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CHAPTER 1 INTRODUCTION

The subtle harmony between buildings and local climate was appreciated and understood by 

most of mankind before the Industrial Revolution. Today, modern technology empowers man 

to disregard the nature of the climate he lives in. With mass production of air conditioning 

and heating equipment, nature no longer has to be acknowledged in the design of buildings: 

Mechanical equipment and engineering specifications address all aspects relating to thermal 

comfort in a building. For most of the developing world however, technologies, pertaining to 

the heating and cooling of buildings are expensive and not always available. It is thus crucial 

for architects to design buildings with respect to local climate.

Climate bears an important effect on the energy consumption of buildings. To maintain 

reasonable levels of thermal, visual and acoustical comfort in buildings, a considerable 

degree of energy needs to be consumed. Although climate is beyond our control, it has to be 

kept in mind that the design of climatic responsive buildings may have a significant effect on 

the energy consumption in buildings.

In turn, energy consumption may significantly effect the initial cost as well as the running cost 

of the building.

X
1.1 The objective of the study

This study examines appropriate energy conservation and passive design strategies for the 

design of energy conscious housing through the process of bioclimatic design. The housing 

is particularly designed for the South African Highveld and the Northern steppe. The 

appropriate strategies and principles will be studied to formulate bioclimatic design strategies 

for housing on the Southern African Highveld and Northern steppe.

1.1.1 Bioclimatic design

Bioclimatic design is the process of designing buildings while recognizing specific local 

climate.

a) The aim of bioclimatic design

The aim of the bioclimatic design process is to reduce the energy consumption of buildings. 

Energy consumption in buildings is addressed by five main groups of strategies:

• energy conservation strategies

l



• passive design strategies

• active heating and cooling design strategies

• natural renewable energy strategies

• embodied energy of the building.

i) Energy conservation strategies

Energy conservation strategies can be regarded as the reduction of energy consumption of 

buildings; regardless of whether these are renewable or non-renewable energies. These 

strategies aim to conserve coolness in a building during summer, and heat during winter. 

These strategies include architectural design and planning as well as building envelope 

design and microclimatic design strategies.

ii) Passive design strategies

Passive design strategies apply to both heating and cooling buildings. Through passive 

design, heating and cooling is provided to buildings through natural processes. This indicates 

that the building has to be designed in such a manner that it will accommodate the natural 

flows of energies to either heat or cool.

Passive heating strategies (passive solar strategies) include:

• direct gain systems

• thermal storage walls

• attached sunspaces

• thermal storage systems (mass or water)

• solar hot water heating (thermosiphoning).

Passive cooling strategies include:

• natural comfort ventilation

• high thermal mass with nocturnal ventilation

• direct and indirect evaporative cooling

• thermal mass cooling (ground pipes, rockbeds and water walls).

This study focuses specifically on energy conservation strategies and passive design 

strategies.
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iii) Active heating and cooling strategies

These include the use of:

• energy efficient gas or electrical heating, cooling, or air conditioning equipment;

• the use of energy efficient gas or electrical evaporative cooling systems;

• the use of energy efficient electrical equipment, such as lights, stoves and freezers.

This study does not focus on active heating or cooling strategies.

iv) Natural renewable energy conservation strategies

These particular strategies consist of the following:

• the use of wood burning to heat building spaces or water;

• the use of water or wind to generate electricity for use in buildings (the use of ventilation 

is seen as a passive design strategy);

• The use of natural gas for the heating, cooling (gas absorption chillers) and refrigeration 

in buildings;

• the use of solar electric power (photovoltaic) in buildings.

Natural renewable energy conservation strategies are not covered in this study.

v) Embodied energy conservation strategies

The embodied energy in buildings is the energy needed to construct, demolish and do away 

with the material of the demolished building1. These energies to construct the building 

include mining the raw material, transporting it to the producers and producing the building 

material or product. Additionally, it also includes the transport to the site of the material or 

building product, and the labor to install or erect this material or product. Embodied energy 

conservation strategies aim to reduce energy consumption during all these processes. These 

strategies are not covered in this study.

b) The process of bioclimate design

The following process for bioclimate design will be applied to the study area:

• human thermal comfort in relation to the specific climate

• pre-design analysis for the specific climate

• the formulation of sketch design parameters for the specific climate

• draughting the sketch plan design

• the development of the bioclimatic strategies for the sketch design.
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the development of the bioclimatic strategies for the sketch design.

This study deals with total bioclimatic design process in order to understand its various 

components. The study also aims to produce a set of sketch parameters for housing in the 

specific climate of the Highveld and the Northern steppe.

1.1. 2 The Highveld and the Northern steppe

South Africa is the most southern country on the continent of Africa. A pronounced feature 

of Africa’s topography is the eastern, central and southern plateau area, located at 1000m or 

more above sea level2. The Highveld and Northern steppe region is located between 25.8° 

and 31.2° east latitude and 22.0° and 30.8° south longitude.

Africa’s basic vegetation zones are tropical, subtropical and mountainous regions (Figure 

1.2). The vegetation of the Highveld and the Northern steppe is essentially savanna, usually 

located between the desert scrublands and tropical forests. These areas experience drought 

for 3-8 months a year, but may also experience sudden heavy downpours. Savanna favors 

the growth of grasses with scattered trees, which generally have small leaves and thorns 

(acacia species).

Figure 1.1: General hydrology and topography of Africa
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i Copied from: Griffiths, J.F. & Soliman, K.H. 1973. General hydrology and topography, p 5



Figure 1.2: Basic vegetation types (generalized)
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Highveld and Northern steppe South Africa

Legend.
1 = cedar forest; 2 = marquis; 3 = garrigue and desert grass; 4 = tropical rain forest; 5 = tropical semi-evergreen and deciduous 
forest; 6 = thorn woodland and scrub; 7 = semi-desert and scrub; 8 = desert; 9 = broad leave savanna; 10 = thorn tree, tall grass 
savanna; 11 = thorn tree, desert grass savanna; 12 = tropical mountain forest; 13 -  veld, 14 = evergreen mixed forest; 15 = Cape 
sclerophyllous scrub

Copied from: Griffiths, J.F. & Soliman, K.H. 1973. General hydrology and topography, p. 5 
See summation o f climatic regions o f Southern Africa in Addendum 1

1.1.3 Housing in South Africa

(a) Population and income

South Africa has a rapidly increasing and urbanizing society. According to the Department of 

Housing (White Paper, (1995)3 the projected average annual growth rate of 2.27% per 

annum between 1995 and 2000 would have increased the total population to approximately 

47.4 million by 2000. This implies an average increase of approximately one million people 

per annum over this period. In 1995, 8.3 million households were estimated in South Africa. 

A large part of these households were of the low-income group.
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T a b le t1: Projected monthly household income distribution figures (1995)

No Income category Percentage Number of households in million

1 R 0 - R 800, $0-$100 39.7% 3.30m

2. R800-R1.500, $100-$188 29.0% 4.1m

3 R 1,500-2,500, $188- $313 11.8% 0.98m

4 R 2,500 - R3,500, $313- $438 5.6% 0.46m

5 R >3,5001, >$438 13.9% 1.15m

TOTAL 100.0% 8.3m

Copied from: Department of Housing, White Paper- A New Policy Housing Policy for South 
Africa (Pretoria, Department of Housing, 1995)

(b) Housing in South Africa

South Africa has a relatively small formal housing stock. Low and progressively decreasing 

rates of formal and informal housing delivery in South Africa have resulted in a massive 

increase in the number of households forced to seek accommodation in informal settlements, 

backyard shacks and in overcrowded conditions in existing formal housing.

The total formal housing stock in South Africa was estimated to be 3.4 million units in 1995. 

This includes formal houses, flats, townhouses and retirement homes. In the informal 

housing sector approximately 1.5 million urban units existed in South Africa in 1995. A further 

estimated 5.2% of all households presently reside in hostel accommodation.

Another 13.5% of all households +-(1,06 million people) live in squatter housing, mostly in 

free-standing squatter settlements on the periphery of cities and towns and in the back yards 

of formal houses. This form of housing presently remains the prevalent means through which 

urban households access shelter in South Africa. It is estimated that approximately 150,000 

new households per annum house themselves in this way.

The last two thirds of the 17.1 million people estimated to live under the poverty datum line 

(PDL) live in the rural areas. Of the 14.5 million people estimated to live in the rural areas, 

the far greater part resides outside the commercial farming areas. There is a combination of 

both formal and informal house structures, but what they generally share in common is 

inadequate access to potable water and sanitation, and a general insecurity of tenure.
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(c) Access to basic services

Many people in South Africa do not have access to basic services, such as potable water, 

sanitation systems and electricity. Furthermore, many neighbourhoods are inadequately 

supplied with social and cultural amenities. Approximately one quarter of all functionally 

urban households in South Africa does not have access to a piped, potable water supply. 

Furthermore, an estimated 48% of all households do not have access to flush toilets or 

ventilated, improved pit latrines, whilst 16% of all households have no access to any type of 

sanitation system. It is estimated that 46.5% of all households are not linked to the electricity 

supply grid in South Africa.

(d) Typical low cost housing units

To encourage low-cost housing development, the government offers a subsidy of R15, 000 

for first time homebuyers. (This is about $1 875 per home). The majority of the people does 

not have formal jobs and therefore do not qualify for a mortgage. As a result, the developers 

build homes that cost the same as the subsidy-R15, 000. The house they get for R15, 000 is 

constructed with typical block walls and a tin roof with no ceiling, no indoor plumbing and a 

few small windows. These homes are colder than outside in the winter and hotter than 

outside in the summer. In addition, the typical family cooks inside on kerosene stove. The 

resulting indoor carbon monoxide reaches dangerous levels.

1.2 Outline of study objectives

Objective 1:

To analyze human thermal comfort in relation to the specific climate of the Southern African 

Highveld and the Northern steppe.

Objective 2:

To determine the specific climate classification and the detail analysis of the climatic 

elements (solar radiation, temperature, relative humidity, wind and precipitation) for the 

Highveld and Northern steppe.

Objective 3:

To analyze the features pertaining to the microclimate,around the buildings.

Objective 4:

To formulate climatic design parameters for the sketch design through the use of bioclimatic 

building analysis (after Givoni) and the Mahoney tables.

Objective 5:

To formulate specific details for the different design strategies for energy conscious design 

for the Highveld and the Northern steppe.

7



1.3 Human thermal comfort in relation to climate

The first component of the bioclimatic design process entails understanding human thermal 

comfort in relation to specific climate.

1.3.1 Human thermal comfort

The objective for the first part of the study is to establish the comfort range that will be 

applied to 90% of the occupants of housing in the particular climate of the High veld and the 

Northern steppe of South Africa.

1.3.2 Climate

The study of climate will be analyzed through three components, namely:

• climatic classification

• climatic analysis

• microclimatic analysis.

a) Climatic classification

By means of climatic classification the designer is able to establish a general description of 

the climatic region he/she is dealing with. Two climatic classifications, the Koppen and 

Trewartha classifications, are analyzed to establish a general description of the climate for 

the Highveld and Northern steppe region.

Classifications furthermore consist of generalizations concerning the following aspects:

• temperatures (maximums, minimums, and means)

• precipitation (amounts, main season of precipitation, type of rainfall)

• solar radiation (generalization concerning annual sky conditions)

• wind

• a general description of vegetation.

The objective of this part of the study is firstly to present a synopsis of the climatic regions of 

South Africa and secondly to provide a description of the climate of the Highveld and the 

Northern steppe.
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b) Climatic analysis

Climatic analysis is utilized to establish a detailed description of the influence of the various 

climatic elements, namely:

• solar radiation

• temperature

• wind

• relative humidity

• precipitation.

The nature of each climatic element is analyzed to establish quantitative information 

required for the pre-design analysis, sketch design parameters and design development.

c) Microclimatic analysis

The general climate, as analyzed in the climatic analysis, experiences deviations from place 

to place in the same climatic region. These deviations from general climate are referred to as 

the microclimate of a region. The microclimate is affected by features such as:

• topography

• soil structure

• ground cover

• other human made features (such as buildings and roads).

These features of the urban environment (both natural and man-made) are discussed in this 

study to determine their effect on the thermal environments of buildings. Since no specific 

site was chosen for the purpose of this study, these microclimatic influences is discussed in 

general terms. In conclusion a list of strategies is presented for the control of the 

microclimate around buildings on South African Highveld and Northern steppe.

1.4 The pre-design analysis

The second component of bioclimatic design is the pre-design analysis. Two types of pre

design analyses are utilized to establish a set of climatic design parameters for the sketch 

design (schematic design). These analyses are the bioclimatic building analysis (after 

Givoni4) and the Mahoney tables5.
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1.4.1 Bioclimatic building analysis

• The bioclimatic design analysis combines the effect of the hourly dry bulb temperature 

with the coinciding relative humidity. It is presented on the Bioclimatic Building Chart of 

Givoni5. Givoni’s chart consists of a psychrometric chart stating the specific comfort zone 

and strategies that will extend the comfort zone without the use of mechanical equipment 

for heating or cooling.

It can be said that Givoni’s Bioclimatic Chart enables the designer to make climatic 

responsive decisions. The designer thus matches bioclimatic design decisions with specific 

climate, in order to have a broad indication of strategies to be followed.

1.4.2 Mahoney tables

The Mahoney tables are utilized to establish a complimentary set of parameters. Mahoney6 

devised a system with tables whereby the most essential climate data of a specific climate is 

represented and translated into indicators, which are thereafter translated into sketch design 

recommendations. This is a speedy and sketchy method, allowing the designer to establish 

certain parameters for climatic responsive design7.

1.4.3 Sketch design parameters and sketch design

A sketch design is completed. It is based on the climatic design parameters from the pre

design analysis, microclimatic guidelines, urban planning guidelines, and the designer’s own 

design intent. The sketch design and parameters are a base for extending design 

development of the housing unit into a complete bioclimatic responsive design.

1.5 Design development

During the design development phase, specific details of different design strategies for 

energy conscious design are explored and applied to the sketch design. This study focuses 

exclusively on energy conservation strategies and passive design strategies.

1.5.1 Energy conservation strategies

The energy conservation strategies consist of three main groups of strategies, namely:

• architectural planning
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• envelope design

• microclimatic strategies.

a) Architectural planning

With regard to architectural planning strategies, the following are analyzed for this study: 

compact design, thermal zoning, centralized heat sources, and shading.

b) Envelope design

With regard to envelope design strategies, the following are analyzed for this study: mass 

effect of walls, time lag of the structure, direct gain walls, cavity walls, insulation of wall 

systems, insulation of roofs, moisture control in buildings, color of envelope, infiltration into 

buildings.

c) Microclimatic strategies

Different strategies assess the outside climate in order to either heat or cool buildings, 

depending on the season.

1.5.2 Passive design strategies

The passive design strategies analyze and apply different passive design strategies to the 

prototype unit. Two strategies are concentrated on in this study, namely:

• the use of direct gain systems for the heating season

• the use of nocturnal ventilative cooling for the cooling season.

a) Direct gain strategies

V

Direct gain strategies focus on the following aspects: size of solar windows, size of mass, 

collector type, glazing type, frame type.

b) Nocturnal ventilation strategies

The nocturnal ventilative strategies focus on the following aspects: climatic parameters, 

building parameters, storage options and finally the different methods of nocturnal ventilation.
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1.6 Final synthesis

A summation of all the different strategies are given and discussed. These serves as a 

guideline for bioclimatic design for housing on the South African High veld and the Northern 

steppe.



1 Holm, D. 1996 Manual for energy conscious design (Pretoria: Department Minerals and 
Energy, Directorate Energy for Development, 1996), p.83.

2 Griffiths, J.F. & Soliman, K.H. IQTS.General hydrology and topography, p.5.

3 Department of Housing, White Paper-A  New Policy Housing Policy for South Africa 
(Pretoria, Department of Housing,1995).

4 Givoni, B. 1969. Man, climate and architecture and energy conservation in buildings.

5 Koenigsberger, O.H., Ingersoll, T.G., Mayhew, A. and Szokolay, S.V. 1973. Manual of 
tropical housing and building. London: Longman Group Limited.

6 Koenigsberger, O.H., Ingersoll, T.G., Mayhew, A. and Szokolay, S.V. 1973. Manual of 
tropical housing and building. London: Longman Group Limited, p.239.

7 Ibid. 238.
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CHAPTER 2 THERMAL COMFORT

2.1 Introduction

For engaging in any activity inside a building, the occupants require the necessary comfort 

conditions. Comfort conditions for occupants include thermal comfort (temperature, 

humidity, etc.), acoustical comfort (low noise level disturbances), visual comfort (adequate 

light levels) and air quality (enough fresh air and control of odors and air pollutants). 

Human thermal comfort is defined as the conditions in which a person would prefer neither 

warmer nor cooler surroundings1. It is easy to maintain thermal comfort within a building 

with today’s available recourses such as air-conditioning and heating equipment. The 

challenge however is to achieve thermal comfort with the use of as little as possible 

energy. To achieve thermal comfort with as little as possible energy, or even without the 

use of air-conditioning and heating equipment, the designer needs to understand the 

variables that influence human thermal comfort.

The objective of this chapter is to establish the thermal comfort zone for people living on 

the Highveld and the northern steppe. This chapter will firstly establish the optimal thermal 

comfort through the use of the Fanger diagrams. Once the optimal thermal comfort is 

established, the upper and lower ambient temperatures are also established. These values 

are plotted on the Psychrometric Chart to establish the thermal comfort zone.

2.2 The heat balance of the body

The thermal equilibrium of the body is equalized between heat production of the body 

(metabolism) and the transfer of heat. The latter is achieved by means of convection, 

conduction, radiation and evaporation to and from the body to the environment (Figure 

2.1). The heat balance of the body can best be described as heat production equals heat 

dissipation. This can be expressed by the following equation (Table 2.1).

H — Ed — Esw — Ere — L = K = R + C ——----- ^
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Table 2.1: The heat balance of the body
Symbol Explanation
H Internal heat production of the body
Ed Heat loss by vapor diffusion through the skin
Esw Heat loss by evaporation of sweat from the surface of the skin
Ere Latent respiration heat loss
L Dry respiration heat loss
K Heat transfer from the skin to the outer surface of the clothed body
R Heat loss by radiation

Heat loss by convection from the outer surface of the clothed body
Adapted from: Fanger, P.O. 1970. Thermal comfort, analysis and application in environmental
engineering. New York: McGraw-Hill Book Company, p. 23.

