075 (1075mm deep window shading box) reduce the Tamean by 0,97% (20,845ÁC vs control 
dwelling: 21,049ÁC). Both strategies increase the Tamax by 0,19% (WB-445: 41,3ÁC vs control 
dwelling: 41,22ÁC) and 0,29% (WB-1075: 41,34ÁC vs control dwelling:41,22ÁC). 

Among all the static fin strategies (Table 5), strategy HF-N (horizontal fins on the northern 
fa­ade) reduce the Tamean the most by 3,86% (20,236ÁC vs control dwelling: 21,049ÁC), while 
strategy VF-N (vertical fins on the northern fa­ade) reduce the Tamean by 3,72% (20,265ÁC vs 
control dwelling: 21,049ÁC). Strategy HF-W (horizontal fins on the western fa­ade) reduce the 
Tamax the most by 11,14% (36,63ÁC vs control dwelling: 41,22ÁC), followed by strategy VF-W 
(vertical fins on the western fa­ade) that reduce the Tamax by 8,69% (37,64ÁC vs control 
dwelling 41,22ÁC). 

Strategy AL-C (adaptive strategy with the louvres closed) achieve the greatest reduction in 
Tamean by 4,12% (20,181ÁC vs control dwelling: 21,049ÁC), while AL-O (adaptive strategy with 
the louvres fully opened) reduce the Tamean the least by 2,08% (20,611ÁC vs control dwelling: 
21,049ÁC) (Table 5). AL-SO (adaptive strategy with the louvres semi opened) reduce the Tamax 
the most by 7,96% (37,94ÁC vs control dwelling: 41,22ÁC), while AL-O reduce the Tamax the 
least by 6,16% (from 38,68ÁC vs control dwelling: 41,22ÁC). 

5.2 DIGITAL SIMULATION: RELATIVE HUMIDITY 

Table 6: Relative humidity per year (simulated data). 

   Relative Humidity (%) 

 Scenario Count Max. Median Min. Mean Skew Kurt STDEV 
 Outdoor 8760 100,000 54,000 12,000 54,471 0,040 -0,982 19,696 

 Control 17520 99,970 47,870 7,580 49,111 0,185 -1,078 21,807 

Factor 
screening 

SS-N 17520 99,970 48,580 8,180 49,772 0,189 -1,057 21,271 

SS-E  17520 99,970 49,830 7,430 49,995 0,108 -1,066 21,609 

SS-W 17520 99,970 48,090 7,910 49,347 0,194 -1,059 21,421 

SS-R 17520 99,970 48,675 8,750 49,977 0,183 -1,009 20,856 

RS-H 17520 99,970 48,585 8,700 49,919 0,183 -1,011 20,948 

RS-V 17520 99,970 48,660 7,990 49,697 0,169 -1,039 21,299 

Window box 
strategies 

WB-445 17520 99,970 48,115 7,830 49,376 0,186 -1,073 21,645 

WB-1075 17520 99,970 48,170 7,920 49,459 0,190 -1,071 21,565 

Static fin 
strategies 

HF-N 17520 99,970 48,990 9,370 50,411 0,196 -0,993 20,524 

HF-E 17520 99,970 49,350 8,630 50,347 0,148 -0,983 20,730 

HF-W 17520 99,970 48,635 9,260 50,072 0,194 -1,003 20,723 

VF-N 17520 99,970 49,215 9,140 50,424 0,178 -1,000 20,632 

VF-E 17520 99,970 49,200 8,610 50,237 0,156 -0,998 20,797 

VF-W 17520 99,970 48,580 9,200 49,984 0,196 -1,010 20,755 

Adaptive 
louvre strategy 

AL-C 17520 99,970 49,320 9,100 50,548 0,186 -0,998 20,459 

AL-SO 17520 99,970 49,160 9,210 50,497 0,193 -0,996 20,510 

AL-O 17520 99,970 48,700 8,360 49,814 0,170 -1,029 21,110 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

Table 6 highlights the simulated relative humidity (RH) results of all the scenarios and shows 
that a standard deviation ranges between 19,696% for the outdoor conditions, and 21,807% 
in the control dwelling. The results indicate a 9,84% decreased RHmean in the control dwellingôs 
indoor environment compared to the outdoor environment (outdoor: 54,471% vs control 
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dwelling: 49,111%). The RHmean is very similar for all the strategies ranging from 49,347% to 
50,548% (Table 6). 

5.3 DIGITAL SIMULATION: APPARENT TEMPERATURE 

The simulated apparent temperature (AT) results for the outdoor environment, and indoor 
environment of the control dwelling and the simulated strategies, are presented in Table 14 in 
Appendix B, while the monthly simulated ATmean, ATmax and ATmin given in Table 15, Table 16 
and Table 17 in Appendix B. None of the strategies, nor the control dwelling have an ATmax 
more than 54ÁC (the lower threshold of extreme danger heat stress exposure), with strategy 
SS-N (solid shading on the northern fa­ade) having the highest ATmax of 42,72ÁC. Therefore, 
only caution, extreme caution and danger risk levels of heat stress exposure was further 
considered. 

5.3.1. Heat stress exposure per year 

The simulated annual heat stress exposure of all scenarios is shown in Table 7. The total 
simulated exposure time (hours/year) to each risk level is presented, which is then translated 
to a daily average. 

Table 7: Heat stress exposure per year (simulated data). 

  Risk Level Total heat stress exposure 
   Caution Extreme caution Danger 

 Scenario hours/year Average 
hours/day 

hours/year Average 
hours/day 

hours/year Average 
hours/day 

hours/year Average 
hours/day 

 Outdoor 1241,0 3,486 191,0 0,537 0,0 0,000 1432,0 4,022 

 Control 1371,0 3,851 1258,0 3,534 19,0 0,053 2648,0 7,438 

Factor 
screening 

SS-N 1296,0 3,640 1158,0 3,253 18,5 0,052 2472,5 6,945 
SS-E  1340,5 3,765 1121,0 3,149 14,5 0,041 2476,0 6,955 

SS-W 1410,5 3,962 1118,5 3,142 13,0 0,037 2542,0 7,140 

SS-R 1517,5 4,263 860,5 2,417 0,0 0,000 2378,0 6,680 

RS-H 1536,0 4,315 867,0 2,435 0,5 0,001 2403,5 6,751 
RS-V 1433,5 4,027 1040,0 2,921 7,0 0,020 2480,5 6,968 

Window box 
strategies 

WB-445 1353,0 3,801 1210,0 3,399 17,0 0,048 2580,0 7,247 

WB-1075 1332,0 3,742 1199,0 3,368 17,5 0,049 2548,5 7,159 

Static louvre 
strategies 

HF-N 1469,5 4,128 790,0 2,219 0,0 0,000 2259,5 6,347 

HF-E 1477,5 4,150 796,0 2,236 0,0 0,000 2273,5 6,386 
HF-W 1585,0 4,452 759,0 2,132 0,0 0,000 2344,0 6,584 

VF-N 1480,5 4,159 815,0 2,289 0,0 0,000 2295,5 6,448 

VF-E 1509,0 4,239 842,0 2,365 0,0 0,000 2351,0 6,604 

VF-W 1521,5 4,274 823,0 2,312 0,0 0,000 2344,5 6,586 

Adaptive 
louvre strategy 

AL-C 1430,0 4,017 835,5 2,347 0,0 0,000 2265,5 6,364 
AL-SO 1451,0 4,076 813,5 2,285 0,0 0,000 2264,5 6,361 

AL-O 1493,5 4,195 956,0 2,685 1,5 0,004 2451,0 6,885 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

The simulated results of the control dwelling correlate with Hugoôs (2023:64) field observations 
on similar informal dwellings in Tshwane. Hugo (2023:64) indicates 12% - 34% exposure time 
to extreme caution, danger, and extreme danger risk levels combined, while the results of this 
study indicate 14,58% exposure time to extreme caution - extreme danger risk levels in the 
control dwelling (with 0 zero hours of extreme danger risk levels). The simulated ATmean 
(20,906ÁC) and ATmax (42,375ÁC) inside the control dwelling (Table 14) are also within the 
range found by Hugo (2023:64). 