Figure 2.1: The heat balance of the body
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Copied from: Koenigsberger, O.H.; Ingersoll.T.G.; Mayhew, A.; Szokolay, S.V. 1973. Manual o f 
tropical housing and building. London: Longman Group Limited, p. 42.

2.3 The heat balance of the body and the environment

The most important variables that influence the thermal comfort of the body are dry-bulb 

temperature, relative humidity, air velocity, barometric pressure, clothing and activity. 

Thermal comfort can be achieved with different combinations of these variables. Other
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variables that influence thermal comfort to a lesser degree are the mean radiant 

temperature of indoor wall surfaces and the age, sex and nationality of the occupants. 

(These variables are not discussed in this study).

The six most important variables to describe the body’s heat balance with the environment 

are described by Fanger in the following equation. The table defines the symbols.

f (H, le i , ta , tmrt, pa , v , ts ) = 0

Adu  ---------43

Table 2.2: The body’s heat balance and the environment
__Symbol Meaning
_H Internal heat production of the body
Adu Surface area (Adu = DuBois area)

Id Thermal resistance of the clothing
Ta Air temperature
Tmrt Mean radiant temperature
Pa Pressure of water vapor in ambient air
V Relative air velocity
Ts Mean skin temperature

Adapted from: Fanger, P.O. 1970. Thermal comfort, analysis and application in environmental
engineering. New York: McGraw-Hill Book Company, p. 21.

Applying Ranger’s5 formula makes it possible to calculate all the potential combinations of 

(any) activity level (H/ Adu); clothing (Id); air temperature (ta); mean radiant temperature 

(tmrt); air humidity (pa) and relative air velocity (v) which will create thermal comfort. 

Fanger6 provides diagrams to calculate all the possible combinations of the 6 variables 

that will create thermal comfort (Addendum 2).

2 .4  The activity of the body —  MET value

Most of the energy produced by the body through the metabolism is internal body heat. 

Koenigsberger7 states that only 20% of the energy produced by the body are utilized, while 

80% is dissipated as heat. The amount of excess heat that is dissipated by the body varies 

with the activity the person is performing.
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This heat flux (energy transfer across an area surface) of the body is measured by 

physiologists in kcal/m2(hr) or MET units. If the total body surface of a human being is 

multiplied by the MET value, the total heat production of the body per hour can be 

calculated for all the different levels of activity. The estimated body surface area of a man 

of average size is 1.82m2 or 20ft2. The average man in a sedentary position will therefore 

produce 1.8m2 x 50 = 91 kcal/hr or 106 Watt. Table 3 shows the metabolic heat generation 

for different human activities. The MET value is the first variable that controls human 

thermal comfort.

Table 2.3: Typical metabolic heat generation for various activities

W/m2 Met
Resting
Sleeping 40 0.7
Reclining 45 0.8
Seated, quiet 60 1.0
Standing, relax 
Walking

70 1.2

Walking 0.89 m/s 115 2.0
Walking 1.34m/s 
Office activities

150 2.6

Reading, seated 55 1.0
Writing 60 1.0
Typing
Driving

65 1.1

Car 60-115 1.0-2.0
Heavy vehicle 
House

185 3.2

Cooking 95-115 1.6- 2.0
House cleaning 115-200 2.0- 3.4
Sawing 105 1.8
Light industry work 115-140 2.0- 2.4
Heavy industry 
work

235 4.0

Dancing 140-225 2.4- 4.4
Tennis 210-270 3.6-4.0
Basketball 290-440 5.0- 7.6
Wrestling
(competitive)

410-505 7.0- 8.7

Adapted from: American Society of Heating Refrigerating and Air Conditioning Engineers, 
“Physiological Principles, Comfort, and Health” in ASHRAE Fundamentals SI Units 1989 (Atlanta: 
ASHRAE), 8.8.
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2.5 Clothing of the body —  CLO-value

The type of clothing that people wear determines the second variable that controls thermal 

comfort. This expression refers to the total thermal resistance from the skin to the outer 

layer of the clothed body8. As a rule, people prefer lighter clothing in warmer environments. 

Table 2.4 presents different CLO values for different clothing combinations.

Table 2.4: CLO values for different clothing combination

Clothing CLO-value
None (nude) 0
Shorts 0.1
Tropical wear: open neck short sleeve 0.3- 0.4 
shirt, long light weight trousers, light 
underwear
Light summer clothing: open neck short 0.5 
sleeve shirt, long lightweight trouser, and 
light underwear.
Men’s standard business wear: suit, long 1.0 
sleeve shirt, tie, woolen socks, shoes and 
cotton underwear
Men’s heavy wear: three piece business 1.5 
suit, long sleeved shirt, tie, woolen 
Women’s indoor wear: long-sleeve blouse 0.7- 0.9 
and jumper, skirt, stockings, shoes and 
underwear.
Men’s heavy wear as above plus woolen 2.0- 2.5 
overcoat
Heavy arctic outfit . 4.0

Copied from: Holm, D. 1983. Energy conservation In hot climates. London: The Architectural Press 
& New York: Nichols Publishing Company, p. 23.

2.6 Optimal thermal comfort

As mentioned, it is possible to calculate all the potential combinations of (any) activity level 

(MET); clothing (CLO); air temperature, air humidity, mean radiant temperature and air 

movement that will create optimal thermal comfort. The calculation of all these 

combinations consumes considerable time and is a relatively complex procedure. Fanger9 

produced a set of diagrams in which all the relevant possible combinations of these 

variables are represented (Addendum 1). The curves in the diagram represent the regions
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through which the comfort equation would be satisfied (indicating all those positions of 

optimal thermal comfort). The following two conditions are accepted in these diagrams:

• The mean radiant temperature is considered as equal to the air temperature.

• The relative humidity is taken at 50%, and would apply to all other relative humidities at 

the same temperature. (Fanger10 maintains the effect of relative humidity is moderate 

for a person experiencing thermal comfort).

2.7 The optimal thermal comfort for inhabitants of the Highveld and the 

Northern steppe

The first step in establishing the optimal thermal comfort is to determine the different CLO 

values for the summer and winter seasons1 Applicable to the South African Highveld and 

Northern steppe. A CLO value of 0.5 is suggested for the summer, which will be an open 

neck short sleeve shirt with long lightweight trousers and light underwear. For the winter a 

CLO value of 1 is suggested, which will be men’s standard business wear, or women’s 

indoor wear (Table 4). The activity level of one MET is selected. The optimal thermal 

condition for winter will be an ambient temperature of 23.1°C (73.6°F). For summer it will 

be an ambient temperature of 24.9°C (76.8°F).

2.8 The upper and lower ambient temperature of the thermal comfort 

zone

Once optimal thermal comfort is established from the Fanger diagrams, the upper and 

lower ambient temperature of the thermal comfort zone is also established. Thereafter the 

highest and lowest ambient air temperature, at which place 90% of the people will be 

comfortable, can be established from Predicted Mean Vote (PMV) tables12 (Table 2.6).

The predicted mean vote (PMV) is an index used to predict the thermal sensation when 

the optimal thermal comfort (when the comfort equation is satisfied) is not achieved. In 

other words, if the optimal thermal condition is not met, how hot or cold are you going to 

feel? Fanger13 used the seven point physcho-physical scale of ASHRAE for the index 

(Table 2.5).
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Table 2.5: Seven point psycho-physical scale of ASHRAE

Symbol Meaning
-3 Cold
-2 Cool
-1 Slightly cool
0 Neutral
1 Slightly warm
2 Warm
3 Hot

Adapted from: Fanger, P.O. 1970. Thermal comfort, analysis and application in environmental 
Engineering. New York: McGraw-Hill Book Company, p. 21.

The upper ambient temperature for winter will be 24.9°C (76.8°F) and the lower ambient 

temperature 21.3°C (70.3°F). For the summer the thermal optimal condition (neutral) will 

be an ambient temperature of 25.9°C (78.6°F).

Table 2.6: PMV values for typical conditions

Clothing
(cloj

0.5

0.75

1.00

Ambient
temperature

Relative velocity [m/s|
(Cl <0.1 0.2 0J 0.4

23 -1.1 -1.51 -1.78 -1.99
24 -0.72 -1.11 -1.36 -1.55
25 -0.34 -0.71 -0.94 -1.11
26 0.04 -0.31 -0.51 -0.66
27 0.42 0.09 -0.08 -0.22
28 0.80 0.49 0.34 0.23
29 1.17 0.90 0.77 0.68
30 1.54 1.30 1.20 1.13

21 -1.11 -1.44 -1.66 -1.82
22 -0.79 -1.11 -1.31 -1.46
23 -0.47 -0.78 -0.96 -1.09
24 ' -0.15 -0.44 -0.61 -0.73
25 0.17 -0.11 -0.26 -0.37
26 0.49 0.23 0.09 0.00
27 0.81 0.56 0.45 0.36
28 1.12 0.90 0.80 0.73

20 —0.85 -1.13 -1.29 -1.41
21 -0.57 -0.84 -0.99 -1.11
22 -0.30 -0.55 -0.69 -0.80
23 -0.02 -0.27 -0.39 -0.49
24 0.26 0.02 -0.09 -0.18
25 0.53 0.31 0.21 0.13
26 0.81 0.60 0 .51 - 0.44
27 1.08 0.89 0.81 0.75

Copied from: Santamouris, M. & Asimakopolous, D.1996. Passive cooling in buildings. London: 
James & James Science Publishers, p.129.
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2.9 Summation: The thermal comfort zone for the South African Highveld 

and Northern steppe

The following thermal comfort zone is derived from the Fanger tables.

• For winter, the thermal optimal condition (neutral) will be an ambient temperature of 

23.1°C (73.6°F) with 0,1 m/s relative air velocity, at 1 MET (sedentary), and a CLO of 

1 (men’s standard business wear).

• The upper ambient temperature for winter will be 24.9°C (76.8°F) and the lower 

ambient temperature 21.3°C (70.3°F) {Figure 2.2).

• For summer, the thermal optimal condition (neutral) will be an ambient temperature of 

25.9°C (78.6°F) with 0.1 m/s relative air velocity, at 1 MET (sedentary), and a CLO of 

0.5 (light summer clothing).

• The upper ambient temperature for summer will be 27.2°C (80.9°F) and the lower 

ambient temperature 24.6°C (76.3°F) {Figure 2.3). The influence of the radiant 

temperature and relative humidity for the summer was not taken into account.

The above-mentioned temperatures represent the ambient temperature on the 

Psychrometric Chart at 50% relative humidity. To represent the same temperature at 

different humidities, the ET*14 line should be indicated. The slope of the ET* line tends to 

be horizontal towards the higher humidities (Figures 2.2 & 2.3). The slope of the ET* 

depends on the wetness and moisture of the skin, and the permeability of the clothing15. If 

skin wetness would increase, due to a higher temperature or activity level by the 

occupants, the effect of the humidity would be more pronounced and the slope of the ET 

line more horizontal.
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Figure 2.2: The winter comfort zone for the South African Highveld and the

Northern steppe.

CSIR PSYCHROMETRIC CHART 
ALTITUDE 1700m- 
Barometric Pressure 82.5kPa 
1981 CSIR, Pretoria 
Republic of South Africa

Legend

1. Humid operative temperature (at 100% relative humidity) = 20.3°C  
2  Optimal comfort condition effective temperature line
3. 14mm Hg Vapor pressure limit
4. ET* ( at 50% relative humidity), upper limit = 24.9°C

5. ET* ( at 50% relative humidity), optimal thermal condition = 23.1 °C

6. ET* ( at 50% relative humidity), lower limit = 21.3°C
7. 4mm Hg Vapor pressure limit

*Psychrometric chart from the CSIR, Republic of South Africa.
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Figure 2.3: The summer comfort zone for the South African Highveld and the

Northern steppe.

CSIR PSYCHROMETR1C CHART 
ALTITUDE 1700m - 
Barometric Pressure 82.5kPa 
1981 CSIR, Pretoria 
Republic of South Africa

S 3 !

Legend

1. Humid operative temperature (at 100% relative humidity) = 23.6°C  
2  Optimal comfort condition effective temperature line
3. ET* ( at 50% relative humidity), upper limit = 27.2°C
4. 14mm Hg Vapor pressure limit

5. ET* ( at 50% relative humidity), optimal thermal condition = 25.9°C

6. E T* ( at 50% relative humidity), lower limit = 24.6°C
7. 4mm Hg Vapor pressure limit

*Psychrometric chart from the CSIR, Republic of South Africa.
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The slope of the ET* line can be determined by plotting the ET* temperature at 50% and 

the humid operative temperature at 100% relative humidity.

Figure 2.4 presents the comfort zone for the Highveld and Northern steppe (combining 

both the summer and the winter seasons). All Psychrometric Charts are copied from 

CSIR, 1981, Pretoria, Republic of South Africa.

Figure 2.4: The comfort zone for the South African Highveld and the

Northern steppe

CSIR PSYCHROMETRIC CHART 
ALTITUDE m ttm -  
Barometric Pressure 82.5kPa 
1981 CSIR, Pretoria 
Republic of South Africa
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2.10 Comparing Fanger’s PMV with Humprey’s adaptive model

Although the PMV and PPD indices are most frequently used for expressing thermal 

comfort and thermal sensation, recent research (formulated by Humphreys and Nicol) 

shpws a different approach to predict thermal comfort. Humphrey’s model (referred to as 

an adaptive model), is an attempt to account for the fact that people can adapt to 

prevailing conditions, while identifying sudden or unexpected changes in temperature as 

the primary cause of discomfort16.

By using available data from 30 comfort surveys around the world, Humphreys developed 

a series of simple correlations for predicting comfort conditions. Humphreys is of the 

opinion that field study and comparison cannot be sufficient for a universal index. He 

maintains that simple indices such as air temperature are as adequate as the more 

complex indices17.

Humphreys devised the following two equations for predicting comfort temperature. The 

first equation applies to buildings without air-conditioning or heating (so-called free-running 

buildings):

1) Tco = 0.53 Tm + 11.9

Tco = Comfort temperature

Tm = Mean monthly outdoor temperature

A 1°C correction applies for 10< Tm < 34 °C **

a) The comfort temperature for Pretoria for the month of June (the coldest month)

Tco = 0.53 Tm + 11.9

= 0.53 (11.8 + 1)+ 11.9 

= 18.7 °C

b) The comfort temperature for Pretoria for the month of January (the hottest month)

Tco = 0.53 Tm + 11.9

= 0.53 (23 + 1) + 11.9 

= 24.62°C
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The second equation applies to buildings with heating and air-conditioning:

2) Tco = 0.0065 Tm2 + 0.32Th + 12.4 

Tco = Comfort temperature 

Tm = Mean monthly outdoor temperature 

Th = Average daily temperature of the hottest month of the year 

A standard error of 1.4°C applies to: **

-24° C < Tm < 23°C 

18° C < Tm > 30°C

When these equations are applied to Pretoria, the following results are produced:

a) The comfort temperature for Pretoria for the month of June (the coldest month)

Tco = 0.0065 Tm2 + 0.32Th + 12.4

= 0.0065 (11.8 + 1.4)2 + 0.32(28.6 + 1.4) + 12.4 

= 23.13 °C

b) The comfort temperature for Pretoria for the month of January (the hottest month) 

Tco = 0.0065 Tm2 + 0.32Th + 12.4

= 0.0065 (23 + 1,4)2 + 0.32(28.6 + 1.4)+ 12.4 

= 25.87 °C

2.11 Summation: A comparison between Ranger’s PMV and Humphrey’s 

Adaptive Model

These temperatures for air-conditioned and heated buildings compare closely to PMV of 

Fanger (Table 2.7).

Table 2.7: Compared comfort temperature: Fanger’s PMV and Humphrey’s adaptive 

model forair-co.nditioned and heated buildings.

Season Fanger’s PMV Humphrey’s Adaptive

model

Summer 25.9°C 25.87° C

Winter 23.1°C 23.13°C
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2.12 Conclusion

The predicted mean vote (PMV) can be regarded as the primary means to simulate 

conditions related to human thermal comfort18. Santamouris and Asimakopolous maintain: 

"The predicted mean vote model just gives you some indication where you should be. 

Clearly, that is the purpose and limit of most predictive tools and, surely, that is better than 

nothing”19. It can nevertheless be said that the Fanger model remains one of the most 

widely used tools to predict thermal comfort.

In comparison, one should be aware of Humphreys20comments on the setting of a 

theoretically determined optimum temperature for human thermal comfort in buildings. 

Humphreys concludes that the mean indoor temperature for free running buildings is 

normally 2.4°C higher than the preferred comfort temperature by the occupants. In air- 

conditioned buildings this indoor temperature is 0.6°C higher than the preferred comfort 

temperature by the occupants. These results indicate that the designer should give as 

much effective control of preferred comfort temperature to the occupants of the building as 

possible. Humphreys is of the opinion that people are more tolerant towards poor thermal 

comfort conditions when they feel in control. This type of control can indeed be attained in 

unconditioned buildings, through operable windows, operable shading devices and fans.
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CHAPTER 3 CLIMATE

3.1. Climatic classification

People have tried to classify the earth’s surface into climatic zones since the earliest of times. 

The ancient Greeks identified five zones in earth’s surface (one tropical, two temperate and two 

polar). A climatic region is a portion of the earth’s surface over which climatic elements (broad 

climatic characteristics) are similar. Most climatic data collected from instruments by national 

weather services are organized periodically according to basic rhythms. These rhythms 

represent the seasonal (annual) and diurnal character of the weather. The classification process 

forms the base of all sciences and involves identifying individual aspects with certain common 

important characteristics and grouping them into a few classes and types1. By way of 

classification, general truths are established from vast amounts of individual instances. A basic 

framework for comparative study can be established once climatic classification is completed.

The three main approaches to climatic classification are empirical, generic and applied. 

Empirical classification makes use of summarized data such as mean monthly temperature or 

precipitation (most common quantities used). The most frequently used empirical classification is 

the Koppen classification2. Subsequent classifications, such as Thornthwaite and Trewartha’s 

classifications are based on the Koppen classification. Due to its relationship to vegetation and 

its overall simplicity3, the Koppen classification is most commonly used by geographers. This 

classification has five principal groups of climate:

a) Tropical rainy climates with no cool season (A);

b) Dry climate (B);

c) Humid mesothermal climates, also referred to as middle latitude rainy climates with mild 

winter (C);

d) Humid microthermal climates, also referred to as middle latitude rainy climates with 

severe winters (D), and lastly

e) polar climates with no warm seasons (E).

Each of these principal climate groups can be subdivided into climatic types based on the 

seasonal distribution of the rainfall or the degree of dryness and cold (Table 3.1).

Figure 3.1 represents the climates of the earth as classified by Koppen en Geiger. All of these 

principal groups and types are combined in Table 3.2. (Compare these to Figure 3.1)
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Table 3.1: Climatic types

Base Symbol Sub Group

Seasonal precipitation f no dry season
s dry season in summer
w dry season in winter

Sub division of dry climate S Semi-arid or steppe
W Arid or Desert

Sub division of Polar climates T Tundra
F Ice cap

From: Trewartha, G.T. 1968. An introduction to climate. 4th ed.,New York: McGraw-Hill, p. 396.

Figure 3.1: Trewartha 1968:394. Climate of the Earth

Copied from: Trewartha, G.T. 1968. An introduction to climate. Fourth edition. New York: McGraw-Hill, 
p. 394.

Table 3.2: Koppen’s climatic groups and types.

Climatic Group Symbol Dry Period Degree of dryness 
or cold

Tropical rainy climates A f, (s), w *
Dry climates B S, W
Mild temperate rainy climates C f, S, w
Cold-snow forest climates D f, (s), W  *

Pole climates E T, F
*  Parenthesis indicates that the combinations As and Ds rarely occur.
Copied from: Trewartha, G.T. 1968. An introduction to climate. Fourth edition. New York: McGraw-Hill, 
1968, p. 396.
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3.1.1 The Highveld according to the Koppen Classification

The climate is classified as mild and rainy (C group). The average temperatures for the coldest 

month are below 18°C (64.4°F) but above -3°C (26.6°F), which is the equatorial limit for frozen 

ground (snow cover lasting for one month or more). The average temperature for the warmest 

month is above 10°C (SOT). The winter is dry (Cw type), which means it is at least ten times 

dryer in the driest month than in the wettest month of summer. In other words it means that more 

than 70% of the rain is received during the summer months. An additional type that could be 

used to describe the climate for the Highveld is the indication of a cooler summer (B). The 

average temperature of the warmest month is under 22°C (71.6°F), which is accurate for most of 

the Highveld. Figure 3.2 shows the classification of Africa’s climate according to Koppen.

KOppen maintains that this particular climate has two characteristic locations:

1) Mild middle latitude monsoon lands of Southeast Asia, particularly northern India 

and southern China.

2) Low latitude elevated sites were the altitude reduces the temperature, which prevails in 

the adjacent low lands. The Highveld is a mid latitudinal location where the temperature 

is reduced because of the higher altitude. The surrounding lowlands at the same latitude 

have a much higher temperature.

The only aspect of the Koppen classification that does not apply to the Highveld is that it has a 

rainy climate. Trewartha however classifies the Highveld as a dry climate, which is probably 

more accurate.

31



Figure 3.2: The classification of Africa’s climate according to Kdppen

Legend

The meaning of these symbols used is as 
follows:
A = Mean temperatures of coldest month at 
least 18° C. C = One or more months 
temperatures less than 18° C. BS = R < 
2T(winter rains): R < 2(T+14) (summer rains); 
R <2T+14 (other patterns).
BW = R < T (winter rains); R < T+7 (other 
patterns).
R is the mean annual rainfall (cm), and T is the 
mean annual temperature (°C).
For A climates: f = every month more than 6cm 
rainfall; w = mean annual rainfall, 100 = 10(6- 
amount in driest month)
For B climates:
h = mean annual temperature above 18° C; 
k = mean annual temperature below 18° C.
For C climates:
a = hot summer, mean of hottest month more 
than 22° C;
b = warm summer, mean of hottest month 
below 22° C;
w = winter dry, rainfall in winter season’s driest 
month less than one tenth of wettest summer 
month; s = summer dry, rainfall in summer 
driest month less than one third of wettest 
winter month; f = uniform rain, neither w nor s.

Copied from GRIFFITHS J.F & SOLIMAN K.H. 
1972:13

16‘ W O" E 18" 36* 54'

'BSh \

/"'-jCwb'
600 1600 km

W O' E

3.1.2 The Trewartha classification

Trewartha4 acknowledges Koppen’s method of classification to some extent in his own research 

on classification. The fundamental difference between Kdppen’s classification and Trewartha’s 

classification is that Kdppen’s classification includes dry climate (based on precipitation) with the 

other four groups (based on temperature), rather than it being set apart, as in Trewartha’s 

classification (Table 3.3).
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Table 3.3: Trewartha’s classification versus Koppen’s classification. 

Trewartha classification:

HUMID POLAR
(F)

BOREAL
(E)

TEMPERATE (D) SUBTROPICAL
(C)

TROPICAL
(A)

Bsk DRY
(B)

BSh

DRY BWk BWh

COLD HOT

Koppen classification:

POLAR COLD SNOW FOREST MILD TEMPERATE DRY CLIMATES TROPICAL

From: Trewartha, G.T. 1968. An introduction to climate. Fourth edition. New York: McGraw-Hill, p. 394.

Trewartha’s system of classification comprises six principal groups, of which the first five groups 

are based on temperature and the sixth group on a lack of precipitation. For each of these six 

principal groups of climates, there is a particular type that describes the specific group further 

(Table 3.4). Figure 3.3 illustrates the different groups and types of climates of the world 

according to Trewartha.
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Table 3.4: Sub-groups: Trewartha classification

Principal group Sym Type
A: Tropical climate (A), where there r 
is a frost limit in the continental 
locations, and the temperature in the w 
marine areas being higher than 18°C s 
(65°F) in the coldest month.___________

Rainy, 10"-12" of rain, 0-2 months are wet.

Winter is dry, more than 2 months are dry. 
Summer is dry. Rare in (A) climates.

B: Dry climate (B). This particular W 
group is not defined by temperature $ 
criteria. Instead, the deficiency of 
precipitation is its dominant feature. h 
Dry climates may fall within any of , 
the following groups: tropical humid ^ 
climate zones, subtropical climate 
zones, and certain parts of the s
temperate climate zones (Table 3). w

Desert or arid regions.
Steppe or semi-arid regions.

Hot: 8 months of the year the average 
temperature is over 10°C (SOT).
Cold: fewer than 8 months the average 
temperature is above 10°C (SOT). 
Summer (d.o.).
Winter (d.o.).

C: Sub-tropical climate (C), where a 
the temperature is 10°C (SOT) or 
above for eight months of the year. b

f

D: Temperate climate (D), where the o 

temperature is 10°C (SOT) or above 

for four months of the year.
a
b
f
s
w

Hot summer: warmest month is below 22.2°C 
(72T).
Cool summer: warmest month is below 22.2°C 
(72T).
No dry season: difference between the driest 
and the wettest month less than required for s 
and w: driest month of summer more than 
30mm (1.2”) of rain.
Summer dry: at least three times as much rain 
in winter as in summer half-year, driest month 
in summer less than 30mm (1.2”) of rain. An 
annual total rainfall under 889mm (35”).
Winter dry: at least ten times as much rain in 
the summer half-year than in the winter'half- 
year.
Oceanic or marine: cold month is over 0°C 
(32T), to 2°C (36T) in some locations inland. 
Continental: cold month is under 0°C (32T) to 
2°C (36T).
Same as in C.
Same as in C.
Same as in C.
Same as in C.
Same as in C.

E: Boreal climate (E), where the 
temperature is 10°C (SOT) or above for one 
month of the year._____________________
F: Polar climate (F), where the t
temperature is below 10°C (SOT) 
during all of the months.____________ i_

Tundra: warmest month is between 0°C (32T) 
and 10°C (SOT)
Icecap: all months are below 0°C (32T)._____
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Figure 3.3: Groups and types of climate by Trewartha

Copied from: Trewartha, G.T. 1968. An introduction to climate. Fourth edition. New York: McGraw-Hill, 
(front cover).

Adapted from: Trewartha, G.T. 1968. An introduction to climate. Fourth edition. New York: McGraw-Hill, 
p. 250.

3.1.3 The Highveld according to the Trewartha system of classification 

As mentioned before, Trewartha classifies the Highveld and Northern steppe climate differently 

than Koppen. The primary classification group is that of a dry climate (B) with the steppe (S) as 

specific type. Trewartha developed a formula to describe this boundary between dry and humid 

climates. If the annual precipitation is less than this boundary limit, this climate can be described 

as a dry climate. The formula that describes this boundary is R=0.5 (T)-. 25(Pw). The symbols 

for the formula are as follows: R is the annual rainfall in inches, and T is the average annual 

temperature in °F. Pw is the percentage of winter rain. Although the two locations on the 

Highveld (Pretoria and Ermelo) exceed the dry/humid boundary, it is so marginal that both these 

locations qualify as dry, rather than humid, climates.

In the case of Pretoria, the precipitation only exceeds the boundary with 0.16" of rain. The 

following calculations confirm the above.
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Table 3.5 Precipitation boundary for Ermelo and Pretoria

Ermelo: R=0.5 (T) - 0.25(Pw)
R= 0.5 (58.28) -  0.25(8) 
=27.14”

Annual precipitation = 28.2”

Pretoria R=0.5 (T) - 0.25(Pw) 
R= 0.5(65.3) -  0.25(4) 

=31.65”
Annual precipitation = 31.5”

Although Trewartha exclusively classifies the Highveld climate as dry steppe (BS), the climate 

can further be described as hot with dry winters (h & w types). Hot is when the average 

temperatures are above 10°C for more than eight months per year, which is accurate for the 

Highveld and Northern steppe. Dry winters are when the winter rainfall is less than 10% of the 

annual rainfall.

3.1.4 The Highveld and Northern steppe climate (summary)

In general, the Highveld and Northern steppe climate can be described as dry tropical steppe 

climates. The term upland may also be used in order to describe the moderation of the 

temperature by altitude. Trewartha5 maintains that the heartland of dry tropical to subtropical 

climates is in the vicinity of 20°- 25° north and south latitudes, and that it extends to 15° - 35° 

north and south latitudes. These areas coincide closely to the dry, subsiding air masses of the 

subtropical anticyclones. The Highveld and Northern steppe have these subtropical anticyclones 

present in winter, causing very dry conditions6. Because the Highveld and Northern steppe 

region lies to the inside (towards the equator) of the ridgelines of the subtropical high-pressure 

cells, it can be described as tropical climatic zones. Meteorologists describe the boundary line of 

the tropics by using the ridgelines of the subtropical high-pressure cells. These high-pressure 

cells are located around 30° north and south latitude (Figure 3.4).

Another aspect of this type of climate is that these steppe regions can be regarded as 

transitional zones between the desert and the humid regions of the world. Due to the fact that
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the steppe regions are close to the humid regions, the steppe is infringed by winds with rain, 

causing disturbances from humid zones. Although the steppe is thus generally a dry 

climate, a certain degree of rain is experienced. The average rainfall of these tropical- 

subtropical steppe areas is between 20” to 30” (500- 760mm) a year. The rainfall however varies 

considerably, causing periods of extensive droughts. The type of rainfall manifests as relatively 

heavy local showers in the middle of the summer months. These sudden downpours can also 

cause sudden flooding, resulting in severe damage. During the dry season (winter), little or no 

rain will fall. Pretoria only receives 4% of it’s annual rain during the winter months of May, June, 

July, and August.

Figure 3.4: The position of the subtropical ridgelines in Africa.

--------H°C 3L Raothe***
foA t h t  coolest1
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From: Buckle, C. 1996. Weather and climate in Africa. Essex: Addison Wesley Longman Limited, 
p.56.

Sky conditions and solar radiation varies from season to season. During winter the skies are 

clear with no cloud cover. Due to the increase of dust during extremely dry conditions, glare 

increases. During summer a high measure of cloud cover is present, especially in the afternoon 

before showers, with clear blue skies after the rains.

In summer, the daily ranges of temperature are between 25°- 45°F (14°- 25°C). Although these 

dry tropical-subtropical climates can normally expect scorching hot temperatures in summer, 

with monthly averages of 85°- 95°F (30°- 35°C), altitude can modify these temperatures
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extensively*. The moderation of temperature through altitude will be discussed in this chapter. 

The days are generally warm with daily maximum temperatures averaging between 60°- 70°F 

(15°- 21°C). On the other hand, the nights can be distinctly chilly, with average minimums at 

50°F (10°C).

3.1.5 Conclusion

Climatic classification enables the designer to establish the broad climatic type for the intended 

design. General climatic aspects such as the likely minimum, maximum and mean temperatures, 

appropriate duration of seasons, and the probability of precipitation or the lack thereof, can be 

established.

Climatic classification does however have limitations: Firstly, the boundaries between climatic 

regions are usually general and not specific. General data is applied to large areas that may be 

specific local climatic regions. Secondly, there are a number of climatic classifications that vary 

in approach, outline of boundaries, and the naming of regions. It can result in confusion when 

having to choose the climatic region’s name or position. In the end climatic classification does 

however enable the designer to group and compare different regions, and to make certain 

assumptions for the regions he/she has to design for.

3.2 CLIMATIC ANALYSIS

The following group of elements can be classified as the nature of weather and climate. These 

are: solar radiation, temperature, relative humidity, precipitation and wind. These elements are 

the variables that climate is composed of7. In order for the designer to understand the climate, 

he/she must analyze the different elements of climate. The designer should analyze those 

aspects of climate that influence human comfort and the building envelope.

Koenigsberger8 suggests that the following aspects should be analyzed: temperature differences 

between day and night (diurnal changes), humidities, sky conditions, incoming and outgoing 

radiation, rainfall and its distribution, air movement and specific features, such as trade winds, 

thunder storms, dust storms and hurricanes. Koenigsberger5 furthermore states that it is the
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designer's task to analyze the climatic information and present it in such a form that it allows 

identification of features that are potentially beneficial or harmful to the occupants of the building.

3.2.1. SOLAR RADIATION

a) Solar radiation in South Africa

The global solar radiation received is at a maximum in the western interior, and at a minimum on 

the East Coast of South Africa. The opposite pertains to the diffuse solar radiation. The western 

interior has dry and clear skies; thus more global solar radiation is received. The east of the 

country is moist and cloudy, resulting in less global radiation, and more diffused radiation 

received, especially in the summer (Figure 3.5). In winter a gradual zonal decrease of solar 

radiation from north to south occurs, due to the latitudinal position of locations. This latitudinal 

decrease is by reason of the clear sky conditions -  except for the Cape, which is a winter rainfall 

region. The cloudy conditions are at a maximum this particular time of the year in the Cape.

Figure 3.5: Global radiation for January and June for South Africa in (Wh/m per day)

From: Eberhard, A.A. 1990. A Solar radiation data handbook for South Africa. Cape Town: Elan 
Press, p.18 & 23.
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b) Solar radiation on the Highveld

The following data represents the global and diffuse radiation on the Highveld for Pretoria. 

Pretoria receives the maximum solar radiation in summer due to the fact that the sun is 

overhead in the Southern Hemisphere at that point in time (Figure 3.6). The diurnal variation of 

global and diffuse radiation for Pretoria shows an almost perfect sinus curve for summer and 

winter (Figures 3.7 A & B), which indicates a more or less equal distribution of clouds. The global 

radiation is however slightly less than during the afternoon, probably because of the presence of 

scattered clouds during the morning that decreases the direct radiation.

Figure 3.6: The mean daily global and diffuse radiation for Pretoria
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Adapted from: Eberhard, A.A. 1990. A solar radiation data handbook for South Africa. Cape Town: 
Elan Press, p.48.
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Figure 3.7 A & B: The hourly global and diffuse radiation for Pretoria in the months of 
January (12a) & June (12b).

January
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Hourly Global and Diftuse Radiation for 

Pretoria in I lie month o f  January
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Adapted from: Eberhard, A.A. 1990. A solar radiation data handbook for South Africa. Cape Town: 
Elan Press, p. 48.

c) Sunshine duration on the South African Highveld

The Highveld’s mean annual duration of bright sunshine is high, with a maximum of 80% of 

possible annual sunshine and a minimum of 67%10. The annual variation of the frequency of 

overcast and overcast days are very low on the Highveld. Schulze11 explains: “South Africa, 

especially the interior, may justly be termed a country enjoying abundant sunshine, and it’s 

winter’s in the Transvaal12 particularly characterized by long periods of mild sunny days and 

frosty nights”. Most of the interior of South Africa is comparable with other sub-tropical high- 

pressure belt locations in the Northern Hemisphere13 {Table 3.6).
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Table 3.6: Comparative values of sunshine duration (annual and monthly averages), % of 
possible sunshine.

Location Annual Maximum
Month

Minimum
Month

Highveld
Pretoria 73.5% 80% 67%
Kimberley 78.0% 88% 70%
North America 
Phoenix (AZ) 84.0% 93% 75%
Asia Minor 
Haifa 73% 85% 56%
Australia
Perth 64% 74% 47%

From: Schulze, B.R. 1965. Climate of South Africa, part 8, General Survey, (Pretoria: Weather Bureau, 
Department of Environmental Affairs, p. 41.

3.2.2 Temperature

Two types of regular periodic changes in temperature can be observed: diurnal changes, due to 

the rotation of the earth around its axis (day and night); and seasonal (annual) changes, due to 

the inclination of the earth’s axis to the ecliptic orbital motion around the sun. Both these 

changes in temperature are also affected by other secondary conditions of the specific location, 

such as the:

• position relative to the distribution of land and sea surfaces

• height above sea level

• general nature of the underlying surface <.

• the orientation of the location to hills and mountains

• general circulation of the atmosphere and the proximity of the location to ocean currents14,

a) The mean annual temperature

The mean annual temperature15 of three locations on the Highveld (Bethlehem, Ermelo, and 

Pretoria) are below the 20°C isotherms lines, which may suggest that this climatic zone is not a 

tropical climate (Figure 3.8). The mean annual temperatures for Pretoria is 18.5°C, Ermelo 

14.6°C and Bethlehem 14.2°C (Addendum 2). As already mentioned, the Highveld lies between 

the ridgelines of the subtropical high-pressure cells, which implies that it is a tropical region. 

(Chapters, 3.1.4).
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Figure 3.8: Tropical zones bounded by the 20°C isotherms

~i

From: Holm, D. 1983. Energy Conservation in hot climates. London: The Architectural Press & New 

York: Nichols Publishing Company, p. 5.
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Figure 3.9: The mean annual temperature of the Highveld is lower due to the high altitude of this region.

Hei»HT t / r o o .

Adapted from: Schulze, B.R. Climate of South Africa, part 8, General Survey (Pretoria: Weather Bureau, 
Department of Environmental Affairs) p. 27.