With reference to the solid shading strategies (strategy SS-N, SS-E, SS-W and SS-R), and 
compared to the control dwelling, only strategy SS-R reduces the heat stress exposure within 
the danger risk level by a 100% (Table 7). Strategy SS-R also reduces the total heat stress 
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exposure the most by 10,19% (6,680 hours/day vs control dwelling: 7,438 hours/day). 
Although strategy RS-H (roof shading with horizontal fins extending east to west) performs the 
best of the two additionally simulated roof strategies, both RS-H and RS-V perform worse than 
strategy SS-R. Overall, the two window box shading strategies (WB-445 and WB-1075) are 
the least effective. 

Comparing the results of the static strategies to the control dwelling (Table 7), the data reveals 
that all the strategies with horizontal fins (HF-N; HF-E; HF-W) and vertical fins (VF-N; VF-E; 
VF-W) reduce the heat stress exposure within the danger risk level by a 100% (0 hours/day 
vs control dwelling: 0,53 hours/day). Strategy HF-N does however reduce the total heat stress 
exposure the most by 14,67% (6,347 hours/day vs control dwelling: 7,438 hours/day) with 
strategy HF-E as the second most effective, reducing the total heat stress by 14,14% (6,386 
hours/day vs control dwelling: 7,438 hours/day), followed by strategy VF-N that reduce the 
total heat stress exposure by 13,31% (6,448 hours/day vs control dwelling: 7,438 hours/day). 

For the adaptive louvre shading strategies, it is evident that only Al-O (adaptive strategy with 
the louvres fully opened) do not fully reduce the heat stress exposure within the danger risk 
(Table 7). Al-SO is the most effective, reducing the total heat stress exposure by 14,48% 
(6,361 hours/day vs control dwelling: 7,438 hours/day). Al-C reduces the total heat stress 
exposure the second most by 14,44% (6,364 hours/day vs control dwelling: 7,438 hours/day). 

5.3.2. Heat stress exposure per season 

Adaptive facadesô response to stimuli can vary in time scales, one of which is seasonal 
(Tabadkani et al., 2021:3). Therefore, the strategies are analysed monthly to determine 
whether different strategies perform best in different seasons. The total heat stress exposure 
per month is given in Table 8 and values from March, June, September, and December were 
used to represent the four seasons. 

The factor screening in Table 8 indicate that strategy SS-E (solid shading on the eastern 
fa­ade) reduce the total heat stress exposure the most during December and March by 6,65% 
(11,548 hours/day vs control dwelling: 12,371 hours/day) and 6,41% (9,903 hours/day vs 
control dwelling: 10,581 hours/day), respectively. During June strategy SS-N (solid shading 
on the northern fa­ade) prove to be the most effective by fully reducing the total heat stress 
exposure, while during September strategy SS-R is the most effective reducing the total heat 
stress exposure by 21,97% (5,033 hours/day vs control dwelling: 6,45 hours/day). With 
respect to the additional roof shading strategies, strategy RS-H consistently outperform RS-V 
in every month, but only outperform strategy SS-R in January and March. On a monthly basis, 
both strategies WB-445 and WB1075 are the least effective. 

Comparing the results of the static strategies to the control dwelling (Table 8), the results 
indicate that strategy HF-E (horizontal fins on the eastern fa­ade) reduce the total heat stress 
exposure the most by 9,13% during December (11,242 hours/day vs control dwelling: 12,371 
hours/day), while strategy VF-E (solid shading on the eastern fa­ade) reduce the total heat 
stress exposure the second most by 6% during December (11,629 hours/day vs control 
dwelling: 12,371 hours/day). Strategy VF-N (vertical fins on the northern fa­ade) reduce the 
total heat stress exposure the most by 100% during June, while strategy HF-N (horizontal fins 
on the northern fa­ade) and VF-W (vertical fins on the western fa­ade) reduce the total heat 
stress exposure by 93,2% (0,017 hours/day vs control dwelling: 0,25 hours/day). The results 
further indicate that strategy HF-E reduce the total heat stress exposure the most by 9,3% 
during March (9,597 hours/day vs control dwelling: 10,581 hours/day), and that strategy HF-
N reduce the total heat stress exposure the most by 33,33% during September (4,3 hours/day 
vs control dwelling: 6,45 hours/day). 

The analysis between the different louvre positions of the adaptive strategy (Table 8), show 
that strategy AL-SO (adaptive strategy with the louvres semi-opened) reduce the total heat 
stress exposure the most by 3,78% during December (11,903 hours/day vs control dwelling: 
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12,371 hours/day), while only AL-SO and AL-C (adaptive strategy with the louvres closed) 
reduce the total heat stress exposure by 100% during June. Strategy AL-C performs the best 
during March, and AL-SO performs the best during September. 

Table 8: Average daily heat stress exposure per month (simulated data). 

  Average daily heat stress exposure (hours/day) 

 Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 Outdoor 9,161 9,071 6,129 1,467 0,129 0,000 0,000 0,194 2,200 5,032 5,800 8,194 

 Control 13,355 12,589 10,581 6,250 3,355 0,250 0,581 2,323 6,450 9,210 10,067 12,371 

Factor 
screening 

SS-N 13,387 12,554 10,371 5,133 1,468 0,000 0,194 1,468 5,567 9,065 10,033 12,403 
SS-E  12,597 11,875 9,903 5,550 3,177 0,283 0,581 2,290 6,000 8,548 9,350 11,548 

SS-W 13,290 12,411 10,323 5,917 2,710 0,117 0,387 1,855 6,033 8,823 9,783 12,258 

SS-R 12,919 12,071 10,032 5,167 2,210 0,067 0,306 1,597 5,033 8,161 9,167 11,774 

RS-H 12,903 12,071 10,016 5,317 2,500 0,133 0,371 1,726 5,117 8,177 9,200 11,806 
RS-V 13,000 12,143 10,161 5,600 2,806 0,167 0,435 2,000 5,700 8,435 9,517 11,903 

Window box 
strategies 

WB-445 13,355 12,554 10,403 5,867 2,726 0,150 0,435 2,048 6,067 9,129 10,067 12,355 

WB-1075 13,355 12,554 10,403 5,733 2,258 0,067 0,355 1,855 6,017 9,113 10,050 12,371 

Static fin 
strategies 

HF-N 12,952 12,089 9,726 3,967 1,290 0,017 0,194 1,129 4,300 8,000 9,150 11,806 

HF-E 12,177 11,625 9,597 4,883 2,371 0,133 0,387 1,677 4,783 7,581 8,600 11,242 

HF-W 12,871 12,036 9,952 5,117 1,935 0,067 0,290 1,484 4,733 8,177 8,933 11,790 
VF-N 12,952 12,089 9,774 4,550 1,435 0,000 0,161 1,258 4,567 8,048 9,150 11,823 

VF-E 12,790 12,036 9,806 4,883 2,371 0,133 0,387 1,677 4,850 7,968 9,083 11,629 

VF-W 12,952 12,071 10,048 5,050 1,790 0,017 0,226 1,387 4,850 8,194 9,067 11,758 

Adaptive 
louvre strategy 

AL-C 13,016 12,107 9,758 4,033 1,048 0,000 0,065 1,016 4,400 8,145 9,300 11,935 

AL-SO 13,000 12,089 9,774 4,033 1,129 0,000 0,113 1,032 4,383 8,032 9,300 11,903 
AL-O 13,000 12,161 10,113 5,500 2,774 0,117 0,403 1,952 5,233 8,323 9,383 11,935 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

5.3.3. Conclusion 

The digitally simulated results demonstrate that different strategies achieve optimal 
performance in different months. The results suggest that horizontal fins on the northern 
fa­ade (HF-N) have the greatest annual impact, but its effectiveness varies monthly. In 
accordance with the studyôs third objective, an adaptive shading strategy was developed, 
resembling strategy HF-N due to its superior performance in May, the month during which in-
situ measurements were taken. This adaptive strategy was designed to evaluate the 
advantages of rotatable shading louvres in reducing heat stress exposure. However, due to 
time constraints, the in-situ testing was limited to semi-open louvres (AL-SO). 

5.4 DIGITAL SIMULATION VS IN SITU MEASUREMENTS 

To determine whether the accuracy of digital simulation is an appropriate method of testing 
heat stress exposure according to the fourth objective of the study, the measured Ta and RH 
data, as well as the calculated heat stress exposure of strategy AL-SO, were compared over 
a 21-day period (8 May to 29 May). 

5.4.1. Ambient temperature and relative humidity comparison 

Comparing the digitally simulated Ta to the in situ measurements (Table 9), the results indicate 
a 3,119ÁC Tamean difference (digital simulation: 15,811ÁC vs in the in situ measurements: 
18,93ÁC), and a 0,98ÁC Tamax difference (digital simulation: 31,42ÁC vs in situ measurement: 
32,4ÁC). 
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Table 9: Digitally simulated vs in situ measured ambient temperature (8 May to 29 May). 

   Ambient temperature (ÁC) 

  Scenario Count Max. Median Min. Mean Skewness Kurtosis STDEV 

Simulated Outdoor 528 28,000 14,550 3,300 14,604 0,086 -0,777 5,389 

Control 1056 34,790 15,770 2,970 16,793 0,311 -0,864 7,164 

AL-SO 1056 31,420 15,370 3,220 15,811 0,187 -0,768 6,022 

In situ Outdoor 1056 34,000 14,700 4,900 17,194 0,450 -1,145 7,696 

Control 1056 35,900 17,400 8,800 20,186 0,454 -1,248 7,442 

AL-SO 1056 32,400 16,950 8,500 18,930 0,404 -1,193 6,354 

Abbreviations: AL-SO: adaptive strategy with louvres semi-open 

In terms of relative humidity, the results further indicate a 3,26% RHmean difference (digital 
simulation: 53,604% vs in situ measurement: 51,855%), and a 15,46% RHmax difference 
(digital simulation: 99,13% vs in situ measurement: 83,8%) (Table 10). 

Table 10: Digitally simulated vs in situ measured relative humidity (8 May to 29 May). 

   Relative Humidity (%) 

  Scenario Count Max. Median Min. Mean Skewness Kurtosis STDEV 

Simulated Outdoor 528 100,000 58,000 19,000 56,955 0,001 -1,114 19,893 

Control 1056 99,940 53,240 13,010 51,888 0,003 -1,181 22,069 
AL-SO 1056 99,130 54,205 15,840 53,604 0,021 -1,107 20,311 

In situ Outdoor 1056 99,300 59,150 17,900 57,495 -0,063 -1,100 21,322 

Control 1056 84,500 54,050 18,100 50,533 -0,188 -1,164 17,390 

AL-SO 1056 83,800 54,150 19,900 51,855 -0,178 -1,003 16,157 

Abbreviations: AL-SO: adaptive strategy with louvres semi-open 

5.4.2. Heat stress exposure comparison 

With respect to the heat stress exposure (Table 11), a 4,1 hour difference is observed in 
caution risk level exposure (digital simulation: 0,5 hours vs in-situ measurements: 4,62 hours), 
and a 0,38 hour difference in extreme caution risk level (digital simulation: 0 hours vs in situ 
measurements: 0,38). Comparing the total time exposed to heat stress (caution, extreme 
caution and danger risk levels combined), a 4,5-hour difference is observed (0,5 hours in the 
digital simulation vs 5 hours with the in situ measurements). 

Table 11: Digitally simulated vs in situ measured heat stress exposure (8 May to 29 May). 

  Risk Level Total heat stress 
exposure  

 
Caution Extreme caution Danger 

 Scenario hours/day Avg. 
hours/day 

hours/day Avg. 
hours/day 

hours/day Avg. 
hours/day 

hours/day Avg. 
hours/day 

Simulated Outdoor 4,00 0,19 0,00 0,00 0,00 0,00 4,00 0,19 

 Control 97,00 4,62 8,00 0,38 0,00 0,00 105,00 5,00 

 AL-SO 10,50 0,50 0,00 0,00 0,00 0,00 10,50 0,50 

In situ Outdoor 87,50 4,17 13,50 0,64 0,00 0,00 101,00 4,81 

 Control 101,50 4,83 60,00 2,86 0,00 0,00 161,50 7,69 
 AL-SO 97,00 4,62 8,00 0,38 0,00 0,00 105,00 5,00 

Abbreviations: AL-SO: adaptive strategy with louvres semi-open 
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6 DISCUSSION 

The first objective has been addressed in the literature review, which established a reference 
framework of potentially suitable heat stress mitigation strategies. Objectives two to four are 
addressed in the following section by examining the impact of various strategies on the indoor 
building environment and heat stress exposure. The accuracy of the digital simulations, 
compared to in-situ measurements, is also discussed. 

6.1 EFFECT OF SOLAR RADIATION AND WIND 

As a point of departure, it is critical to understand which external stimuli, being the variation of 
climate conditions, affect the control dwellingôs indoor environment. This will indicate how 
these stimuli impact the heat stress exposure inside the prototypical informal dwelling 
constructed of uninsulated corrugated metal. 

 
Figure 22: Effect of solar radiation on the control dwellingôs Ta during 21 December. 

Figure 22 illustrates that the indoor Ta increases proportionally to the solar radiation during 21 
December. This suggests that the indoor Ta is largely affected by the solar radiation and 
echoes Hugoôs (2023:63) findings highlighting the poor thermal properties of informal 
dwellings and their impact on the indoor building environment. Figure 23, however, clearly 
illustrates that the indoor Ta decreases when the outdoor wind speed increases (09:15, 13:15 
and 17:45). This suggests that although the indoor Ta is mostly affected by the solar radiation, 
wind also affects the indoor Ta in cooling down the building envelope surface temperature. 

 
Figure 23: Effect of wind on the control dwellingôs indoor Ta during 21 December. 
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The two most important external stimuli to consider for highly conductive informal dwellings 
are therefore solar radiation and wind speed and becomes an important design informant 
when developing shading strategies aimed at reducing heat stress exposure. Not only should 
shading strategies block solar radiation but allow the wind to reach the building envelope by 
either having porous panels, such as the aluminium louvres tested by Ricci et al. (2021), or 
spacing shading panels to allow air circulation. 

6.2 OVERALL PERFORMANCE OF SHADING STRATEGIES 

The study aimed to assess the effectiveness of shading strategies in enhancing the indoor 
environment of informal dwellings to mitigate heat stress. Digital results show that shading can 
indeed reduce heat stress exposure in a typical informal dwelling in Tshwane. Nine out of the 
seventeen strategies reduce exposure to danger risk levels to zero per year. Yet, even with 
the best strategy applied (strategy HF-N - horizontal fins on the roof and northern fa­ade), 
users still face caution and extreme caution risks, such as fatigue, discomfort, sunstroke, 
muscle cramps, and heat exhaustion. The performance of shading strategies is unpacked 
accordingly. 

6.2.1. The most important building envelope surface to shade 

Considering the extremely poor thermal properties of corrugated steel, the building envelope 
surfaces with the highest potential of reducing indoor air temperature through shading were 
identified using a factor screening process. 

 
Figure 24: Total heat stress exposure of strategy SS-N, SS-
E, SS-W, SS-R, RS-H and RS-V per year (simulated data). 

 

Figure 25: Solar radiation on the control dwelling per year, 
December and June respectively, simulated in IESve (2024). 