The mean annual temperature of the Highveld is lower than the low-lying areas, due to the high 

altitude of the Highveld (generally more than 1000m above sea level) (Figure 3.9). These lower 

isotherms follow the contour line of the escarpment of the Highveld and southern steppe. The 

high altitude of the plateau decreases the temperatures considerably. Schulze suggests a 

change in temperature for every 100m rise in altitude. He indicates a 0.85°C decrease of 

temperature for every increase of 100m altitude for the summer and 0.35°C decrease for winter, 

for the interior of South Africa. This guideline for temperature change can be applied to locations 

where the actual temperature data is not available.

b) Monthly minimum, maximum, and mean temperatures

When analyzing a specific location’s climate, the monthly mean temperatures16, monthly 

maximum and minimum, and extreme maximum and minimum temperatures17 should be
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represented. An indication of the diurnal range is indicated by the monthly maximum and 

minimum mean values. The graphical representation makes comparison of different climatic 

regions easier (Figure 3.10). Temperature tables are represented in Addendum 3.

Figure 3.10: Monthly minimum, maximum, and mean temperatures and the extreme maximum 

and extreme minimum temperatures for locations on the Highveld: Pretoria, Ermelo, Bethlehem, 

compared to Tucson, Arizona, U.S.A.

Dry bulb temperature in °C for 
Bethlehe

Dry bulb temperatures in °C for 
Ermel

— Max -  Min e Mean —Max -  Min

Dry bulb temperature in °C for 
Pretori

— Max -M in  #  Mean —Max -  Min

Dry temperatures in °C for Tucson

-M ax —Min #  Mean -M ax — Min

30 O

Min •  Mean

Graphs generated from weather data received from the South African Weather Bureau (Pretoria: 
Weather Bureau, Department of Environmental Affairs).
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The monthly maximum and minimum temperature indicates the diurnal swings for each month. 

By comparing Pretoria and Cape Town (South Africa), we observe that the Highveld (the interior 

of the country) has much larger climatic fluctuations than Cape Town (the coastal region). It 

does not, however, indicate the large variations of arid regions such as Tucson (Table 3.7).

Table 3.7: Indication of diurnal swings by comparing Pretoria, Cape Town (coastal region), and 

Tucson, Arizona (arid region)

Summer______Pretoria___________Cape Town______________ Tucson_______________
Maximum 28.6 °C 83.4 °F 26.6°C 80 °F 37.5°C 99.6 T
Minimum 17.5 °C 63.5°F 16.6°C 62 °F 22.5°C 72.6 °F
Range 11.1° C 19.9°F 10 °C 18 °F * * 15 °C 27 °F

_______________JAN**____________ JAN**____________________ JUL**________________
** comparing highest 
summer and lowest

_________________________________________________________winter months__________
Month of June Pretoria___________ Cape Town __________ Tucson________________
Maximum 19.6 °C 67.28°F 17.2°C 63 °F 18.16°C 64.7 °F
Minimum 4.5 °C 40.1 °F 8 °C 46.5°F 1.6 °C 35.3°F
Range 15.1 °C 27.18°F 9 °C 16.5°F* JUN** 16.56 °C 29.5°F

_______________JUN**____________________________________ JAN **________________
* Temperature values approximated for Cape Town -  from graphs.
Graphs generated from weather data received from the South African Weather Bureau, (Pretoria: Weather 
Bureau, Department of Environmental Affairs).

Pretoria has a large diurnal swing during the winter months. The eastern Highveld experiences 

some of the coldest winters in South Africa. Schultze18 observes that one of the coldest nights 

ever in South Africa was measured at Belfast (on the escarpment of the plateau) at -13.3°C 

(8°F). Because of the clear sky conditions during this period, there is strong substantial loss of 

longwave radiation. Frost occurs during this particular time. During the months from May to 

August, severe frost occurs on the high plateau, with the highest incidence in the valleys. 

Occasionally, black frost occurs with the inflow of very cold air from the south. Due to the 

moisture that has frozen and ruptured the cells, the vegetation shows an effect of the low 

temperature by having a wilted and blackened appearance. Conditions most conducive for frost 

are: dry and clear sky conditions, relatively non-conductive surface layering (e.g. grass or 

loosely tilted soil), and an absence of wind that promotes stratification of the air and a strong 

inversion of temperature19. North facing slopes (in some cases such as Pretoria) are normally 

frost-free, while frost in the valley occurs almost nightly during winter. An average of 30 to 60 

cold nights (temperatures below 0°C, 32°F) occur during the year20.
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The winter days are fairly mild between 16°C and 19 °C for Ermelo and Bethlehem, and 

between 19°C and 22°C for Pretoria. Cold days (temperature below 10°C, 50°F) seldom occurs 

on the Highveld. An average of 1 to 5 such days occurs in a year.

The Highveld seldom experiences hot days (temperatures above 35°C, 95°F). On average, five 

days are experienced during summer. Warm days (temperatures above 30°C, 86°F) occur 

frequently, with an average of 90 -120 such days in the year. Schulze21 observes that there are a 

few places that is free from tropical nights in South Africa (minimum temperatures above 20°C, 

68°F) except for the southeastern Highveld. This situation also applies to Ermelo and 

Bethlehem, which have no average mean night temperature above 20°C in summer. Only an 

average of one to five such nights may be experienced in a year on the Highveld. Pretoria does, 

however, experience tropical nights, with night temperatures above 20°C (Figure 3.11). Although 

tropical nights do not occur frequently, nights are frequently warm (with a minimum temperature 

above 16.7°C, 62°F) on the Highveld. There are between 10 to 60 warm nights a year.

Figure 3.11: Average hourly temperature for Pretoria for November, December, January and 

February (summer).

A verag e 24 H ourly Temperatures for 

Pretoria for N ovem ber and December

UUUlJiri

■  Nov tUDec

A verage 24 H ourly  Temperatures for 

Pretoria for January and February

20

■  Jan □  Feb

Graphs generated from weather data received from the South African Weather Bureau, (Pretoria: Weather 
Bureau, Department of Environmental Affairs).
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d) Conclusion

All temperature data represents aspects of the specific climate under discussion. For the 

designer, the most important temperature data is the average hourly dry-bulb temperature for 

each month. These values, together with the hourly relative humidity values for each month, will 

be represented on the Bioclimatic Chart (Chapter 5). The other important data is the monthly 

mean temperature; monthly maximum and minimum values (indicating diurnal range) and the 

extreme maximum and minimum values. The designer should also be aware that these 

temperatures vary around the building envelope (the microclimatic scale). There are a number of 

reasons for this temperature variation around the building, such as, variation of solar radiation 

on different facades, types of ground cover around the building, type of vegetation, shading 

patterns near and around the building, proximity of water and movement of air around the 

building. (These aspects are discussed in Chapter 4).

3.2.3. Earth temperatures

The surface of the earth is subject to large changes in temperature, which is periodic in 

character due to the diurnal and seasonal changes in insulation and terrestrial radiation22. An 

increase in insulation will cause the surface temperature to rise. Downward heat conduction will 

occur. On the other hand, surface temperatures will decrease when terrestrial radiation occurs. 

Soil temperatures at various depths depend on the following:

• incoming or outgoing radiation, surface texture and color

• conductivity of the specific soil —

• spasmodic addition or loss of water in the soil.

Ground temperatures in South Africa are measured at depths of 10cm, 20cm, 30cm, 60cm and 

120cm under bare untitled soil at 8 a.m., 2 p.m. and at 8 p.m.23. Ground temperatures are also 

measured under grassland at Roodeplaat dam. Figure 3.12 shows these ground temperatures 

at 8 a.m., 2 p.m. and at 8 p.m. under bare soil and grass.
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Figure 3.12: Variation of earth temperature with depth at 8 p.m., 2 a.m., and 8 a m.

UNDER BARE SOIL UNDER GRASS SURFACE

ONDER BAAR GROND ONDER GRASOPPERVLAKTE

MID-JANUARY 
MIDOEL JANUARIE 

(3 e Pentad*)

MID-JULY 
MIDOEL JUUE 

(40* Pentad*)

Copied from: Schulze, B.R. 1994.C/Zmafe of South Africa, part 8, General Survey (Pretoria: Weather Bureau, 
Department of Environmental Affairs), 27.

a) General aspects concerning ground temperature

Schulze observes the following aspects of ground temperature24:

• diurnal variation disappears at a depth of 60cm below the surface.

• diurnal variation at 2 p.m. and 8 p.m. is much larger under soil than under grass.

• soil temperature is on the average 4°C lower under grass than under bare soil.

• at a depth of 15cm (where the curve for 2 p.m. and 8 p.m. at night crosses) the soil is 

warmer at 8 p.m. at night than 2 p.m. in the afternoon. This is due to the time lag of the soil 

(the diurnal temperature wave will take time to penetrate the soil).
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• the maximum temperature at a depth of 15 to 20 cm occurs at 5 to 6 p.m. in the afternoon 

(after this time the conduction of heat from this depth occurs upwards towards the surface).

Schulze also observes the following aspects of the annual variation:

• with the increase of depth, temperature fluctuation decreases progressively and becomes 

negligible at the depth of 60-120cm (Figure 3.13).

• diurnal variation disappears at a depth of 60cm (from this depth only the annual remains). 

With an increase of depth the annual amplitude decreases as well (Figure 3.14).

Figure 3.13: Annual fluctuation o f earth tem perature at two levels under bare soil and under grass 

surface at 2 a m.

SS *0 8S

M - A -  M -  J -  J • A • S • 0 • N '

under bare soil 
onder baar gnond 

(3 -y e a r average) 
(3-)aar gemid.)

under Hall Selection grass 
onder Hall Selection gras

\  (3 -jaa r gemiddetd)
\  (3 year average)

«-120cmi

M - A - M - J  • J • A • S • 0  • N • 0  •

Copied from : Schulze, B.R. 1994. Climate of South Africa, part 8, General Survey (Pretoria: W eather 
Bureau, D epartm ent o f Environm enta l A ffa irs), 178.
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Figure 3.14: Annual variation of earth temperature at different depths.

ANKWAL VARlA-nofJ OF ftACTH
TenApcc/vru^e a t  OfFPetewr 
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Copied from: Schulze, B.R. 1994. Climate o f  South Africa, part 8, General Survey (Pretoria: Weather Bureau, 
Department o f Environmental A ffairs), 181.

b) Conclusion

It is important for the designer to note that diurnal variation disappears at the depth of 60cm. 

This implies that when the mean daily temperature in January in Bethlehem is 20°C, and the 

daily maximum 27°C, the minimum is 13.2°C. The temperature under 60cm of soil will be 

constant at 20°C. At a depth of 3m, the temperature becomes almost constant. Therefore the 

temperature is equal to the mean annual temperature. According to Holm25 it is not necessary to 

maintain a constant temperature through the year. Thus, the building can have less than 3 

meters of soil. A building of 3m depth will have a ground temperature close to 18°C (Pretoria’s 

annual mean temperature) or 14°C (for Bethlehem). The building at this temperature would be 

cold in the winter as well the as summer season. However, the layer of soil should not be less 

than 450mm, the depth of ground frost26 (Figure 3.15). If trees were being planted, it would be 

practical to provide 300mm mulch layer on 900mm of soil27. Finally, the depth of the soil on the 

roof is directly proportional to size and the cost of the structure.
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Figure 3.15: Underground buildings

From: Holm, D. 1983. Energy conservation in hot climates. London: The Architectural Press & New 
York: Nichols Publishing Company, p. 30.

3.2.4 Atmospheric humidity

One of the factors that govern heat exchange between the body and its environment, is the 

vapor pressure of air. Vapor pressure effects the rate of evaporation from the body -  intrinsically, 

a mechanism of the body to cool itself. Vapor pressure limits that can be tolerated by the body 

are discussed in Chapter 5. The measure of moisture in the air also affects the function of 

various different building materials and their rate of deterioration28.

a) Vapor Pressure

The following data represents the atmospheric humidity of the Highveld. Three locations on the 

Highveld were chosen, namely Pretoria, Kroonstad (120 km from Bethlehem) and Bethal (70 km 

from Ermelo), and compared to one location on the coast (Durban). (Figure 3.16).
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driest at this time of the day. The maximum value of vapor pressure occurs just before sunrise 

(Addendum 4). Schultze29 observes that the vapor pressure distribution for the different months 

show similarities with the cloud cover. Thus, vapor pressure, or the lack thereof, is primarily 

linked to the possibility of sunshine or the lack thereof. The annual vapor pressure curve also 

follows the annual rainfall curve very closely.

Figure 3.16: A tm ospheric  hum idity fo r three locations on the H ighveld, com pared to a location on the 

coast, Durban (South Africa).
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G raphs generated from  w eather data received from the South A frican W eather Bureau, (Pretoria: W eather 
Bureau, D epartm ent o f Environm enta l A ffairs).
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Two types of diurnal variation in vapor pressure are possible on the Highveld according to 

Schulze30: a continental type in the summer and a desert type in the winter (Figure 3.17). During 

summer, the continental type has a distinct double wave. As the sun rises, evaporation starts 

and vapor pressure decreases. As most of the vapor pressure is taken into the upper air by 

wind, there is a subsequent drop in vapor pressure later in the morning, reaching a low in the 

late afternoon. At night, the vapor pressure increases, due to windless conditions and an 

increase of evaporation from the ground. During the winter, the desert type indicates a maximum 

of vapor pressure just before sunrise and a single minimum in the late afternoon.

Figure 3.17: The d iurnal variation o f vapor pressure, w ith a continenta l type in the sum m er and a 

desert type in the w inter.

BeMAtorr MBST
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Copied from : Schulze, B.R. 1994. Climate of South Africa, part 8, General Survey (Pretoria : W eather 
Bureau, D epartm ent o f Environm enta l A ffa irs), 181.__________________________________________________

b) Relative humidity

In order to give an indication of the prevailing humidity conditions, it is sufficient to establish the 

monthly mean maximum and monthly mean minimum relative humidity values for each month31. 

As mentioned before, the 2 a.m. value is much more characteristic of a particular location’s 

relative humidity than the other values. Although relative humidity data can give some indication 

of the humidity conditions of a location, it is better to present the simultaneous dry-bulb 

temperature and relative humidity on the Psychrometric Chart to evaluate the effect on human
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of the humidity conditions of a location, it is better to present the simultaneous dry-bulb 

temperature and relative humidity on the Psychrometric Chart to evaluate the effect on human 

thermal comfort (Chapter 5). See Addendum 3 for annual relative humidities for Bethlehem, 

Ermelo and Pretoria.

The annual relative humidity curve of locations on the Highveld indicates a minimum in the 

winter season and the maximum relative humidity in the summer (rainy season) (Figure 3.18).

Figure 3:18 Average monthly relative humidity for Pretoria and Bethlehem
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Graphs generated from weather data received from the South African Weather Bureau, (Pretoria: Weather 
Bureau, Department of Environmental Affairs).

c) Diurnal variation of relative humidity

The diurnal relative humidity curve is typically an inverse of the diurnal temperature curve, with 

maximum relative humidity just before sunrise and a minimum at 2 p.m. (normally the hottest 

time of the day). Schulze32 observes that the daily range of relative humidity indicate the greatest 

range on the Eastern Highveld of all locations in the Southern Africa. See diurnal relative 

humidity curves for the months of January and June for the locations of Bethlehem and Pretoria 

(Figure 3.19).
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Figure 3.19: D iurnal re lative hum id ity curve fo r Pretoria and Beth lehem  fo r the m onths o f January 

(sum m er) and June (winter).
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d) Conclusion

As mentioned before, relative humidity can indicate some of the humidity conditions of a 

location, but it remains important to represent the simultaneous dry-bulb temperature and the 

relative humidity on the Psychrometric Chart, in order to evaluate the effect on human comfort.

3.2.5 Surface winds on the Highveld and Northern Steppe

Wind is the horizontal flow of air between one place and another and relative to the rotating 

surface of the earth. This should however not be confused with advection. Advection is the 

horizontal transfer of air properties such as heat or moisture. A typical example of advection is 

the cold fronts as appears in Southern Africa from the South Atlantic during the winter months.

Buckle states that all atmospheric motion is a result of unequal balance global energy33, primary 

as a result of unequal distribution of solar radiation. These unequal distributions give rise to the 

complex global belts (the tropical easterlies, mid-latitude westerlies and the polar winds), and all 

the different wind systems and local wind patterns. Wind systems can change the local climatic 

conditions extensively or have little or no effect on local climatic conditions. Although the 

designer need not understand the complex nature of atmospheric processes, cognizance must
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be taken of the positive and negative effect of winds on the building, and the thermal comfort of 

the occupants in the building.

The following aspects of the specific climatic wind data need to be determined:

• the prevailing wind direction (the wind that most frequently blows in a region or area);

• the dominant wind (the wind that has the biggest influence on the weather- not necessary 

the prevailing wind);

• the predictable seasonal shifts in wind direction and speed;

• the recognizable diurnal patterns of speed and direction;

• the calm periods (wind calms) in a month or year, and any special cases such as storms, 

hurricanes, typhoons or tornadoes. These special cases influence both the thermal 

performance as well as the structural performance of the building34.

The first and most important aspect from the wind data that needs to be determined is the most 

frequent wind direction and the significance of that direction. The designer has three possible 

questions to consider after analyzing the average direction frequency and average speed (Table 
3.8):

• Is the prevailing wind potentially harmful? (In which case the building design should try to 

avoid this wind).

• Is there no prevailing wind direction and significant speed? (In which case wind will not 

positively or negatively affect the building).

• Is there a prevailing wind that (by increasing the ventilation) can be potentially positive in the 

extension of comfort towards occupants of the building?