According to the comparison between SS-N (solid shading on the northern fa­ade), SS-E 
(solid shading on the eastern fa­ade), SS-W (solid shading on the western fa­ade) and SS-R 
(solid shading on the roof), strategy SS-R outperforms the other strategies in reducing heat 
stress exposure per year (Figure 24). This aligns with Conradieôs (2017) findings, indicating 
that the roof has the highest heat gain (Figure 25), and suggests that shading the roof holds 
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the most promise for reducing heat stress exposure on an annual basis. The study tested two 
additional roof shading strategies and indicated that using horizontal fins extending east to 
west on the roof (strategy RS-H) reduces total heat stress exposure more compared to vertical 
fins extending north to south (RS-V). This suggests that over an annual period, shading solar 
radiation during most parts of the day, especially at noon, is more effective than shading 
morning and afternoon solar radiation. With horizontal fins as the best performing shading 
strategy for the roof, it was further used in combination with all the following static fin 
configurations. 

6.2.2. Static fin shading strategies 

Oppose to adaptive systems, static systems do not have the ability to change their 
configuration (Tabadkani et al., 2021:1). Given their inability to adapt, the annual data, instead 
of the monthly data, was used to compare the static fin strategies (Figure 26). 

 
Figure 26: Total heat stress exposure (hours/day) per year 
compared to the amount of material used to cast shading (m2). 

The solid shading strategies (SS-N, SS-E, SS-W and SS-R) and window box shading 
strategies (WB-445 and WB-1075) all perform the worst in reducing heat stress exposure 
(Figure 26). The window box strategies in particular, performed worse than expected and 
compared to Onyenokporo and Ochediôs (2019:265) findings. This performance difference can 
be ascribed to the highly conductive corrugated sheeting making up most of the dwelling 
envelope in this study, as opposed to better insulated buildings constructed with hollow 
Sandcrete blocks in Onyenokporo and Ochediôs (2019:261) study. 

Strategy HF-N is proven to be the best performing strategy. Not only does it reduce the heat 
stress exposure within danger risk levels to zero but reduce the total heat stress exposure the 
most by 14,67% (Figure 26). Strategy HF-E is proven to be the second best performing static 
shading strategy, followed by VF-N and VF-E. These results suggest that after the roof, the 
northern and eastern fa­ade is the second and third most important building envelope surface 
to shade on an annual time scale and shading it with horizontal fins is more effective than 
using vertical fins. 
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6.2.3. Shading efficiency 

The multifunctionality of AFs make them potentially economically valuable as they increase 
energy and resource efficiency (Loonen et al., 2013:486). To further investigate the efficacy 
of the shading strategies, they can be distinguished by the surface area required to cast the 
necessary shadow. Strategy HF-N performed the best in terms of reducing the total heat stress 
exposure, yet, 7,88 m2 material was required to achieve this performance. On the contrary, 
strategy WB-445 performed the worst in reducing the total heat stress exposure but only 
utilised 1,14 m2. Therefore, efficacy constitutes a delicate balance between performance and 
the requisite materials, serving as a critical determinant in resource scarce informal 
settlements. Once the strategies are ordered according to the required surface area (Figure 
26), the best strategy can be chosen based on the resources available. For instance, with 9 
m2 of available, strategy HF-N proves most effective in reducing total heat stress exposure. 
However, when limited to 3 m2 of material, strategy WB-1075 is the optimal choice given the 
resource constraints. Window shading boxesô use of little resources were also highlighted by 
Onyenokporo and Ochedi (2019), ranking them as the most affordable, but not the best 
performing strategies. 

Unlike other strategies such as improved insulation, evaluating the efficacy of shading devices 
is more complex and difficult to standardise. They require a comparative analysis within the 
desired context, while considering the geographical location, internal and external stimuli, 
building form, as well as the available resources. 

6.3 SEASONAL ADAPTIVE SHADING 

Part of the objective is to establish whether adaptive shading strategies further reduce heat 
stress exposure compared to static shading strategies. (Tabadkani et al., 2021:3) state that 
AFs respond to stimuli through changing their configuration, and that this response can vary 
in time scales, from seconds to seasons. The need for adaptive shading strategies were tested 
on a seasonal time scale by considering the simulated data during March, June, September 
and December, which represents autumn, winter, spring and summer. 

6.3.1. The most important building envelope surface to shade each season 

The building envelope surface with the largest effect on seasonal heat stress exposure is 
identified by comparing the solid shading strategies (SS-N, SS-E, SS-W and SS-R) (Figure 
27). During summer and autumn, strategy SS-E reduces the total heat stress exposure the 
most by 6,65% and 6,41% respectively. Strategy SS-N performs the best during winter, while 
strategy SS-R performs the best in spring. This suggests that while the roof is identified as the 
most crucial surface on an annual time scale, it may not be the most critical building envelope 
surface to shade on a seasonal time scale. 

 
Figure 27: Total heat stress exposure of strategy SS-
N, SS-E, SS-W, SS-R per season (simulated data). 
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This is due to the difference in solar noon elevation, which is 40,75Á during the winter solstice 
(21 June) compared to 87,75Á during the summer solstice (21 December). Consequently, 
during winter the northern fa­ade is exposed to more direct solar radiation than during summer 
(Figure 28), and thus has an increased thermal gain compared to the roof (Figure 25). Summer 
remains the most crucial season to address heat stress exposure, yet this variation in thermal 
gain should be considered when developing seasonal adaptive shading strategies in resource 
scarce contexts. 

 

Figure 28: Visual representation of how the control 
dwelling is exposed to the solar angles in the two solstices. 

This can be formalised by ranking the building envelope surfaces according to priority and 
season as indicated in Figure 29.  Shading priority one is applicable to contexts where 
resource limitations only allow one building envelope surface to be shaded. Shading devices 
should be applied to the eastern fa­ade in autumn, northern fa­ade in winter, roof in spring 
and again to the eastern fa­ade in summer as the first priority. This is followed by shading 
priority two, three and four, where resource availability allows a second, third and fourth 
shading device respectively. This is used as the basis for optimising performance every 
season. Optimal fin orientation for each fa­ade is further discussed. 

 

Figure 29: Seasonal shading priority of building 
envelope surfaces, with priority one as an example. 

6.3.2. Optimal fin orientation for each season 

The need for adaptive shading was additionally investigated by comparing the heat stress 
performance of the static shading strategies per season (Figure 30). Strategy HF-E (horizontal 
fins on the eastern fa­ade) is the best performing strategy during summer, which suggests 
that shading the eastern fa­ade with horizontal fins along with the roof should be the priority 
one during the warmest season (Figure 32). Even though strategy VF-E (vertical fins on the 



 

2024  41 

eastern fa­ade) is the second-best strategy in terms of reducing heat stress, it is disregarded, 
as the eastern fa­ade is already shaded when priority one is applied. Therefore, the second 
priority is shading the western fa­ade with vertical fins (VF-W). This is followed by horizontal 
fins on the northern fa­ade (HF-N) as priority three. Strategy HF-E superior performance is 
observed in Figure 31, with a clear indoor AT improvement during the morning as it shades 
the eastern fa­ade. 

 
Figure 30: Total heat stress exposure of the static strategies per month (simulated data). 

 
Figure 31: The effect of strategy HF-E, VF-W and 
HF-N on indoor AT during 21 June (simulated data). 

Being the only strategy to reduce the total heat stress exposure to zero, strategy VF-N (vertical 
fins on the northern fa­ade) is considered the best performing strategy during winter, followed 
by HF-N and VF-W as the two second best performing static strategies, and HF-E as the third 
best. This suggests that prioritising the northern fa­ade should be done using vertical fin 
orientation, vertical fins on the western fa­ade (VF-W) as priority two, followed by horizontal 
fins on the eastern fa­ade (HF-E) as priority three (Figure 32). 

During autumn, strategy HF-E (horizontal fins on the eastern fa­ade) is considered the best 
performing strategy, while strategy HF-N is considered the best during spring. Horizontal fins 
on the eastern fa­ade should therefore be prioritised during autumn, while shading the 
northern fa­ade with horizontal fins should be prioritised during spring (Figure 32). 
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Figure 32: Seasonal shading priority with optimal fin orientation 
for each building facade, with priority one as an example. 

These findings ultimately indicate that there is a need for adaptive shading on a seasonal time 
scale. On a practical level, seasonal adaptive facades as shading strategies should be 
designed by firstly considering the building envelope surface priority, and secondly 
considering the optimal fin orientation for each facade. Following this shading priority as a 
guideline when developing adaptive shading strategies, can lead to further reduction in annual 
heat stress exposure. 