On the Highveld winds are predominately northeasterly and winter winds are predominately 

northwesterly, but there is also a fair amount of southwesterly wind35. See Table 3.8.
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Table 3.8: Wind data for three locations on the Highveld

Table 8. Wind data for three locations on the Highveld.
Wind data for Ermelo Average direction frequency per thousand (N), and the average speed (V) in m/s,

for each of the 8 main directions of wind 1980-1988 (per thousand)
N NE E SE S SW W NW
N V N V N V N V N V N V N V N V

J 2 1.5 131 2.6 100 3.4 173 3.1 48 2.9 98 2.7 50 2.9 326 2.9
F 2 2.5 137 3 96 3 243 3.2 35 2.7 113 2.9 38 3.2 232 2.8
M 3 2.8 120 2.6 74 3.4 177 3.3 43 2.9 105 2.9 42 3.4 298 2.9
A 0 0 87 2.6 55 3.2 137 2.9 39 2.7 135 3 68 3.5 272 2.8
M 0 0 42 2.6 30 3.3 117 3.1 17 3.3 157 3.1 57 4.3 278 3
J 0 0 73 3.1 29 3.2 98 3.1 31 2.8 . 128 3.3 102 4.2 248 3.2
J 0 0 49 2.7 51 3.3 82 3.2 46 2.8 153 3.4 100 4 319 3.3
A 0 0 98 3.1 61 4 102 3.2 37 3.5 107 3.4 61 5.1 359 3.6
S 0 0 109 3.4 79 4 104 3.6 23 3.1 117 3.5 73 3.8 418 3.7
O 0 0 168 3.1 82 4 121 3.1 16 27 107 3.2 49 3.8 408 3.4
N 0 0 146 2.9 82 3.5 142 3.2 13 3 105 3 47 3.3 393 3.3
D 0 0 125 2.8 48 3.6 107 3.2 62 2.6 93 2.9 75 3.1 423 3

Y 1 2.3 107 2.9 65 3.5 133 3.2 34 2.9 118 3.1 64 3.8 331 3.2
0.1 % 11 . % 6.5 % 13 % 3.4 % 12 % 6.4 % 33 %

85 % Total wind 15 % Wind calms

Wind data for Pretoria Average direction frequency per thousand (N), and the average speed (V) in m/s,
for each of the 8 main directions of wind 1980- 1988 (per thousand)

N NE E SE S SW W NW

N V N V N V N V N V N V N V N V

J t 69 2.7 162 2.9 103 3.2 43 3.6 22 3.6 19 3.6 69 3.3 88 2.6

F 51 2.6 140 2.6 131 3.2 51 3.1 15 3.2 26 3.1 57 3.1 73 2.7

M 49 2.5 122 2.4 92 2.8 36 3.3 22 2.9 20 2.7 66 3.1 70 2.6

A 37 2.4 66 2.4 59 2.6 26 2.8 19 3.5 24 3.1 85 3.3 66 2.7

M 24 2.7 39 2.4 52 2.5 34 3 22 3.2 31 2.9 76 3.3 60 2.6

J 19 2.7 44 2.6 47 2.8 25 2.8 27 3.3 49 3.3 81 3.3 51 2.8

J 30 2.8 45 2.6 50 2.9 29 2.6 28 3.1 34 3.4 73 3.3 60 3

A 48 3.2 94 3.2 60 2.9 22 3.1 25 2.7 34 3.8 93 3.9 97 3.4

S 68 3.6 174 3.3 74 3.4 34 3.7 23 3.1 31 3.7 87 4.5 99 3.6

O 97 3 201 3.3 78 3.4 31 4.2 23 3.8 23 3.7 79 3.8 110 3.3

N 95 3 198 2.8 73 3.7 29 4.2 21. 3.2 29 3.7 95 3.8 114. 3.1..

D 82 2.8 159 2.8 61 3.2 27 3.7 20 3.6 26 3.4 93 3.5 100 2.9

Y 56 2.9 120 2.9 73 3.1 32 3.4 22 3.3 29 3.4 80 3.5 82 3

5.6 % 12 % 7.3 % 3.2 % 2.2 % 2.9 % - 8 % 8.2 %

49 % Total wind 51 % Wind calms

Wind data for Bethlehem Average direction frequency per thousand (N), and the average speed (V) In m/s,
for each of the 8 main directions of wind 1980-1988 (per thousand)

N NE E SE S SW W NW

N V N V N V N V N V N V N V N V

J 44 2.9 85 4 210 4.4 77 4.3 58 3.8 78 3.6 161 3.7 125 3.3

F 46 3.7 114 4.2 242 4.2 97 4.3 47 4.1 84 3.8 139 3.7 97 3.2

M 24 2.8 58 3.4 198 4.1 105 3.6 50 2.9 89 3.5 149 4.1 86 3

A 13 4.6 45 3.3 161 3.8 61 3.1 44 2.4 105 3.6 164 3.9 55 3.5

M 11 2.9 26 3.4 117 3.7 36 2.7 54 2.7 138 3.4 147 4.1 51 3.4

J 10 3 28 2.7 103 3.9 54 3 69 2.6 156 3.6 143 4.1 32 3

J 15 2.7 22 4 98 4.4 37 3.6 52 3.4 121 3.5 181 4.1 46 3.6

A 15 4 32 4 131 4.4 63 3.6 61 3.2 84 3.8 166 4.2 78 3.9

S 25 2.9 52 3.6 187 4.1 83 4.5 76 3.1 90 4.1 151 4.3 57 3.2

O 45 3.5 69 4.2 195 4.9 80 4.3 58 3 56 4.1 129 4,2 121 3.3

N 44 3.2 94 3.9 203 4.4 47 3.7 42 3.7 65 4 164 4.2 144 3.6

D 40 3.3 93 3.5 148 4.2 59 4.2 50 3.3 83 3.9 187 3.9 138 3.6

Y 2 ^ 3.3 60 3.8 166 4.3 67 3.8 55 3.2 97 3.7 157 4 86 3.4

2.8 % 6 % 17 % 6.7 % 5.5 % 9.7 % 16 % 8.6

72 % Total wind 28 % Wind calms
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On the Northern Steppe the summer winds are predominantly east northeasterly to east south 

easterly. During the winter winds are predominantly south westerly with a fair amount originating 

from the northeast36. Pretoria has an average of 57% calms or light winds in winter. Winds on 

the Highveld and Northern steppe are predominately not that strong, except for sudden gust 

before thunderstorms during the summer. On average the wind has little effect on the orientation 

of buildings, for solar orientation will most probably take preference.
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CHAPTER 4 MICROCLIMATIC FEATURES

Deviations from general climate are referred to as the microclimate of a region. Natural 

features (such as topography, soil structure, ground cover) and manmade features 

(such as buildings and roads) affect the microclimate. In this chapter both natural and 

manmade features of the urban environment will be discussed, to determine their effect 

on the thermal environments of buildings.

4.1 The influence of urban environments on climate

During the last century people have altered their environment extensively, especially in 

the formation of urban landscapes. The following alterations of the environment impact 

on weather and climate1: the addition of heat to the atmosphere (through the burning of 

fossil fuels); the changing of the atmosphere’s composition (through the emission of 

artificial pollutants); the alteration of the earth’s surface (through mining, farming, 

deforestation) and expanding urbanization2 (effecting heat increase).

Architects do not always have the ability to alter the negative impact of farming, mining, 

or deforestation, but they do however play one of the leading roles in the creation of 

urban environments. Architects impact on the micro-urban level; in the way they design 

and place the building on site. They correspondingly impact on the meso-urban level, in 

the way they contribute to larger urban developments.

Cook3 calls to attention that until recently, bioclimatic design’s central focus has been 

on single building design, while less attention have the environment as a whole. The 

qualities of urban environments affect both outdoor and indoor thermal comfort of 

space. A thermally beneficial outdoor space acts like a climatic moderator to the inside 

of the building. Poor bioclimatic urban design increases energy use in order to cool 

buildings in summer and heat buildings in winter. In addition, poor bioclimatic design 

decreases natural ventilation to the occupants of the building and increases pollution to 

the building. Where humidity levels are low, poor bioclimatic design will furthermore 

decrease humidity levels and create outdoor spaces that discourage outdoor activities.

The designer should strive to achieve the following two goals4:

1) To provide quality outdoor spaces that improve both outdoor and indoor 

thermal comfort.
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2) To decrease the cooling and heating load, by designing positive thermal 

outdoor environments, thus saving energy.

4.2 Environmental factors of a city’s microclimate

The environmental factors of a city’s microclimate can be considered as urban 

temperature, urban solar radiation, urban ventilation, urban relative humidity and urban 

precipitation. Each of these elements will be discussed in order to establish strategies 

to improve urban climate through appropriate design.

4.2.1. Urban temperature

In view of the mere size of our cities these days, cities do have a considerable impact 

on local weather and climate. Cities generate heat, which affects the airflow, changes 

the albedo and alters the moisture content of the air above5. Heat generation causes a 

rise in air temperature, which results in the phenomena of urban heat island effect. 

Urban air temperatures are usually higher than temperatures in the surrounding open 

countryside. The urban heat island effect indicates an increase in temperatures from 

1K to 4.5 K compared to the surrounding countryside, depending on the density of the 

city and number of hard surfaces6 (Figure 4.1). The warmest zone of the city coincides 

with the city’s industrial, commercial and high density housing zones7. The urban heat

Figure 4.1: Representation of the temperature distribution over different areas
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Figure adapted from: Santamouris M & Asimakopolous, D. Passive cooling in buildings. London: 
James & James Science Publishers, p. 89.
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island effect also is more pronounced in the evenings. Daytime temperatures can rise 

with 0.5- 1K above surrounding air temperatures, while nighttime temperatures can 

rise with 3 K, compared to the surrounding temperature of the countryside.

Buckle determines the following factors that contribute to the urban heat island effect 

(Figure 4.2):

• Urban areas undergo increased counter radiation8, due to increased pollution in the 

air.

• Urban areas have increased daytime thermal storage, due to the increased use of 

building materials, such as concrete, asphalt, stone and brick.

• Increased levels of pollution cause a reduced longwave radiation from the city to 

the upper atmosphere. High buildings moreover block (reflect) the outgoing 

longwave radiation from the city.

• A decrease in the evaporation rate is caused by an increase of impermeable 

surfaces (such as paving, asphalt and concrete, which used to be ground or 

grassed surfaces, which promoted evaporative cooling). The number of plants and 

trees decreases evaporation furthermore.

• The effect of connective heat loss is decreased due to a decrease of wind speed9.

• Heat to the atmosphere is increased as a result of heat from urban buildings (such 

as factories and power plants). This type of urban heat relatively compares to the 

internal gains of a building.

Givoni10 proposes a solution where urban heat island effect can be reversed. He 

considers the possibility of planning cities (especially in hot and dry climates) where the 

ambient air temperature would be lower than the temperatures of the surrounding 

countryside. He explains that by assuring that all roofs in a densely built-up area are 

painted white on an annual basis, it would be possible to achieve a negative radiation 

balance. A smooth white painted surface has the potential to reflect 95% of the 

incoming solar radiation. Givoni maintains that if all buildings’ roofs were to be more or 

less at the same level of height, ± 93% of solar radiation would be reflected to the 

atmosphere11. Where the average temperatures of the roofs are lower than the air 

temperature at night, the cool air will submerge to the streets. The cool air will during 

the night subsequently cool the surrounding buildings12. The larger and denser the 

urban area, the more noticeable the cooling effect of increasing the outgoing radiation 

will be.
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Figure 4.2: Factors that contribute to the urban heat island effect:

a) Roof surfaces

A way of lowering urban mean radiant temperatures, is to cover the roof with 

vegetation, considering the roof is the part of the building that normally13 receives the 

most radiation in summer (Figure 4.3). Shading a large part of the roof surface will 

decrease the roof temperature considerably and therefore reduce temperatures below. 

Through this, an additional area for outdoor activity to the building is also added. In 

dryer climates, the addition of water surface for evaporative cooling will furthermore 

modify the outdoor environment. This type of evaporative cooling will increase 

ventilation, which could increase the comfort level considerably14. In hot, humid 

climates, this type of evaporative cooling should however be avoided.

b) Planning

Another phenomenon is that cold air behaves like water, as it always moves to a lower 

place. This is due to the fact that chilled air is denser than warm air, and thus heavier. 

During the evening, cold air will move to the lower valley slopes and form "cold island" 

in the lowest areas. During the late evenings, the valley floor and the plateau will be 

found to be the coldest area, while the slopes will be warmer (Figure 4). This 

phenomenon necessitates careful consideration of the setting up of building 

developments and cities, especially during the planning stages. On the Highveld and
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Northern steppe in South Africa, these valley floors can be extremely cold in the winter. 

It is advised that where possible, the warmer northern slopes should be utilized for the 

location of neighborhoods or single dwellings.

Figure 4.3:
a) Honor the master, Le Corbusier. b) Roof gardens for improving thermal comfort around

buildings ^

a) Figure copied from: Curtiss, W.J.R. 1986. Le Corbusier: Ideas and form. London: 
Phaidon

b) Press, p. 70.

Figure 4.4: Temperature stratification on a mountain slope

Copied from: Santamouris, M. & Asimakopolous, D. 1996. Passive cooling in buildings. London: 
James & James Science Publishers, p.85.
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4.2.2. Urban Solar Radiation

In nature, plants orient themselves to the sun to obtain maximum benefit from the sun. 

Most of our modern cities are however non-directional, which means they do not 

respond to an orientation towards the sun15. Early society demonstrates that mankind 

orientated their settlements towards the sun, consequently ensuring winter’s solar 

access and avoiding summer’s harsh sun (Figure 4.5).

Figure 4.5 Orientation of ending hnd's settlements towards the sun

a) Orientation and setbacks of buildings for maximum winter solar gain

In a climate such as the Highveld two seasonal approaches to solar control should be 

applied. The appropriate strategy for winter is to ensure maximum solar access to all 

buildings, thereby reducing the heating load. The appropriate strategy for summer is to 

ensure adequate solar protection. Givoni16 suggests medium density, low rise, urban 

planning in residential districts to achieve these seasonal approaches. It is more 

problematic to ensure solar access to all buildings in denser urban areas, especially 

where these areas comprise of several high buildings.

Street orientation and the density, height, shape and form (especially of the roof) of the 

building control solar access to buildings. By determining the setback (L) of the back of 

the first row of units, the designer can ensure that these rows are not shading the 

ensuing row of units. To ensure that all buildings benefit from the solar gain during the
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heating season, buildings should ideally be located outside the impact area (Figure 

4.6a). The vertical sun angle utilized for determining the impact area, is the angle at 9 

a m. on the winter solstice. An additional compromise of grace height and grace depth 

can be introduced (Figure 4.6b). The distance between the buildings should be equal to 

the extent of the impact area, minus the optional grace depth. This grace depth can be 

reserved for the bottom of the window (Example in Figure 4.6b).

Figure 4.6A: The impact area of the building.

Figure 4.6B: The impact area of the building, with the additional grace height and grace depth.
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To achieve maximum solar access during winter, it is advised that streets should run 

along the east-west axis. This requirement can however not always be fulfilled due to 

factors such as the orientation of slopes and major routes, borders and natural features 

such as rivers, ravines, mountain ranges and hills. Where streets run along the north- 

south axis, entrances can face west or east, but living areas should preferably face 

north (Southern Hemisphere). Where streets run diagonally towards the north solar 

orientation, units should be turned diagonally and plot sizes and shapes adjusted 

accordingly {Figure 4.7).
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b) Shading to minimize the summer solar gain

For summer the designer should try and minimize direct solar gain by adequate 

shading. The shading of sidewalks and transverse passages between buildings is 

essential. Colonnades and arcades are equally important in protecting pedestrians 

against the sun, rain and wind. In medium density, low  rise and low density, low rise 

residential areas, as many as possible deciduous trees should be planted {Figure 

4.8A). In a public area, trees and pergolas can provide shade to the public and reduce 

solar gain to hard surfaces, which will in turn increase the mean radiant temperature 

{Figure 4.8B). In addition, hard surfaces such as paving, asphalt or concrete should as 

far as possible be minimized and replaced with ground covers, scrubs, and lawns.

F ig u re  4 .7 : Street orien tation  and solar radiation
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Figure 4.8A: Providing shaded walkways and trees to minimize solar radiation to hard 
surfaces and protect the public.
Figure 4.8B: Providing of shading to public parks.

OOotfPpoOQ ootfi

c) Slope orientation

The amount of solar radiation received at the same latitude, with the same amount of 

cloud cover, is influenced the orientation and inclination of the slope. In the Southern 

Hemisphere, the northern slopes receive much greater solar radiation than the 

southern slopes. The northern slopes will receive more increased radiation during 

w inter months (when the sun is lower in the sky) than the horizontal slopes. The 

inverse is true for the summer months, when horizontal slopes will receive more solar 

radiation than the northern slopes (Table 4.1). The difference in received solar radiation 

on different slopes in the same region causes differences in seasonal sh ift17. The same
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amount of solar radiation on a 25° slope in June will on a horizontal surface only be 

received in September. This can result in a different shift of season for different slopes 

in the same region. It is therefore significant that the designer will choose the slope for 

positioning a housing neighborhood or individual units (provided he/she has the 

choice). Northern slopes are generally more benign than southern slopes (or horizontal 

surfaces on the Highveld and Northern steppe).

Table 4.1: Mean solar radiation on tilted surfaces in Wh/m2 a day for Pretoria

Degrees: Month Month
Slope of (Summer) (Winter)
surface

December January June July
0° 6908 6346 3908 4142

25° 6213 5850 5722 5913
45° 5035 4868 6519 6653

Table adapted from: Eberhard, A. A. 1990. A Solar radiation data handbook for South Africa. 
Cape Town: Elan Press, p.49.

4.2.3. Urban ventilation

In dealing with urban ventilation, the following six effects are addressed:

a) The effect of height of urban structures to wind and natural air movement.

b) The effect of orientation of urban structures on air movement.

c) The use of urban landform, structure or vegetation for winter wind protection.

d) The use of urban landform, structure or vegetation to increase the exposure to

summer breezes.

e) The natural movement of air on slopes.

f) The minimization of dusty winds in urban neighborhoods.

a) Height of urban structures

Natural wind patterns and speeds are on the whole severely effected by urban 

environment. Buildings influence the flow of air, to the degree that wind speeds in 

urban areas are reduced up to 25% (compared to the surrounding country side areas). 

Reduced wind speed is caused by friction loss, due to increased irregular surfaces18. 

Although wind speeds are reduced, these winds tend to be gustier. This phenomenon 

is caused by the size and shape of buildings (especially very tall buildings). When the 

wind strikes the facade on the windward side of the building, some air is deflected
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around the building, some air accelerated over the top of the building and some air 

accelerated down the face of the building, forming turbulent eddies at street level19 

(Figure 4.9).

The larger the surface of the windward side of the building, the larger the volume of air 

that is diverged to the side and over the top of the building. In a city like Pretoria, these 

phenomena can be experienced between the Volkskas Bank building and the 

StateTheater in the center of the city. Careful planning of entrances and openings on 

the windward side of the building should be practiced.

Figure 4.9: Wind currents around tall buildings

1) Deflected air around the 
building

Copied from M . Santamouris &  D . Asimakopolous, Passive Cooling in Buildings, (London: James 
&  James Science Publishers, 1996), 105.