6.4 DAILY ADAPTIVE LOUVRE SHADING 

The adaptive strategy, virtually tested with louvres positioned closed (AL-C), semi-open (AL-
SO) and fully open (AL-O), is used to determine whether adaptive louvres have an advantage 
over static fins in terms of the heat stress exposure. Initially there was no indication of the 
need for adaptive louvres through analysing the adaptive strategy on a seasonal time scale. 
AL-C and Al-SO perform almost identical every season with negligible time difference in heat 
stress exposure, while the underperformance of AL-O is slightly more noticeable during 
autumn, winter, and spring (Figure 33). 

 
Figure 33: Total heat stress exposure of AL-SO, 
AL-C and ALO per season (simulated data). 

However, there is a clear indication of the need for daily adaptive louvre shading when 
considering the AT. While AL-C and AL-SO reduce the total heat stress exposure during 
autumn, spring and summer by effectively shading the dwelling, they tend to over perform 
during winter by blocking too much solar radiation and reducing the indoor AT to 
uncomfortable cold conditions (Figure 34).  
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Figure 34: Section of the adaptive strategy during noon 
winter solstice (21 June) illustrating the shading effect. 

Figure 35 illustrate how AL-C reduce the solar gain throughout a winter day by effectively 
shading northern and western solar radiation, resulting to a ATmean of 14,22ÁC, while strategy 
AL-SO reduce the solar gain during most of mid-day resulting to a ATmean of 14,49ÁC. Where 
this performance would have been beneficial during warmer days, this AT decrease results in 
uncomfortably cold indoor conditions during winter days. AL-O, however, blocks less solar 
radiation compared to AL-C and AL-SO (Figure 34), increasing the solar gain, resulting in a 
ATmean of 15,03ÁC (Figure 35). 

 
Figure 35: The effect of strategy AL-C, AL-SO and AL-O 
on the solar gain and AT during 21 June (simulated data). 

Although mobile static shading devices can be easily removed during cold periods (P®rez-
Carrami¶ana et al., 2024:2), adaptive shading allows users to adjust indoor conditions based 
on their personal preferences and underscores the application of adaptive shading louvres 
designed to balance the effects of overperforming shading strategies during winter days. 

6.5 ACCURACY OF IN SITU TESTING 

The last objective of the study is to determine the accuracy of digitally simulating shading 
strategies by comparing it to the in situ measured data. Strategy AL-SO was tested from 8 
May to 29 May. The digitally simulated and in situ data sets are comparatively illustrated in 
Figure 36, Figure 37, Figure 38. A large difference between the in situ and simulated data is 
observed for strategy AL-SO (Figure 36). The Ta differs more than 3ÁC for 48,95% of the 
period, primarily between 8 May and 19 May. As indicated in Figure 37, this has a large effect 
on the AT, breaching the heat stress risk level threshold of 26ÁC every day, as opposed to the 
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simulated data indicating only two instances where the AT is higher than 26ÁC (20 May and 
21 May). 

 
Figure 36: In situ measured Ta vs digitally 
simulated Ta of AL-SO (8 May - 29 May). 

 
Figure 37: In situ measured AT vs digitally 
simulated AT of AL-SO (8 May - 29 May). 

This increase in AT further results in a concerning difference in heat stress exposure (Figure 
38). The virtual data indicate a total of 0 hours extreme caution level heat stress exposure and 
10,5 hours caution level heat stress exposure (0,477 hours/day on average) between 8 May 
and 29 May. The in-situ data, however, indicate a total of 8 hours extreme caution level heat 
stress exposure (0,364 hours/day on average) and 97 hours caution level heat stress 
exposure (4,409 hours/day on average) during the same period. This contributes to a 94,5-
hour (4,3 hours/day on average) difference in total heat stress exposure. 
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Figure 38: In situ vs digitally simulated heat 
stress exposure of AL-SO (8 May - 29 May). 

These results suggest that the simulated heat stress values cannot be used for developing 
shading strategies. However, the results indicate that the performance improvement of 
shading strategies remain applicable. With a clear difference observed between the simulated 
and in situ measured Ta values, the reduction in Ta, achieved after strategy AL-SO is applied, 
is still comparable. Indicated in Table 12, AL-SO reduce the Tamean by 5,85% (15,81ÁC vs 
control dwelling: 16,79ÁC) and 6,22% (20,19ÁC vs control dwelling: 18,93ÁC) according to the 
digitally simulated data and in-situ measurements respectively. A slightly larger difference in 
reduction is observed for the ATmean. As illustrated in Figure 39, the data tendency is still 
competitive with similar slopes and turning points. 

Table 12: Difference between the control dwelling and strategy AL-SOôs data. 
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Scenario  

Control dwelling 16,79 20,19 34,79 35,90 0,84 51,89 50,53 99,94 84,50 0,74 15,76 19,85 34,28 36,15 0,81 

AL-SO 15,81 18,93 31,42 32,40 0,81 53,60 51,86 99,13 83,80 0,69 14,78 18,47 30,94 32,33 0,76 

Reduction (%) 5,85 6,22 9,69 9,75  -3,31 -2,62 0,81 0,83  6,23 6,96 9,75 10,57  

These observed differences emphasise the accuracy decrease of digital simulation once 
parameter assumptions increase (Tabadkani et al., 2021:4). As indicated in, some building 
property values were assumed according to appropriate references and could be the main 
reason for the observed inaccuracy, especially given that corrugated metal makes up the 
entire envelope of the prototypical dwelling. 

Digital simulation does however remain an effective method to verify design choices and 
optimise strategies before in situ implementation (Ricci et al., 2021:10). Although the absolute 
values are inaccurate, digital simulation proves to be valuable in comparatively testing the 
performance of shading strategies. 

 

Figure 39: In situ vs digitally simulated AT reduction (9 May and 10 May).  
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7 CONCLUSION 

After analysing existing strategies that could improve indoor building environments, the study 
tested the efficacy of retrofitted shading devices as potential strategies for lowering heat stress 
exposure in informal dwellings located in Tshwane. 

The findings highlight several critical aspects that built environment professionals should 
consider when developing shading devices for informal contexts. These considerations are 
essential for reducing heat stress exposure in a city that experiences dangerous, climate 
change related temperature increases. Attia et al. (2020:3266) state that resource efficient 
technology enhances the performance of AFs, which suggest that AFs should be carefully 
considered and demands that fa­ade types should be analysed within the context of any 
design project to ensure their feasibility. Therefore, these aspects can be regarded as key 
design informants rather than fixed solutions, providing a foundation for developing context-
specific shading strategies that reduce heat stress. 

The first critical aspect found in the study, is that both solar radiation and wind speed affect 
the indoor environment of poorly insulated, highly conductive informal dwellings. This implies 
that shading devices should block solar radiation while taking advantage of wind influxes. 
Solar radiation remains the most important external stimulus, hence why window box shading 
strategies proved to be the least effective. Although they require the least amount of material 
surface area, and should be considered when resources are extremely limited, they still 
expose the entire building envelope to solar radiation. The shading efficacy analysis reveals 
that a larger shading device with an increased material surface does not imply improved 
performance. Instead, the performance of solar shading is not directly proportional to the 
material surface area. It is rather dependent on factors such as geographical location, internal 
and external stimuli, the form, and orientation of the building envelope, as well as the available 
resources. 

Apart from providing insight to professionals, the findings serve as a practical guide for 
informal residents to optimise shading performance. This is achieved by highlighting the 
significance of adaptive shading solutions while recognising the resource constraints in the 
given context. The factor screening simulation process indicates that the roof followed by the 
northern fa­ade are the two most important building envelope surfaces to shade on an annual 
time scale, and that horizontal fins as opposed to vertical fins should be used on both surfaces 
to maximise heat stress reduction. 