Wind shadow that is formed on the leeward side of the building will be notable when 

there is an elevated obstruction. This creates exceedingly unnatural ventilation 

conditions in the streets and in buildings beyond the tall structures (Figure 4.10). The 

effect of the wind between the buildings in the street will start to decrease after the first 

row of buildings. This will result in a weak flow of air in the streets between these rows 

of buildings and even a weaker flow of air in the side streets20.

3) Accelerated air down the 
windward side of the building

2) Accelerated air over the 
building
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Figure 4.10: Wind shadows behind tall buildings
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Copied from: Santamouris, M & Asimakopolous, D. 1996. Passive cooling in buildings. 
London: James & James Science Publishers, p.105.

b) Orientation of buildings and structures towards prevailing wind direction

Rectangular patterned buildings and streets often cause an effect known as wind 

shear. Wind shear is the variation of wind speed and direction with height. This is 

caused by a difference in air speed between decreased flowing air (near walls and 

pavements) and increased flowing air (on the streets). This shear normally creates 

eddies on street level, and can be seen when papers and dirt are blown around. 

G ivoni21 and Santamouris22 suggest that the main avenues should be orientated at an 

oblique angle towards the prevailing wind direction (Figure 4.11). This will generate 

differential pressure along street facades, thus creating potential natural ventilation 

along the street. In general, solar orientation is a more important factor to consider than 

wind orientation on the Highveld and the Northern steppe. The reason for this is that 

the winds are generally light and not from a constant prevailing direction (except during 

thunderstorms).
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Figure 4.11:
Airflow patterns over and around Airflow patterns around oblique oriented
rectangular oriented buildings towards the buildings towards the wind
wind

PlA/O

c) The use of landform, structure or vegetation for w inter wind protection

This strategy can be applied on macro or micro urban level. On the macro level 

w indbreaks can be applied to large urban parks and gathering areas, or large housing 

developments. On the micro urban level it can protect individual houses and their 

surrounding lots against unwelcome winds.

Three general principles of w indbreaks need to be understood. These principles are 

related to the height, width and density of wind breaks. The general principle for the 

height of a windbreak is that the higher the wind breaks, the longer the wind shadow 

beyond the break will be. Also, the more vertical the barrier on the windward side, the 

more effective the barrier will be23 (Figure 4.12). The general principle for the width of 

the windbreak is that the maximum length of the wind shadow is only reached when the 

width of the barrier is eleven to twelfth times the height. If the windbreak width is 

increased beyond this ratio, the wind shadow will not increase, but rather the efficiency 

of the break (Figure 4.12).

74



The general principle for the density of a windbreak is that solid barriers reduce wind 

speed more (but for a shorter distance beyond the wind break) than less dense 

barriers. After this distance, it will resume its normal speed again. More permeable 

barriers will pass some wind, which would act as an air cushion that will reduce the 

turbulence and extend the length of the sheltered zone24 (Figure 4.12). Although cold 

winds are generally not problematic on the Highveld and Northern steppe, the designer 

should observe the presence of any local uncomfortable winds during the site analysis. 

W atson25 comments on the fact that climatically designed landscapes can have 

significant energy benefits to the homeowner, in addition to its aesthetic and property 

value.

Figure 4.12: Principles of wind breaks
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Copied from: Watson, D. & Labs, K. 1983. Climatic design, energy-efficient building principles 
and practice. New York: McGraw-Hill Book Company, p. 84.
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d) The use of trees, plants, landforms or man made structures to channel 

the summer cooling breeze.

Trees, plants, landforms or man-made structures can act during summer as either 

windbreaks or mechanisms to channel the wind to function as a cooling breeze. The 

cooling breeze can be employed to either channel the wind, or to prevent any “spillage” 

of cool air26 (Figure 4.13). It is also important to ensure that there is a negative 

pressure zone on the downward side of the wind, to ensure proper air movement27, 

since air normally moves from a higher to a lower pressure (Figure 4.14).

Figure 4.13 A & B: a) Planting to direct the breeze to the building 
b) Planting to prevent any spilling of air

Copied from: Santamouris, M & Asimakopolous, D. 1996. Passive cooling in buildings. London: 
James & James Science Publishers, p. 16.
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Figure 4.14 A & B:
a) Poor design, the rear wall of trees cause a positive pressure in the suction zone, 

thus reducing the pressure difference.
b) Good design, wind are funneled to the back. Free rear allows for a negative suction zone.

€> €)

Copied from: Watson, D. & Labs, K. 1983. Climatic design, energy-efficient building principles 
and practices. New York: McGraw-Hill Book Company, p. 90.
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e) Natural movement o f air around slopes and water bodies

The shape, height, orientation and surface of the topography changes wind speed and 

its direction. Wind speeds over land are generally considerably slower than wind 

speeds over sea, due to the fact that there is much greater surface friction on land. 

Mountains and hills on land change the speed and the horizontal and vertical direction 

of winds. This results in higher wind speeds near mountain tops and less turbulant 

speeds on the leeward wind sides mountains (Figure 4.15). There is also an increase 

of wind speed with the rise in altitude, due to reduced surface friction.

Figure  4 .15 : W ind patte rns a round  m ounta ins

C op ied from : S an tam ouris , M. & A s im akopo lous , D .1996. Passive cooling in buildings. London: 
Jam es & Jam es S c ience  P ublishers, p. 87.

Regional winds are also affected by the presence of large water bodies. This diurnal 

change of wind direction and speed occurs in the ocean as well as in large inland lakes 

and dams. During the day, especially early afternoon, the breeze is usually from the 

water to the land. This is because the land temperature at midday is hotter than the 

water temperature. The air consequently moves from a high to a low pressure. During 

the night this cycle is reversed and air flows from the cooler land surface to the warmer 

water body, due to the fact that the land surface cools down much faster than the 

water surface. The nighttime breeze is usually not as strong as the daytime breeze, for 

the reason that there is a much smaller difference in temperature between land and

S e c rr io t j .
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water at night than during the day. Lake Victoria in Africa illustrates this phenomena 

(Figure 4.16). The designer should carefully note any beneficial effects that can be 

obtained from nearby water bodies.

Figure  4 .16 : The  land and lake breezes o f Lake V ic to ria  (A frica)

Cool.

From  Buckle ,C . 1996. Weather and climate in Africa. Essex: Add ison  W e s le y  Longm an L im ited, 
p.90.

A sim ilar diurnal air movement occurs on mountain slopes, where local winds are 

created because of temperature differences between the air in contact with the slopes 

and the “free air” that is futher away from the slopes. During the day the heated air 

closest to the slopes warms up faster than the free air, and consequently moves up 

against the slope28. At night the air that is closer to the slope cools down faster than the 

free air, and starts to move down the slope. This movement of a ir creates strong 

upward  winds during the day and strong downward  winds during the night29 

(Figure 4.17).

The above mentioned phenomena concerning topography and the presence of bodies 

of water should all be carefully noted during the planning stages of the design of a 

neighborhood or individual units.
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F igure  4 .17 : D iurna l w ind  pa tte rns in va lleys

C op ied  from : S antam ouris , M. & A s im akopo lous , D. 1996. Passive cooling in buildings. 
London: Jam es & Jam es Sc ience  Publishers, p. 87.

Mimization of dust levels

The final aspect of ventilation to be considered on microclimatic level, is the 

minimization of dust levels in the city. Towards the end of the w inter season (the dry 

season being July to the end of August), the South African Highveld can at times 

experience a severely dusty season. Gusty winds combined with very dry conditions 

can cause uncomfortable conditions.

G ivoni30 emphasizes that appropriate urban planning can reduce dusty conditions 

significantly.

It is of cardinal importance to bear in mind that no bare piece of land should be 

overlooked during the planning stages of public or private land. In terms of developing 

low cost housing neighborhoods, lots should be as small as possible to suit the needs 

of people who lack resources. Smaller but well-kept public areas are more useful than 

large public land that lies bare and is usually the cause of dusty conditions. The placing 

of neighborhoods or public areas near bare pieces of land should be carefully 

considered. If planned to be situated, the borders of these areas should be carefully 

planned31.
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The use of low hedges and vegetation can reduce wind speeds considerably in urban 

areas. The types of vegetation used for these purposes should be indigenous to the 

specific region, as these types of vegetation have a better chance of survival in their 

specific environment.

4.2.4. Relative humidity

The humidity levels on the Highveld and Northern steppe are generally moderate and 

not problematical. The relative humidity can be low on the Highveld during winter and 

additional humidification may subsequently be required. If required, the relative 

humidity could be increased during summer (midday and afternoon), with the use of 

vegetation and/or small water features in the open spaces surrounding the building. 

The use of plants has the added benefits of decreasing air temperature through 

shading, channeling cooling breezes, and blocking out cold winds. In addition, plants 

also assist in controlling air pollution, reducing dust levels and creating acoustical 

barriers32. Beautiful and well-kept gardens (public or private) are after all enjoyable and 

relaxing places to be in, especially in large, densely built up urban areas {Figure 4.18).

It is advisable to use indigenous plants when designing or creating gardens or parks. 

Care should also be taken when choosing the correct soil type and establishing the 

watering needs and minimum safe temperature and exposure to the sun. This is 

especially important in urban areas, where these natural habitats are no longer

Figure  4 .18 : The benefits  o f p lanting  a tree
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A dap ted  from : S an tam ouris , M & A s im akopo lous , D. 1996. Passive cooling in buildings. 
London: Jam es & Jam es S c ience  Publishers, p. 95.
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available. Careful consideration should, in addition, also be given to maintenance and 

the availability of water.

The use of water in both public and private domain can increase relative humidity and 

reduce ambient air temperature through evaporation. In humid climates, the use of 

water for evaporative cooling of outside areas is not advisable. For hot and dry climates 

it is however an extremely effective technique. The air cooled through evaporation 

should be contained and directed to the inside spaces (Figure 4.19).

F igure  4 .19 : C on ta inm en t o f cool a ir

C op ied  from : W atson, D. & Labs, K. 1983. Climatic design, energy-efficient building principles 
and practices. N ew  York: M cG raw -H ill Book C om pany,
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4.2.5. Strategies for the control of the microclimate around buildings in

urban areas, on the South African Highveld and the Northern 

steppe

a) The following planning instructions are advised:

• Use white painted roofs in neighborhoods where the roofs are of equal height. This 

will increase the reflection of solar radiation of the roofs and resulting in a drop in 

roof temperature.

• Increase the density without restricting the winter solar access.

• If white painted roofs is not utilized, the roof may serve as a roof garden. Using 

plants and pergolas to provide shade can decrease solar radiation to the roof 

surface (roof temperature and surrounding environment).

• Neighborhoods or single dwellings should, where possible, be positioned on 

northern slopes rather than valleys or other directional slopes. Northern slopes are 

generally adequately benign, compared to horizontal slopes or other directional 

slopes.

• Street axes should where possible, run east- west. Alternatively, ensure that the 

living and bedrooms of dwellings are north facing.

• Ensure winter solar access by determining the correct setbacks between buildings 

and other structures.

• Provide shaded walkways, sidewalks and transverse passages between buildings.

• Provide as many as possible deciduous trees, planted pergolas and trellises as 

possible to reduce solar gain to hard surfaces, (paving and asphalt)

• Minimize hard surfaces such as paving, asphalt or concrete, rather use ground 

covers, scrubs, and lawns where possible.

• Design openings and entrances on the windward side of tall buildings to avoid 

uncomfortable high speed air movement.

• Apply windbreaks to neighborhoods or single dwellings where a prevailing winter 

wind is causing an uncomfortable situation.

• Where the prevailing wind has a fairly high frequency and cooling effect during the 

overheated period, apply trees, plants, landforms or structures to channel these 

cooling breezes.

• Where neighborhoods or individual dwellings are near large bodies of water, utilize 

the daily cooling breeze from the water-body.
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Reduce dust levels around neighborhoods and individual units through appropriate 

planning

Increase the low relative humidity during the summer months with adequate 

landscaping and water features.

Contain cool air in outside courtyards by appropriate planning of courtyard spaces.
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CHAPTER 5 BUILDING BIOCLIMATIC NEEDS

5.1 The Bioclimatic Needs Chart

The effect of air temperature and relative humidity as represented on the Psychrometric 

Chart in conjunction with the suggested zone, indicates to the designer the effect of climate 

on comfort condition. In 1963, the Olgyay brothers1 represented different strategies on the 

Psychrometric Chart where comfort limits could be expanded without the use of mechanical 

equipment for heating and cooling. This method of representing at least two of the climatic 

elements (e.g. relative humidity, dry-bulb temperature), together with the comfort zone and 

control strategies on the Psychrometric Chart, enables the designer to make climatic 

responsive decisions. Climatic responsive decisions are made when the designer matches 

climatic design decisions with the specific climate, in order to achieve thermal comfort. The 

designer should aim to first utilize passive design strategies and bioclimatic strategies before 

employing mechanical means of heating and cooling to achieve thermal comfort.

Givoni ^represented strategies (1969) that could extend the limits of the comfort zone on the 

Psychrometric Chart (Figure 5.1). He divided these strategies into cooling and heating 

strategies and illustrated the limits of each strategy. These limits are represented by specific 

zones on the Psychrometric Chart. These zones can be defined as follows:

5.1.1 The comfort zone

This is the zone where a person, depending on age, geographical location etc. (as already 

discussed in Chapter 2), will experience thermal comfort.

5.2 Heating strategies

5.2.1 Promoting solar radiation

The simplest method of creating passive solar heating is through using optimum size north 

facing windows (Southern Hemisphere) which heat the house-air, as well as the thermal 

mass (floors and walls). If the building is constructed of thermal mass, heat is stored in the 

mass at daytime and re-radiated at nighttime.

This need for solar radiation can be expressed on the Psychrometric Chart by zone S, 

(Figure 5.2). Compensation with solar radiation (expressed in W/m2). is possible for each 

decline in temperature degree (left of the shading line). These lines on the Psychrometric
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Chart express the amount of solar radiation needed at each outdoor temperature. The lines 

were adopted from the O lgyay3 comfort chart, and are based on a standing person, with 1 

CLO unit, and an air movement 0.4- 0.8 m/s (1-2 mph). This condition yields a 50 Btuh/ft2 

(158 W /m2) for every 3.85 °F (2.13°C). This is approximately 74 W /m 2 for every 1° C in 

temperature, and it is indicated at 2°C intervals on the Psychrometric Chart. O lgyay’s method 

establishes the amount of Btu’s (energy) needed to re-establish thermal comfort of a person 

standing outdoor dress in 1 CLO unit at 1-2 mph wind. This method does not take into 

account variables that modify the indoor conditions; in other words the amount of solar 

energy needed to establish thermal comfort indoors. This should be seen as a guideline 

relating to relative comfort outdoors.

Figure 5.1 The Building Bioclimatic Chart by Givoni

'c o n v e n t i o n a l

D E H U M ID IF IC A T IO N

Copied from Givoni, B. & Milne, M. 1979. Architectural design based on climate in energy 

Conservation through Building Design. Ed.
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Givoni and Milne4 proposed a method of evaluating the amount of solar radiation needed to 

maintain thermal comfort indoors at the limit of the lowest outdoor temperature. This method 

takes the following into consideration:

• the area of the south facing glass (Northern Hemisphere)

• the area of the house

• the latitude position

• the efficiency of the storage.

This method assumes that insulating shades are used at night to prevent heat loss, and that 

walls and roofs are well insulated. The method applies to a 1000 ft2 (93m2) floor area in a 

house with a 200-ft2-(19m2) south facing glass area (20% of the floor area). Givoni and Milne5 

say that an approximate 1850 Btu/ft2 per day solar radiation is needed at 26° latitude 

(calculated for the heating season). Givoni and Milne6 established that indoor comfort 

conditions can be maintained when the average severe daily lowest temperature is above 

40.75°F (4.8°C). This method aims to establish the balance point o f the outdoor temperature, 

in other words the point where the house will be thermally comfortable with the received solar 

radiation (without the use of other heating sources, such as electric/gas heaters, or a 

fireplace).

Figure 5.2: B ioc lim atic  Bu ild ing  C hart fo r the South  A frican  H ighveld

^-----
CSIR PSYCHROMETRIC CHART no 7 
ALTITUDE 1400m
Barometric Pressure 85.60Kpa j
Republic of South Africa

Pretoria

M in im ize  Conduction and Infiltration M in im ize  Conduction and In filtration 
S had ing  L in e

‘ A dap ted  from  M urray M ilne  & Baruch G ivon i, “A rch itec tu ra l D esign based on C lilm a te ” in Energy 

Conservation through Building Design, ed. D onald W atson , (N ew  York: M cG raw  Hill Book C om pany, 

1979), 107. ‘ P sych rom etric  chart from  the  CSIR , R epub lic  o f South  A frica.
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Hans7 proposes a simple method to calculate the balance point temperature of the house. 

This method takes account for solar heat gain and storage through adjusting the design 

temperature. The method uses a floating-point temperature, which is the sum of the outdoor 

temperature and the “credit temperature”. The credit temperature takes credit for the indoor 

internal gains, solar gains and the effect of nominal heat loss. This floating-point temperature 

is the heating threshold. Beyond this temperature (thus lower), heating is required. Once the 

floating-point temperature is obtained, the heating load for the season can be calculated. 

Through CALPAS3, it is practicable to establish the annual heating load and floating point 

temperature for the prototype.

5.2.2 Minimizing of conductive heat flow

Conduction is a process of heat transfer through solid materials, during which heat is 

transmitted from particle to particle within the material. This strategy can be employed as 

both a heating or cooling strategy. During the heating season (winter) it is employed as an 

energy conservation strategy. Heat that is generated in the house, either through the 

occupants’ body heat, appliances, heating systems, heaters or passive solar gain, should be 

conserved (thus be kept inside the building). There is a limit to the degree in which this 

strategy is effective during winter (the lowest temperature). The balance point of the house 

governs this temperature.