The factor screening analysis further reveals that seasonal adaptive shading reduces heat 
stress exposure significantly. This is achieved by shading the building envelope surface with 
the highest thermal gain and using optimal orientation of solar shading fins. Figure 29 
illustrates the seasonal prioritisation of shading for building envelope surfaces, focusing solely 
on which surfaces to shade. Figure 32 provides further insight on optimal fin orientation 
(horizontal or vertical) when shading each facade. The two figures indicate that shading 
strategies should be adapted seasonally, demonstrating considerable advantages over static 
shading strategies. 

The findings further suggest that adaptive shading strategies with rotatable louvres have a 
limited performance improvement, if any. Yet the findings reinforce the use of daily adaptive 
shading strategies to prevent overperformance. Excessive reduction of indoor temperatures 
can create uncomfortably cold environments. In contrast to the primary goal of solar shading 
devices, adjusting louvres to allow solar gain can enhance the effectiveness of the strategies 
during colder winter days. This also allows users to configure the facade according to their 
indoor preferences, optimising indoor comfort. 

The final objective was to assess the accuracy of digital simulations in evaluating the impact 
of shading strategies on heat stress exposure. This was achieved by comparing the simulated 
data to in situ measurements. Despite the differences observed in absolute values, the 
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performance improvements correlated, suggesting that digital simulation remains an effective 
method to verify design choices and optimise solar shading strategies before in situ testing 
and implementation. 

With the average temperature in South Africa rising at almost twice the global rate 
(Ncongwane et al., 2021:2; Engelbrecht, 2019:7; Department of Environmental Affairs, 
2016:12), and the large growing population residing within informal settlements (Statistics 
South Africa, 2022:30, 118), the study proves that retrofitted static louvre shading strategies 
can effectively improve the indoor temperatures and reduce heat stress exposure of informal 
dwellings in Tshwane, South Africa. Prioritising specific building envelope surfaces are also 
beneficial when limited resources are available. Adaptive shading strategies prove to be more 
effective, increase building performance, and further reduce heat stress exposure in informal 
dwellings. The studyôs findings hope to provide more evidence and data to support a limited 
field considering locally appropriate adaptation strategies for informal contexts. 
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8 RECOMMENDATIONS 

Attia et al. (2020:3257) emphasise the need for research that evaluates different AF solutions 
for different current contexts as well as for future scenarios. The shading strategies in this 
study are tested for informal dwellings in Tshwane. These shading strategies should be tested 
in different contexts and climatic conditions, as well as future scenarios, to further understand 
solar shading strategiesô effect on the indoor building environment. 

Attia et al. (2020:3269) also state that future research should focus on further defining fa­ade 
technologies and fa­ade control strategies. The in situ testing of the adaptive louvre strategy 
was limited due to time constraints and should in the future be investigated by using actively 
controlled strategies to determine whether more complex integration of technology can 
improve the performance of shading strategies.  

Lastly, due to the absence of windows in informal dwellings, this study did not address indoor 
light quality. However, it is well-established that solar shading devices, particularly adaptive 
ones, impact indoor light quality significantly. The proposed shading priority can therefore be 
further developed by incorporating light quality as an additional performance parameter.  
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10 APPENDICES 

10.1 APPENDIX A 

Table 13: Non-exhaustive list of building performance improvement strategies. 
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Strategy Strategy 
Description 

Location Study Results Reference 

Ventilation Louvre windows vs 
sliding windows 

          
Ile-Ife, Nigeria Louvre windows kept the mean indoor temperatures between 21ÁC and 28ÁC, opposed to 

28ÁC and 31ÁC with sliding windows due to improved air ventilation. 
(Ayanlade et al., 
2019) 

Ventilation Solar chimney 
          

Alexandria, 
Egypt 

Solar chimney increases the indoor air velocity, which reduces the indoor operative 
temperature up to 1,71ÁC. 

(Abdeen et al., 
2019) 

Ventilation Traditional Shisha 
clay funnels 

          
Cairo, Egypt Increase air flow compared to conventional windows. Reduce average indoor temperature by 

2ÁC and average humidity by 15%. 
(Dabaieh et al., 
2021) 

Thermal 
envelope 

Mechanically 
ventilated double skin 
fa­ade 

          
Conceptual The mechanically ventilated double-skin facade reduces the energy consumption between 

21% and 26% in summer compared to the conventional double-skin fa­ade. 
(Fallahi et al., 
2010) 

Thermal 
envelope 

Conventional Trombe 
wall vs developed 
Trombe wall 

          
Sinai, Egypt Reduce cooling load by 73% which also reduces CO2 emissions by 144,27 kg. (Dabaieh & 

Elbably, 2015) 

Thermal 
envelope 

Insulated lightweight 
steel frame wall with 
increased thermal 
mass  

          

Nowy Kisielin, 
Poland 

Indoor temperature is reduced by 2,8ÁC on average, and by a maximum of 3,4ÁC, during 
heatwave conditions. 

(KuczyŒski & 
Staszczuk, 
2020) 

Solar 
reflection 

Cool paint on flat 
roofs 

          
Jamaica Cool paint has the biggest effect on naturally ventilated dwellings, and reduces annual indoor 

Ta by 1,2ÁC. 
(Kolokotroni et 
al., 2018) 

Solar 
reflection 

Cool paint 

          

Johannesburg, 
South Africa 

Average Tamax of 34,5ÁC measured in a control dwelling (uninsulated corrugated roof and 
walls with concrete floor). Average Tamax reduced by 4,3ÁC and average Tamin by 2,2ÁC with 
cool paint applied. Maximum reduction in Tamax is 10ÁC. Highest Tamax and Tamin measured in 
summer, yet cool paint was the most effective in autumn.   

(Kimemia et al., 
2020) 

Solar 
reflection 

Cool paint 
          

Ahmedabad, 
India 

Indoor Tamean reduced by 2.8% (from 34,6ÁC unpainted to 33,6ÁC painted). (Vellingiri et al., 
2020) 

Solar 
reflection 

Cool paint 

          

India, Brazil, 
South Africa, 
Kenya, 
Indonesia 

Cool paint has a 91% chance to outperform government-proposed housing solutions, while 
building envelope materials have the largest effect on heat stress exposure.  

(Nutkiewicz et 
al., 2022) 
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Solar 
reflection and 
thermal 
envelope 

Cool paint and 80 
mm IsoBoard 

          

Pretoria, 
South Africa 

Tamean between 22ÁC and 26,7ÁC, and Tamax between 38,7ÁC and 48,5ÁC measured in sample 
informal dwellings. Cool paint outperformed the use of insulation and reduced heat stress 
exposure within extreme caution to extreme danger levels by up to 15%. 

(Hugo, 2023) 

Solar shading 300 mm and 900 mm 
window box shading           

Abuja, Nigeria Frequency of indoor thermal discomfort decreased by 14% and 16% with the 300 mm and 
900mm shading device respectively, and indoor visual light discomfort decreased by 14% for 
both.  

(Abdulkareem & 
Al-Maiyah, 
2018) 

Solar shading, 
thermal 
envelope and 
improved 
glazing 

500 mm window box 
shading, cool paint, 
roof insulation and 
improved glazing, 
cladding, overhangs, 
and more. 

          

Lagos, Nigeria 150 mm Rockwool insulation at ceiling level reduces the annual indoor Tomean by 3.3%, 150 
mm EPS insulation by 3,2% and 500mm window shading box by 3,1%. 150mm Rockwool 
insulation reduces the annual energy usage by 6%, 150mm EPS insulation by 8,7% and 500 
mm window shading box by 7%. Window shading boxes are however the cheapest strategy. 

(Onyenokporo & 
Ochedi, 2019) 

Solar shading Window overhangs 
          

Johor Bahru, 
Malaysia. 

Indoor air temperatures reduced by 2,8ÁC with concrete overhangs applied to the north-west 
facing window. The performance difference between concrete, aluminium and timber 
overhangs is negligible. 