5.2.3 Minimizing of infiltration / exfiltration

Exfiltration can be described as the escape of heated warm air through cracks and faulty 

seals in the construction and around doors and windows. The exfiltration of wanted warm air 

is accompanied by infiltration of cold air. During winter large amounts of heat is lost through 

exfiltration/ infiltration. This type op infiltration, otherwise known as unwanted ventilation, can 

not be controlled. Ventilation in itself can however be controlled through mechanical devices 

or through the occupants of the building (i.e. opening a door or window. The designer has to 

ensure that the envelope is as tightly sealed as can be in order to minimize this infiltration/ 

exfiltration. Although there are no set limits for infiltration, there is a minimum requirement for 

air changes per hour, for ventilation.
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5.3 Cooling strategies

5.3.1 Minimizing of solar gain (the shading line)

Solar gain should be minimized whenever the outdoor temperature exceeds the lower limit of 

the comfort zone (21.3°C (70.34°F). Shading will be effective for outdoor temperatures within 

the comfort zone. Beyond the comfort zone (27.2°C- 81 °F and +), shading would be 

necessary but not sufficient as a strategy on its own.

5.3.2 Promoting ventilation

The effect of air movement on body heat balance is as follows: First, it increases the rate of 

conductive and convective heat flow between the skin and the air. This will only occur if the 

dry-bulb temperature is less than the skin temperature (between 32°C and 35°C, 90-95°F). 

Givoni8 maintains that at temperatures lower than 33°C (under sedentary activity), an 

increase in air velocity will reduce the heat sensation. The skin temperature is thus reduced 

as a result of high convective heat loss. Temperatures between 33°C and 37°C air velocity 

do not have a significant effect on this thermal sensation. In temperatures above 37°C, an 

increased air velocity will increase the sensation of heat, (it will feel like a hair dryer is 

blowing on you). Air movement over the body increases the rate of cooling through 

evaporation (sweat secretion). Air movement removes vapor above the skin, thereby 

allowing more moisture to evaporate. The rate of evaporation is moreover controlled by 

vapor pressure. The lower the vapors pressure the higher the rate of evaporation.

5.3.2.1 Boundaries for ventilation to extend the limits 9of the comfort zone :10

The upper limit, where the greatest wind speed will cause no disturbance, is 1.5 m/s. This is 

approximately at the 14.2 ft3/lb specific volume line on the Psychrometric Chart, when vapor 

pressure exceeds the 17mm Hg limit11. Below the 17mg Hg vapor pressure line, it follows a 

32°C (89.5°F) dry-bulb temperature line (this is the average skin temperature, as already 

discussed). The bottom limit is the 4mm Hg vapor pressure boundary, and the upper limit for 

the relative humidity is the 80% curve, as suggested by Watson & Labs12. All of these 

boundaries (Figure 5.2) only apply when the mean radiant temperature is equal to the air 

temperature, and when the indoor temperature and vapor pressure is equal to the outdoor 

temperature and vapor pressure13. The building should furthermore be well insulated, well 

ventilated and of a light color, in order to achieve the required thermal comfort through 

ventilation.
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5.3.3 High thermal mass

Two conditions are essential for high thermal mass to be effective. On account of the building 

usually being closed during the day (to minimize heat intrusion), the upper limit of 17mm Hg 

vapor pressure should not be exceeded by the climate. Watson14 suggests a dry-bulb 

temperature of 30.8°C (87.5°F) at the 17mm Hg vapor pressure boundary and a limit of 

37.7°C (100°F) at the 5mm Hg vapor pressure boundary, for high mass cooling. This line 

almost follows the 1.05 m3/kg specific volume line on the Psychrometric Chart. The slope of 

the line suggests that the body can not tolerate high temperatures at high, relative humidities.

5.3.4 Evaporative cooling

Evaporative cooling is a process of cooling the air by evaporating water into the air. The 

water changes into water vapor when it absorbs the sensible heat of the air. Sensible heat 

during this stage is converted into latent heat. When this process is reversed, water vapor 

returns to water and the latent heat is released as sensible heat. This reversal is known as 

condensation. Watson15 determines that the limit to evaporative cooling should be the 

maximum wet bulb temperature of the comfort zone. The wet bulb temperature selected is 

19.4°C, which is considered as the upper limit of the comfort zone (Figure 5.2). The upper 

limit of the dry-bulb temperature should be 41 °C, in order for evaporative cooling to be 

effective. According to Milne and Givoni16 the maximum reduction in dry-bulb temperature 

that can be achieved through evaporative cooling, is 25°F (13.88°C). The limit will thus be 

27.2°C (the upper limit of the comfort zone) + 13.88°C = 41 °C.

5.3.5 Minimizing of conduction during summer

As mentioned before, this strategy can be utilized during both the heating and cooling 

season. During summer this strategy attempts to limit the conductive heat flow through the 

building envelope from the hot outside to the cooler inside.

5.3.6 Minimizing of infiltration in summer

This strategy can also be utilized as a summer or winter strategy. During summer the 

unwanted hot air enters through cracks, joints and faulty seals in the construction17. The cool 

air exfiltrates to the outside and warm air infiltrates into the building, thus heating the building 

on the inside. In mechanical heated and cooled buildings, these infiltrations and exfiltrations 

are referred to as air leakage18. Air leaks of this kind occur through the same cracks and
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joints as infiltration and exfiltration, but under pressurized circumstances (because of 

temperature difference, the natural flow of air does not occur).

5.3.7 Humidification

This area is indicated on the Bioclimatic Building Chart, just below the comfort zone (Figure 

5.2). The dry-bulb temperature range is acceptable, but the air is too dry. In this zone on the 

Psychrometric Chart, humidification only is required. Milne & Givoni19 claims that 

humidification is seldom applied in natural environments as a strategy on it’s own, without the 

use of heating or cooling. The use of humidification with heating is in some cases essential. If 

the outdoor temperature at 0°C (32°F), at 50 % relative humidity, is heated sensibly (follow 

the line horizontally to the right on the Psychrometric Chart), the relative humidity at 20°C 

would be 15%. This percentage of relative humidity is too low for human comfort. Low 

relative humidities of this type cause dry throats and bleeding noses, especially among 

children and older people20. It also causes a build up of static electricity,-since there is not 

enough moisture in the air to drain the static charges.

Low humidities in houses can be counteracted through several practical ways, without using 

of expensive air-conditioning equipment. A small humidifier in children’s rooms can be used 

during dry winter months. An even cheaper solution to consider when coil heaters are used 

(direct sensible heating), is to place a small container of water with a large surface area in 

front of the heater, in order to add moisture to the air through evaporation. Care should 

however be taken not to put it too close to heater, in which case an electrical short circuit can 

be caused.

5.4 Representation of weather data on the Bioclimatic Building Chart for the 

Highveid

The following data was used for the representation on the Psychrometric Chart. The hourly 

records of the simultaneous dry-bulb temperatures and the relative humidities for two 

locations, Pretoria and Bethlehem were represented (see Addendum 4 for the data, and 

Figure 5.3 and 5.4 for the representation). The data was prepared for three locations 

(Addendum 4). Only the data for Pretoria and Bethlehem was plotted on the Psychrometric 

Chart. The weather data for Ermelo and Bethlehem was very sinhilar for an entire year. Of the 

two locations, Bethlehem has the coldest air temperatures during winter. For this reason 

Bethlehem was chosen above Ermelo, in order to represent the extreme of the winter 

conditions on the Highveid. The average of the dry-bulb temperature and relative humidity 

over a five-year period (1992-1996) was calculated. Unfortunately only hourly-computerized
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records were available for this period. Although the average over five years is a relatively 

short period to represent weather data, the mean maximum and mean monthly dry-bulb 

temperature over a five year period, compares favorably with the mean maximum and 

minimum values over a ten year period.

The hourly data for the three hottest months of the hottest year (1992) over a five-year period 

(1992-1996) was also represented. This data indicates to the designer the possible extent of 

the cooling season. The hourly data for the three coldest months for the coldest year (1994), 

over a five-year period (1992-1996), was also represented, (Figure 5.5 & 5.6). Figure 5.7 and 

5.8 indicate the bioclimatic needs for the two locations and represent the bioclimatic needs 

for design on the High veld.

Figure 5.3 Building bioclimatic chart for the South African Highveld. The representation of 

dry bulb temperature and relative humidity for Pretoria.

Building bioclimatic chart for the South African Highveld

The representation of dry bulb temperature and relative humidity for Pretoria 
on the Building bioclimatic chart.

CSIR PSYCHROMETRIC CHART no 7 
ALTITUDE 1400m
Barometric Pressure 85.60Kpa «
Republic of South Africa

Pretoria

‘ Adapted from Murray Milne & Baruch Givoni, “Architectura l Design based on C lim ate” in Energy 
conservation through Building Design, ed. Donald W atson, (New York: M cGraw Hill Book Company, 
19790 107. ‘ Psychrom etric chart from the CSIR, Republic o f South Africa.
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F igure  5.4 R epresenta tion  o f the  d ry  bulb  tem pera tu re  and the  re la tive  hum id ity  fo r Beth lehem .

CSIR PSYCHROMETRIC CHART No 8
ALTITUDE 1700m - ^ ------^
Barometric Pressure 82.5kPa 
1981 CSIR, Pretoria 
Republic of South Africa

B eth leh em

A dap ted  from  M urray M ilne & B aruch  G ivon i, “A rch itec tu ra l D esign based  on C lim ate ” in Energy 
Conservation through Building Design, ed. D onald  W a tson , (N ew  York: M cG raw  Hill Book C om pany, 
1979) 107. ‘ P sych rom etric  cha rt from  the  C SIR , R epub lic  o f South A frica .
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Figure 5.5: The representation of the three hottest month of the hottest year, and the three 

coldest month of the coldest year for Pretoria.

CSIR PSYCHROMETRIC CHART no 7 
ALTITUDE 1400m 
Barometric Pressure 85.60Kpa 
Republic of South Africa

P retoria

‘ Adap ted  from  M urray M ilne & Baruch G ivon i, “A rch itec tu ra l Design based  on C lim ate ” in Energy 
Conservation through Building Design, ed. D onald  W a tso n , (N ew  York: M cG raw  Hill Book C om pany, 
1979) 107. ‘ P sych rom etric  chart from  the  CSIR , R epub lic  o f South A frica .
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Figure 5.6 The representation of the three hottest month of the hottest year, and the three 

coldest month of the coldest year for Bethlehem.

CSIR PSYCHROMETRIC CHART No 8 
ALTITUDE 1700m - 
Barometric Pressure 82.5kPa 
1981 CSIR, Pretoria -
Republic of South Africa - A

Bethlehem

•A dap ted  from  M urray M ilne  & Baruch  G ivon i, “A rch itec tu ra l D esign based on C lim a te ” in Energy 
Conservation through Building Design, ed. D onald  W a tso n , (N ew  York: M cG raw  Hill Book C om pany, 
1979) 107. *P sych rom etric  cha rt from  the  C SIR , R epub lic  of South  A frica.
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Figure 5.7: The Bioclimatic Needs Chart for Pretoria
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DESCRIPTION

D N D N D D D N D N

Jan CO X
Overheating is possible from l p.m. -  

5p.m.

Feb 0 ) X
The afternoons can be humid, with vapor 

pressure above 14mm Hg, Overheating 

is possible

Mar CO X
Mild days and mild nights

Apr X (0 CO

The night times are starting to get cool. 

Some solar gain and some shading 

during the day.

May X X X
Days are cool and nights are cold. Solar 

gain during the day is essential.

Jun X X X
Days are cool and nights are cold. Solar 

gain during the day is essential.

Jul X X X
Days are cool and nights are cold. Solar 

gain during the day is essential.

Aug X X X
Days are cool and nights are cold. Solar 

gain during the day is essential.

Sep CO X CO

Mild days and cool nights. Summer 

shading should start. Overheating may 

start to occur during the afternoons.

Oct CO X
Mild days and mild nights. Days are 

warming up.

Nov CO X
Mild days and mild nights.

Dec CO X
Overheating is possible from 1p.m. -  

5p.m.

co - 50% of time, X -100% of the time, * - extreme hot conditions as represented in Figure 3.

(Evaporative cooling was not indicated, because of the fact that the Highveld is too humid and the wet 
bulb depression too small. The Bioclimatic Needs Chart was adopted from Chalfoun, N. 1986: 
House Energy Doctor Course Material, Tuscon: University of Arizona.
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Figure 5.8: Bioclimatic Needs Chart for Bethlehem
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DESCRIPTION

D N D N D D D N D N

Jan CO X
Mild days and mild nights. Overheating is 

possible during the afternoons.

Feb (0 X
The afternoons can be humid, with vapor 

pressure above 14mm Hg. Overheating 

is possible.

Mar X to to
Mild days and cool nights. A, small 

amount of solar gain necessary.

Apr X X X
The night times are starting to get cool. 

Solar gain is necessary during the day.

May X X X
Days are cool and nights are cold. Solar 

gain is essential during the day.

Jun X X
X

<

Days are cool and nights are cold. Solar 

gain is essential during the day. Freezing 

conditions during nights.

Jul X X
X

<

Days are cool and nights are cold. Solar 

gain is essential during the day. Freezing 

conditions during nights.

Aug X X X
Days are cool and nights are cold. Solar 

gain is essential during the day.

Sep to to to
Mild days and cold nights, with a small 

amount of summer shading.

Oct to X
Mild days and mild nights. Days are 

warming up.

Nov to X
Mild days and mild nights.

Dec to X
Overheating is possible from 1p.m. -  

5p.m.

co - 50% of time, X - 100% of the time, * - extreme conditions (hot) as represented in Figure 4, < 
extreme freezing conditions, as presented in Figure 4.
(Bioclimatic Needs Chart adapted from Chalfoun, N. 1986: House Energy Doctor Course Material, 
Tuscon: University of Arizona.
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The Mahoney tables

Mahoney21 devised a system with tables whereby the most essential climate data of a 

specific climate is represented and translated into indicators, which are in turn translated into 

sketch design recommendations. This quick and sketchy method provides the designer with 

definite parameters for climatic responsive design22. This is not the means to an end for 

climatic design, but rather a start towards the climatic design process. The designer is able to 

refine the design from the sketch design parameters of the Mahoney tables to further detail.

The system consists of four tables. Table 1 is utilized to record most of the essential climatic 

data. Table 2 facilitates the diagnosis of the climate and develops a series of indicators. 

Table 3 and 4 translate these indicators into performance indicators and sketch design 

recommendations. The two locations chosen for the analysis of the Highveld climate23 were 

Bethlehem and Pretoria. Ermelo was also analyzed, but not presented, because of its 

similarities with the climate of Bethlehem.

Mahoney tables: Location - Pretoria

Location PRETORIA
Longitude 28° 11"S
Latitude 25°44"S
Altitude 1330m

Air temperature J F M A M j j A s 0 N D HIG AM
°C

H I

Monthly mean max. 28. 28. 27. 24. 21. 19. 19. 22. 25. 26. 27. 28. 24.8 18.4
6 0 0 1 9 1 6 2 5 6 1 0

Monthly mean min. 17. 17. 16. 12. 7.8 4.5 4.5 7.6 11. 14. 15. 16. 12.1 12.7
'5 2 0 2 7 2 7 8

Monthly mean 11. 10. 11. 11. 13. 14. 15. 14. 13. 12. 14. 11. LO W A M R
0 8 0 9 9 5 1 6 8 5 4 3range

Relative humidity

Monthly mean max. 
a.m.

80.
6

81.
4

81.
2

82.
2

79.
8

76.
2

72.
2

70 62.
2

73.
8

81.
8

81.
4

Monthly mean min. 
p.m.

46.
2

50.
2

47.
2

42.
4

31.
4

30 28.
6

28.
2

21.
4

35.
8

48.
0

47.
4

Average 63.
4

65.
8

64.
2

62.
3

57.
1

53.
1

50.
4

49.
1

41.
8

54.
8

64.
9

64.
4

Humidity group 3 3 3 3 3 3 2 2 3 3 3 3

Humidity group 1 If average- below
relative 30%
humidity

2 30%-50%
3 50%-70%
4 above

70%
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Rainfall
Total

Rainfall in mm 136 75 82 51 13 7 3 6 22 71 98 110 674

Wind

Wind (prevailing)
Wind (secondary)

j F M A M, j j A s 0 N D

AMT over 20°C AMT AMT below 15°C

20°C

Comfort limits Day Night Day Night Day Night
Humidity group: 1 26-34 17-25 23-32 14-23 21-30 12-21

2 25-31 17-24 22-30 14-22 20-27 12-20
3 23-29 17-23 21-28 14-21 19-26 12-19
4 22-27 17-21 20-25 14-20 18-24 12-18

Diagnosis °C J F M A M j j A s 0 N D
Monthly mean max. 28. 28. 27. 24. 21. 19. 19. 22. 25. 26. 27. 28.

6 0 0 1 9 1 6 2 5 6 1 0

Day comfort: upper 28 28 28 28 28 28 30 30 28 28 28 28 AMT
lower 21 21 21 21 21 21 22 22 21 21 21 21 18.45

Monthly mean min. 17. 17. 16. 12. 7.8 4.5 4.5 7.6 11. 14. 15. 16.
5 2 0 2 7 2 7 8

Night comfort upper 21 21 21 21 21 21 22 22 21 21 21 21

lower 14 14 14 14 14 14 14 14 14 14 14 14

Thermal stress: day H O O O O C C O O O O O

O O O O C C C C C O O O

Night
Humidity group 3 3 3 3 3 3 2 2 3 3 3 3

ndicators
Humid: H1 0

H2 0
H3 0
A1 ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 12
A2 0
A3 ¥ ¥ 2

Applicable when: ________________________________________
Meaning Indicators Thermal stress Rainfall Humidity Monthly

group mean range

Day Night

Air movement essential H1 H 4 less than 
10°

H 2.3

Air movement desirable H2 0 4

)
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Rain protection necessary H3 Over
200mm

Thermal capacity A1 1,2,3 more than
necessary 10°
Outdoor sleeping desirable A2 H 1,2

H 0 1,2 more than 
10°

Protection from cold A3 C

Recommended specifications

Indicators totals from Table 2
H1 H2 H3 A1 . A2 A3
0 0 0 12 0 2

Layout
0-10 1 Orientation north and south 

(long axis east- west)11,12 5-12

0-4 ¥ 2 Compact courtyard planning

Spacing
11,1
2

3 Open spacing for breeze 
penetration
As 3, but protection from hot 
and cold winds

2-10 4

0,1 ¥ 5 Compact lay-out of estates

Air movement
3-12 6 Orientation north and south 

(long axis east- west)1,2 0-5

6-12 7 Compact courtyard planning

0 2-12

0,1 ¥ 8 No air movement

Openings
0,1 0 9 Large openings 40-80%

11,12 0,1 . 10 Very small openings 10-20%

Any other conditions 11 Medium openings 20-40%

Walls
0-2 0 12 Light walls, short time lag

3-12 0,1 ¥ 13 Heavy external and internal 
walls
Roofs

0-5 14 Light insulated roofs

6-12 ¥ 15 Heavy roofs over 8 hr time lag

Outdoor sleeping
2-12 0 16 Space for outdoor sleeping 

required
Rain protection

3-12 0 17 Protection from heavy rain 
necessary



I

• , Detailed recommendations

I 

I 

I 

I

I Position of openings

Protection of openings
0-2 w 8 Exclude direct sunlight

2 -12 9 Provide protection from rain

Walls and floors

Roofs

I
External features

1-12 0 15 Space for outdoor sleeping

1-12 0 16 Adequate rainwater drainage

I (Tables copied from: Koenigsberger, O.H., Ingersoll, T.G., Mayhew, A.and Szokolay, S.V. 1973.
Manual of Tropical Housing and Building. London: Longman Group Limited, p.239)

| Mahoney Tables: Location -  Bethlehem

I

I 

I 

I

Location BETHLEHEM
Longitude 28° 20" S
Latitude 28°15"S
Altitude 1680m

IQ -
12

0-2 12 Light, reflective surface, cavity

3-12 13 Light, well-insulated

0.9 0-5

6-12 Y  14 Heavy, over 8h time-lag

0-2 10 Light, low thermal capacity

3-12 Y 11 Heavy over 8 hr time-lag

3-12 6 Orientation north and south 

(long axis east- west)1,2 0-5

6-12 Y  7 Compact courtyard planning

0 2-12

Indicators totals from Table 2
H1 H2 H3 A1 A2 A3
0 0 0 12 0 2

Size of openings
0,1 0 1 Large 40-80%

1-12 2 Medium 25-40%

2-5

6-10 3 Small 15-25%

11,12 0-3 w 4 Very small 10-20%

4-12 5 Medium 25-40%



Air temperature °C J F M A M j j A s 0 N D High A M T

Monthly mean max. 27.
2

25.
9

24.
4

21.
6

19.
3

15.
9

16.
4

19.
0

21.
7

22.
5

24.
5 26 22.0 14.2

Monthly mean min. 13.
2

12.
7

10.
7 7.1 2.1 -1.5 -2.0 0.7 4.6 7.8 10.