(Peng Jian et 
al., 2023) 

Solar shading Green walls 
          

Lagos, Nigeria Reduce indoor temperatures by 2,3ÁC on average. (Akinwolemiwa 
et al., 2018) 

Solar shading Green walls and 
green roofs 

          

Singapore The green roof of the Zero Energy Building at BCA Academy reduces the ambient 
temperature by 7ÁC and reduces the energy consumption by between 70,2 kWh/m2/year. The 
green wall reduces the ambient temperature by 2 - 3ÁC and the energy consumption by 
between 2,87 and 5,72 kWh/m2/year.  

(Sun et al., 
2018) 

Solar shading, 
thermal 
envelope and 
improved 
glazing 

Metal fins, 50 mm 
EPS and Argon filled 
double low-e glazing           

Northern 
Egypt 

Solar shading outperforms improved thermal envelope and improved glazing strategies with 
as much as 52%. 

(El-Darwish & 
Gomaa, 2017) 

Solar shading 
and improved 
glazing 

Northern and 
southern vertical fins 
vs 0,51 SC reflective 
glass 

          

Indonesia Vertical fins outperform optimised glazing in reducing indoor temperature by 0,73ÁC. Fins 
reduced the overall thermal transfer value by 3,27 W/mĮ and the optimised glazing by 6,25 
W/mĮ. 

(Sebayang et 
al., 2023) 

Solar shading Vertical fins and 
venetian blinds 

          

Alicante, 
Spain. 

Compared to no shading devices and tested over July, the use of vertical fins over south 
facing glass fa­ade reduce indoor MRTmax from 34,2ÁC to 28,6ÁC and the max. operating 
temperature from 30,1ÁC to 27.3ÁC. Venetian blinds reduce indoor MRTmax from 34,2ÁC to 
31,6ÁC and the max. operating temperature from 30,1ÁC to 28,8ÁC. Venetian blinds 
outperformed vertical\louvres in terms of light quality. 

(P®rez-
Carrami¶ana et 
al., 2024) 

Solar shading Overhangs, vertical 
fins and horizontal 
fins 

          
Ogbomoso, 
Nigeria 

Horizontal fins reduce the solar gains the most by 56,55% when applied to the south and east 
facing windows of a bedroom. The solar gains were reduced the second most, by 23.9% with 
a hybrid solution, 16% with a window overhang, and 7,63% with vertical window side fins. 

(Olaniyan et al., 
2023) 

Solar shading Vertical louvres vs 
horizontal louvres vs 
folding shapes on the 
southern fa­ade. 

          

Delta Region, 
Egypt 

Horizontal louvres reduce indoor temperature by 2,54ÁC, 2,44ÁC and 1,37ÁC when wood-
plastic composite, glass fibre reinforced polymers and unplasticised polyvinyl chloride are 
used as material respectively. Vertical louvres reduce the indoor temperature by 2,05ÁC, 
2,17ÁC and 1,99ÁC with respective materials and folding shapes reduce the indoor 
temperature by 2ÁC, 2,18ÁC and 1,97ÁC with respective materials. 

(Madkour & 
ӳls«q«Ӵ, 2023) 



 

2024  60 

Solar shading Static vs adaptive 
porous, horizontal 
aluminium fins           

Copenhagen, 
Munich, 
Bologna and 
Athens 

During 21 June a decrease of 24,8% and 26,67% in mean radiant temperature were recorded 
with the fixed and adaptive scenarios respectively. In Monaco a decrease of 20,71% and 
22,78%, in Bologna a decrease of 19.8% and 22.97%, and in Athens a decrease of 12,47% 
and 17,08%. The mean radiant temperature decrease was significantly less during 21 
December. 

(Ricci et al., 
2021) 

Solar shading Static fins vs 
adaptive louvres 

          

Curitiba, 
Brasilia and 
Picos (Brazil) 

Compared to a control dwelling, adaptive horizontal louvres improve thermal comfort by 9%, 
33% and 84% in Curitiba, Brazilia and Picos respectively. Static horizontal fins applied for a 
full year improve thermal comfort by -5%, 22% and 84% and when applied only during 
summer improve thermal comfort by 2%, 1% and 8% in Curitiba, Brazilia and Picos 
respectively. 

(De Bem et al., 
2022) 
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10.2 APPENDIX B 

Table 14: Apparent temperature per year (simulated data). 

   Apparent temperature (ÁC) 

 Scenario Count Max. Median Min. Mean Skew Kurt STDEV 

 Outdoor 8760 35,017 19,013 -1,269 18,480 -0,316 -0,519 7,290 

 Control 17520 42,395 21,036 -1,312 20,906 -0,114 -0,661 8,760 

Factor 
screening 

SS-N 17520 42,717 20,484 -1,191 20,514 -0,067 -0,640 8,661 

SS-E  17520 42,585 20,650 -1,132 20,551 -0,089 -0,643 8,623 

SS-W 17520 42,380 20,881 -1,131 20,709 -0,134 -0,625 8,514 

SS-R 17520 39,787 20,667 -0,988 20,339 -0,201 -0,616 8,133 

RS-H 17520 40,009 20,720 -1,038 20,381 -0,210 -0,617 8,150 

RS-V 17520 40,936 20,802 -1,132 20,558 -0,155 -0,632 8,411 

Window box 
strategies 

WB-445 17520 42,476 20,864 -1,291 20,757 -0,105 -0,653 8,713 

WB-1075 17520 42,517 20,769 -1,291 20,702 -0,095 -0,646 8,700 

Static fin 
strategies 

HF-N 17520 39,689 20,353 -0,999 20,094 -0,176 -0,604 8,051 

HF-E 17520 39,627 20,580 -0,969 20,191 -0,202 -0,595 8,029 

HF-W 17520 39,408 20,671 -0,968 20,262 -0,241 -0,606 7,992 

VF-N 17520 39,627 20,412 -0,978 20,122 -0,185 -0,624 8,117 

VF-E 17520 39,650 20,600 -0,948 20,245 -0,191 -0,635 8,141 

VF-W 17520 39,609 20,639 -0,959 20,303 -0,210 -0,603 8,062 

Adaptive 
louvre strategy 

AL-C 17520 39,728 20,178 -0,918 20,038 -0,144 -0,629 8,146 

AL-SO 17520 39,697 20,270 -0,988 20,062 -0,158 -0,617 8,108 

AL-O 17520 40,155 20,732 -0,998 20,468 -0,188 -0,641 8,294 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

Table 15: Mean apparent temperature per month (simulated data). 

  Mean apparent temperature (ÁC) 

 Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 Outdoor 24,233 24,217 22,568 18,328 13,995 10,602 9,784 13,733 17,811 21,142 21,998 23,730 

 Control 27,120 26,837 25,081 20,748 16,378 12,667 11,847 15,895 20,164 23,505 24,541 26,489 

Factor 
screening 

SS-N 27,138 26,782 24,787 20,153 15,494 11,764 10,997 15,203 19,762 23,420 24,573 26,516 

SS-E  26,582 26,413 24,694 20,402 16,110 12,436 11,599 15,629 19,833 23,101 24,148 26,061 

SS-W 26,907 26,575 24,827 20,558 16,200 12,542 11,732 15,748 19,994 23,290 24,293 26,231 

SS-R 26,307 26,108 24,449 20,229 15,968 12,370 11,536 15,496 19,593 22,876 23,817 25,709 
RS-H 26,310 26,091 24,465 20,302 16,083 12,488 11,646 15,574 19,620 22,856 23,801 25,722 

RS-V 26,614 26,375 24,675 20,435 16,148 12,507 11,675 15,656 19,812 23,094 24,087 26,013 

Window box 
strategies 

WB-445 27,120 26,791 24,926 20,509 16,088 12,403 11,583 15,631 19,963 23,436 24,540 26,493 

WB-1075 27,122 26,798 24,914 20,433 15,942 12,240 11,432 15,527 19,932 23,445 24,547 26,495 

Static louvre 
strategies 

HF-N 26,321 26,035 24,193 19,758 15,516 12,011 11,156 15,014 19,211 22,754 23,818 25,734 

HF-E 26,015 25,859 24,246 20,124 15,955 12,391 11,541 15,443 19,430 22,629 23,562 25,472 
HF-W 26,164 25,925 24,330 20,188 15,985 12,422 11,581 15,483 19,503 22,735 23,653 25,555 

VF-N 26,325 26,056 24,249 19,885 15,514 11,927 11,109 15,102 19,339 22,792 23,826 25,737 

VF-E 26,229 26,045 24,343 20,094 15,855 12,260 11,419 15,381 19,480 22,805 23,771 25,651 

VF-W 26,290 26,068 24,395 20,180 15,921 12,344 11,515 15,454 19,544 22,845 23,787 25,684 

Adaptive 
louvre 
strategy 

AL-C 26,422 26,143 24,256 19,735 15,176 11,544 10,763 14,890 19,307 22,871 23,933 25,832 
AL-SO 26,379 26,086 24,229 19,728 15,322 11,816 10,969 14,889 19,255 22,803 23,875 25,795 

AL-O 26,505 26,273 24,488 20,382 16,129 12,343 11,583 15,697 19,695 23,004 24,008 25,898 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 
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Table 16: Maximum apparent temperature per month (simulated data). 

  Maximum apparent temperature (ÁC) 

 Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 Outdoor 34,360 34,385 34,345 29,742 27,599 22,992 23,872 27,628 30,792 33,821 35,017 34,239 

 Control 41,996 42,261 40,248 37,000 35,371 28,162 30,762 32,561 37,550 39,230 39,584 42,395 

Factor 
screening 

SS-N 41,317 42,069 39,408 34,965 32,036 25,692 27,962 30,098 36,008 38,635 39,795 42,717 
SS-E  41,224 42,561 40,210 36,853 35,591 28,301 30,963 32,862 37,769 39,067 39,826 42,585 

SS-W 41,046 42,380 39,277 37,251 34,277 26,956 29,401 30,794 37,301 39,659 39,773 41,159 

SS-R 39,787 39,633 38,587 34,912 33,015 27,000 29,342 30,296 35,829 37,308 37,498 38,576 

RS-H 40,009 39,500 38,640 35,133 33,495 27,341 29,742 30,609 35,950 37,207 37,438 38,527 
RS-V 40,906 40,729 39,141 35,557 34,235 27,432 29,724 30,922 37,190 38,109 39,381 40,936 

Window box 
strategies 

WB-445 41,814 42,009 39,718 36,230 34,453 27,451 29,893 31,513 36,620 38,865 39,605 42,476 

WB-1075 41,736 42,047 39,679 36,010 33,613 26,782 29,114 30,793 36,450 38,907 39,644 42,517 

Static louvre 
strategies 

HF-N 39,689 39,328 37,986 33,451 31,464 26,016 28,141 29,646 34,549 36,838 37,537 38,666 

HF-E 39,627 39,579 38,610 35,193 33,584 27,400 29,822 30,729 35,968 37,269 37,486 38,585 

HF-W 39,408 38,627 37,507 34,412 31,956 26,387 28,461 29,706 34,429 36,578 36,317 37,528 
VF-N 39,627 39,359 38,018 33,734 31,616 25,832 27,685 29,547 34,570 36,890 37,557 38,696 

VF-E 39,629 39,650 38,625 35,215 33,584 27,401 29,822 30,749 35,988 37,316 37,557 38,675 

VF-W 39,609 39,250 38,008 34,443 31,917 26,101 27,954 29,518 34,859 36,828 37,457 38,576 

Adaptive 
louvre 
strategy 

AL-C 39,420 39,728 38,076 33,524 30,533 24,907 26,832 29,416 34,621 37,150 37,919 39,327 

AL-SO 39,697 39,489 38,056 33,456 30,943 25,557 27,541 29,446 34,549 36,968 37,698 38,987 
AL-O 40,068 40,155 38,640 35,593 34,487 27,181 29,704 31,462 35,749 37,519 38,089 39,616 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 

Table 17: Minimum apparent temperature per month (simulated data). 

  Minimum apparent temperature (ÁC) 

 Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 Outdoor 13,851 14,855 11,789 7,163 1,386 -0,439 -1,269 1,444 3,577 9,695 10,443 15,146 
 Control 13,227 14,906 11,912 6,859 1,074 -0,066 -1,312 1,284 4,085 9,670 10,575 15,315 

Factor 
screening 

SS-N 13,345 14,986 12,003 6,960 1,165 0,004 -1,191 1,374 4,115 9,800 10,674 15,426 

SS-E  13,336 14,933 12,013 7,000 1,225 0,064 -1,132 1,445 4,156 9,802 10,664 15,406 

SS-W 13,325 14,988 12,003 7,000 1,215 0,065 -1,131 1,434 4,145 9,770 10,654 15,396 

SS-R 13,416 15,046 12,083 7,120 1,345 0,174 -0,988 1,574 4,206 9,880 10,734 15,476 
RS-H 13,377 15,017 12,042 7,069 1,294 0,134 -1,038 1,524 4,175 9,842 10,693 15,435 

RS-V 13,326 14,988 12,003 7,000 1,225 0,064 -1,132 1,445 4,145 9,780 10,654 15,396 

Window box 
strategies 

WB-445 13,257 14,927 11,922 6,870 1,085 -0,055 -1,291 1,285 4,065 9,701 10,595 15,346 

WB-1075 13,265 14,938 11,944 6,880 1,085 -0,066 -1,291 1,295 4,075 9,721 10,604 15,355 

Static louvre 
strategies 

HF-N 13,425 15,058 12,071 7,101 1,325 0,154 -0,999 1,545 4,165 9,890 10,744 15,485 

HF-E 13,414 15,058 12,094 7,141 1,365 0,195 -0,969 1,594 4,205 9,890 10,745 15,476 
HF-W 13,415 15,046 12,082 7,141 1,365 0,183 -0,968 1,594 4,205 9,880 10,734 15,476 

VF-N 13,446 15,069 12,093 7,120 1,345 0,175 -0,978 1,575 4,196 9,911 10,753 15,495 

VF-E 13,435 15,068 12,103 7,150 1,374 0,205 -0,948 1,615 4,215 9,911 10,753 15,496 

VF-W 13,435 15,068 12,103 7,150 1,375 0,194 -0,959 1,615 4,215 9,911 10,753 15,497 

Adaptive 
louvre strategy 

AL-C 13,505 15,107 12,142 7,180 1,384 0,204 -0,918 1,635 4,215 9,981 10,814 15,556 

AL-SO 13,446 15,069 12,093 7,111 1,325 0,154 -0,988 1,544 4,175 9,912 10,753 15,494 

AL-O 13,415 15,047 12,072 7,111 1,345 0,165 -0,998 1,575 4,185 9,892 10,745 15,475 

Abbreviations: SS-N: solid shading on the northern fa­ade 
SS-E: solid shading on the eastern fa­ade 
SS-W: solid shading on the western fa­ade 
SS-R: solid shading on the roof 
RS-H: roof shading with horizontal fins 
RS-V: roof shading with vertical fins 
WB-445: 445mm deep window box shading 
WB-1075: 1075mm deep window box shading 

HF-N: horizontal fins on the northern fa­ade 
HF-E: horizontal fins on the eastern fa­ade 
HF-W: horizontal fins on the western fa­ade 
VF-N: vertical fins on the northern fa­ade 
VF-E: vertical fins on the eastern fa­ade 
VF-W: vertical fins on the western fa­ade 
AL-C: adaptive louvres positioned closed 
AL-SO: adaptive louvres positioned semi-open 
AL-O: adaptive louvres positioned open 
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10.3 APPENDIX C 

 

Figure 40: Left: Site preparation. Middle: Inside of the dwellings used in the in 
situ testing. Right: Outdoor logger installed 1200mm above natural ground level. 

 

Figure 41: Shading device fixed with hinges to allow access to the dwelling. 

 

Figure 42: Adaptive louvres in closed, semi-open and open position (The 
adaptive strategy was only tested in situ with louvres positioned semi-open). 
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10.4 APPENDIX D 

 