1
11.
9 6.4 15.6

Monthly mean range
Low A M R

Relative humidity

Monthly mean max. 
a.m.

91 92.
8

92.
8

92 84 78.
4

78.
4

82.
6

79.
8

87.
8

91 90.
4

Monthly mean min. 48. 51. 47 44. 35. 30. 33. 34. 26. 42. 48 47

p.m. 2 4 4 4 2 0 4 2 2

Average 70. 72. 69. 68. 59. 54. 55. 58. 53 62 69. 68.
6 1 9 2 7 3 7 5 5 7

Humidity group 3 4 3 3 3 3 3 3 3 3 3 3

Humidity group 1 If average - below
relative 30%
humidity

2 30%-50%
3 50%-70%
4 above

70%

Rainfall
TOTAL

Rainfall in mm 96 77 44 58 9 12 7 27 35 83 96 86 680

Wind

Wind (prevailing)
Wind (secondary)

J F M A M J J A S O N D

Comfort limits 
Humidity group:

AMT over 20°C AMT 15°-

Ok

AMT below

15°C

Day Night Day Night Day Night
1 26-34 17-25 23-32 14-23 21-30 12-21
2 25-31 17-24 22-30 14-22 20-27 12-20
3 23-29 17-23 21-28 14-21 19-26 12-19
4 22-27 17-21 20-25 14-20 18-24 12-18
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Diagnosis °C J F M A M j j A s 0 N D

AMT

Monthly mean max. 27.
2

25.
9

24.
4

21.
6

19.
3

15.
9

16.
4

19.
0

21.
7

22.
5

24.
5

26

Day comfort: upper 26 24 26 26 26 26 26 26 26 26 26 26

lower 19 18 19 19 19 19 19 19 19 19 19 19 14.2
Monthly mean min. 13.

2
12.
7

10.
7

7.1 2.1 -1.5 -2.0 0.7 4.6 7.8 10.
1

11.
9

Night comfort upper 19 18 19 19 19 19 19 19 19 19 19 19

lower 12 12 12 12 12 12 12 12 12 12 12 12

Thermal stress: day H H 0 0 0 C C 0 0 0 H 0

Night
0 0 C C C C C C C C C 0

Humidity group 3 4 3 3 3 3 3 3 3 3 3 3

Indicators

Humid: H1 1
H2 0
H3 0
A1 ¥ 'F ¥ Y Y Y Y Y Y 11
A2 0
A3 Y Y 2

Applicable when: ____________ ^___________________________
Meaning Indicators Thermal stress Rainfall Humidity Monthly

group mean range

Day Night

Air movement essential H1 H 4 less than 
10°

H 2.3

Air movement desirable H2 0 4

Rain protection necessary H3 Over
200mm

Thermal capacity 
necessary

A1 1,2,3 more than 
10°

Outdoor sleeping desirable A2 H 1,2

H 0 1,2 more than 
10°

Protection from cold A3 c

Recommended specifications

Indicators totals from Table 2
H1 H2 H3 A1 A2 A3
1 0 0 11 0 2

Layout
0-10 1 Orientation north and south 

(long axis east- west)11,12 5-12

0-4 Y 2 Compact courtyard planning

I

I



Spacing
11,1
2

- 3 Open spacing for breeze 
penetration

2-10 4 As 3, but protection from hot 
and cold winds

0,1 5 Compact lay-out of estates

Air movement
3-12 6 Orientation north and south 

(long axis east- west)1,2
i

0-5

6-12 7 Compact courtyard planning

0 2-12

0,1 8 No air movement

Openings
0,1 0 9 Large openings 40-80%

11,12 0,1 10 Very small openings 10-20%

Any other conditions 11 Medium openings 20-40%

Walls
0-2 0 12 Light walls, short time lag

3-12 0,1 13 Heavy external and internal 
walls
Roofs

0-5 14 Light insulated roofs

6-12 15 Heavy roofs over 8 hr time lag

Outdoor sleeping
2-12 0 16 Space for outdoor sleeping 

required

Rain protection
3-12 0 17 Protection from heavy rain 

necessary

Detailed recommendations

Indicators totals from Table 2
H1 H2 H3 A1 A2 A3
1 b 0 11 0 2

Size of openings
0,1 0 1 Large 40-80%

1-12 2 Medium 25-40%

2-5

6-10 3 Small 15-25%

11,12 0-3 Y 4 Very small 10-20%

4-12 5 Medium 25-40%

Position of openings
3-12 6 Orientation north and south 

(long axis east- west)1,2 0-5

6-12 Y  7 Compact courtyard planning

0 2-12



Protection of openings
0-2 ¥ 8 Exclude direct sunlight

2-12 9 Provide protection from rain

Walls and floors
0-2 10 Light, low thermal capacity

3-12 ¥ 11 Heavy over 8 hr time-lag

Roofs
10-
12

0-2 12 Light, reflective surface, cavity

3-12 13 Light, well-insulated

0.9 0-5
6-12 Y 14 Heavy, over 8h time-lag

External features
1-12 0 15 Space for outdoor sleeping

1-12 0 16 Adequate rainwater drainage

(Tables copied from: Koenigsberger, O.H., Ingersoll, T.G., Mayhew, A. and Szokolay, S.V. 1973. 
Manual of tropical housing and building. London: Longman Group Limited.

The following results from the Mahoney tables for Pretoria and Bethlehem were obtained:

Compact courtyard planning is suggested especially where there is a need for thermal 

storage throughout the year. The designer should nevertheless try to optimize the north 

facing solar exposure (Southern Hemisphere) for passive solar heating during the winter. A 

compact layout of estate (planning of spacing between units) is suggested for both locations 

(where air movement is not essential). Marginal air movement is suggested for the months of 

December, January and February in Pretoria. Once again, solar access to all units in the 

urban layout of the whole estate should be ensured for the winter months.

Small window openings are suggested for both locations. A total of 10% - 20% of wall area is 

recommended24. Koenigsberger25 affirms that this is applicable when thermal storage is 

needed throughout the year and when the winter season is no longer than three months, 

which is proper to the Highveld. The openings should exclude direct sunlight during the 

cooling season, but admit solar radiation during the heating season. For this type of climate, 

the openings need no protection against driving rains. Another suggestion by 

Koenigsberger26 is that there should be no openings in western walls in subtropical and 

tropical regions.

Heavy materials for walls and floors are required. Such materials include solid bricks, blocks, 

concrete and adobe. Koenigsberger27 maintains that a lesser thickness (down to 100mm) is 

satisfactory, provided that it is well insulated on the outside. Details for using thermal mass in
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the design will be discussed in Chapter 6. A heavy roof (concrete or brick) with substantial 

thermal capacity is suggested. This kind of roof is essential where the hot, dry season is 

dominant (lasting longer than six months)28. If the hot season is short, a lightweight, well- 

insulated roof should be used. A high-mass roof with high capasitive insulation or a 

lightweight roof with good thermal insulation can both perform the same task. In South Africa 

the use of high mass roofs, such as concrete, is expensive (especially for lower income 

groups) because of the cost of water proofing. Galvanized roofs are commonly used by all 

income groups. It is therefore suggested that a lightweight roof with a good resistive 

insulation should be used.

\
Although the Mahoney tables do not suggest that precautions be taken with water drainage 

from roofs, one should bear in mind the thunderstorms with sudden downpours that may 

occur on the Highveld. Special care should therefore be taken in the design of gutters and 

downpipes, to allow for large amounts of water.

I
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C H A P TE R  6 DESIG N P A R A M ETER S

i
There is definitely a two seasonal approach to the design that can be inferred from the 

Bioclimatic Building Chart in the previous chapter. The heating season has mild to cold 

days and very cold nights, while the cooling season has mild to warm days, with a short 

period of overheating towards the middle of the summer. The evenings are cool and 

pleasant.

6.1 Design parameters as inferred from the Bioclimatic Building Chart for 

the Highveld

6.1.1 The following parameters are set for the heating season:

• Optimize solar gain through north facing windows during the winter months.

• Provide high thermal capasitive materials to ensure maximum storage during the days 

and maximum release at night.

• The envelope should be well insulated to prevent heat loss, especially during very cold 

nights.

• Auxiliary heating may be required during very cold months of June, July, and August.

6.1.2 The following parameters are set for the cooling season:

• No actual passive cooling strategy is required, because temperature falls within the 

comfort range.

• Overheating is nevertheless possible during the months of January and February 

(Figure 5.6). The use of high thermal mass with small amounts of nocturnal cooling is 

advisable. Care should be taken that, due to unwanted ventilation or unwanted solar 

gain through unshaded windows, thermal mass does not become overheated during 

the day

• Adequate shading should be provided for all windows for the shading period (as 

indicated in Figure 6.1).



• The envelope should be designed to ensure minimum heat gain during this season. 

Poor bioclimatic design will result in an increase in surface temperature, which will 

cause overheating.

6.2 Design parameters as inferred from the Bioclimatic Building Chart for 

the Northern steppe

6.2.1 The following parameters are set for the heating season:

• In this region the winters are generally not as cold as on the Highveld. During the cold 

winter months of May to the end of August, solar access should be maximized.

• The use of high thermal capacity materials to ensure daytime storage of solar gain is 

advisable. The envelope should be well insulated to prevent any heat loss during the 

cold nights. Auxiliary heating during the months of June and July may be required.

6.2.2 The following parameters are set for the cooling season:

• Overheating of the interior is definitely likely in the location of the Northern steppe. 

Different cooling strategies are advisable, such as direct evaporative cooling, indirect 

evaporative cooling, comfort ventilation and nocturnal cooling.

• The use of high thermal mass with nocturnal ventilation is the most advisable. The 

disadvantages of the other strategics will be discussed in Chapter 7.

• Adequate shading for all windows should be ensured during the shading period.

• The envelope should be designed to ensure minimum heat gain during this season.

6.3 Design parameters as inferred from the Mahoney tables for the 

Northern steppe and the Highveld (as discussed in Chapter 5)

Compact planning is suggested for the individual units, especially where thermal storage is

necessary throughout the year. The designer should also try to optimize the north facing

solar exposure (Southern Hemisphere) for passive solar heating during the winter. For

both locations a compact layout of estate (planning of spacing between units) is
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suggested, since air movement is not essential. Solar access to all units in the urban 

layout of the whole estate should be ensured for the winter months.

Small window openings are suggested for both locations. A total of 10% - 20% of wall area 

is recommended1. Koenigsberger2 affirms that this is applicable when thermal storage is 

needed throughout the year and when the winter season is no longer than three months, 

which is proper to the Highveld. The openings should exclude direct sunlight during the 

cooling season, but admit solar radiation during the heating season. For this type of 

climate, the openings need no protection against driving rains. Another suggestion by 

Koenigsberger3 is that there should be no openings in western walls in subtropical and 

tropical regions.

High thermal capacity materials for external walls, internal walls and floors are required. 

These materials include solid bricks, blocks, concrete and adobe. Koenigsberger4 

maintains that a lesser thickness, down to 100mm is satisfactory, provided that it is well 

insulated on the outside. A high mass roof (concrete or brick) with substantial thermal 

capacity is suggested. This kind of roof is essential where the hot dry season is dominant 

(lasting longer than six months)5. However, if the hot season is short, a lightweight, well- 

insulated roof should be used.

In South Africa the use of high mass roofs, such as concrete, is expensive (especially for 

lower income groups) because of the cost of water proofing. All income groups commonly 

use galvanized roofs. It is therefore suggested that a lightweight roof with a good resistive 

insulation should be used in this climate. A massive roof with high capacitive insulation or 

lightweight roofs with good thermal insulation will both have the same end results.

Although the Mahoney tables do not suggest that precautions be taken with water 

drainage from roofs, one should bear in mind that thunderstorms with sudden downpours 

may occur on the Highveld. Special care should therefore be taken in the design of gutters 

and downpipes, to allow for large amounts of water. Entrances to buildings should also be 

protected against sudden downpours.

I
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6.4 Climatic design parameters for the prototype

6.4.1 Urban planning

The following should be regarded as design parameters for urban planning:

• A compact layout of estate.
• Solar access to all housing units.
• A two seasonal approach to outdoor space planning, winter and summer 

courtyards.
• Abutting units to minimize summer solar gain on west and east walls and to 

minimize winter heat loss through conduction.

6.4.2 Building design and planning

The following should be regarded as design parameters for building design and 
planning:

• A compact layout.
• No windows on west walls.
• A centralized heat source.
• Increased equatorial facing windows. The use of a double-story would increase 

the potential area.
• Provision for nighttime ventilation.
• Location of all living areas on the north side of the building.
• Adequate storm-water drainage from the roof.
• Entrances should be protected from rain.

6.4.3 Building envelope

The following should be regarded as design parameters for building envelope:

• High thermal capacity materials for walls and floors.
• A well-insulated envelope in winter.
• A lightweight roof with good resistive insulation.
• Minimum heat gain of envelope in summer.

6.4.4 Windows I

The following should be regarded as design parameters for windows:

• Very small window openings (10% - 20% of total north/south wall area).
• Minimized conduction through windows during winter nights.
• Shaded windows for the suggested shading period.
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6.5 Other design parameters

6.5.1 Planning

The following added parameters are suggested:

• Density shoud be based on density guidelines.
• Community courtyards should be planned.
• There should be no vehicular access to courtyards, except in cases of 

emergency.
• There should be incremental additions to units as owners can afford it.
• To encourage abutting units, there should be no side setbacks (unless 

specified).
• Front and back setbacks should be determined by minimum solar access.
• Plots should be individually owed.
• The maximum height should be two stories.
• With regard to structure, load bearing masonry units with concrete intermediate 

slabs is suggested.
• Roof structures should be lightweight.

6.6 Density guidelines for development

To establish a high density development, 60 units per hectare is feasible. The result would 
be a 100 m2 site with 201 for services and roads, and another 201 for recreational avenues 
and open courtyards.

Table 6.1: The potential sizes for units are as follows:
Unit Program Calculations Size 

in m2
Size in ft2

Small,
2 bedrooms

2 bedrooms, 1 lounge, bathroom 
and kitchen

• 15x3 =45
• 10.2x1 = 10.2
• 7.2x1 = 7.2
• TOTAL= 62.4 m2 x 

-10% = 56 m2

56 m2 605 ft2

Small,
2 bedrooms, 
2 room

2 bedrooms, 1 lounge, 1 dining, 
bathroom and kitchen

• 15x4 = 60
• 10.2x1 = 10.2
.  7.2x1 = 7.2
• TOTAL= 77.4 x 

-10% =70 m2

70 m2 750 ft2

Large,
2 bedrooms, 
2 rooms

2 bedrooms, 1 lounge, 1 dining, 
large bathroom, stair and kitchen

• 15x4 =60
• 10.2x2 = 20.4 
e 7.2x1 = 7.2
• TOTAL= 87.2 x 

-10% = 79 m2

79 m2 849 ft2

Large, 2 bedrooms, 1 lounge, 1 dining, • 15x5 =77.5 95 m2 1623 ft2
3 bedrooms, 
2 rooms

large bathroom, stair and kitchen • 10.2x2 = 20.4
• 7.2x1 = 7.2
• TOTAL = 105x

-10% =95 m2
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F igure 6.1 Sketch design - reconstruction

Increase the equatoria l facing windows. 
The use o f a double sto ry would  increase 
the potentia l area.

Entrances should be protected from rain.

A  two seasonal approach to outdoor 
space planning: w in te r and sum m er 
courtyards.

No w indow s on w est w alls.

C entralized heat source.

Locate all living areas on the north side o f 
the building.

L ightw eight roof w ith good resistive 
insulation.

Very sm all w indow  openings (10%  - 20% 
o f total north/south w all area).

Shaded w indow s fo r the suggested 
shading period.
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Figure 6.2 Sketch design.

Compact layout of estate.

Solar access to all housing units.

A two seasonal approach to outdoor 
space planning: winter and summer 
courtyards.

Abutting units to minimize summer solar 
gain on west and east walls and to 
minimize winter heat loss through 
conduction.

Community courtyards.
No vehicular access to courtyards, 
except in cases of emergency.

No side setbacks, unless specified (to 
encourage abutting units).

Front and back setbacks determined by 
minimum solar access.

Individually owed plots.

Incremental additions to units as owners 
can afford it.

Front and back setbacks determined by 
minimum solar access.

Maximum height of two stories.
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Figure 6.3 Sketch design

Unit A Ground Floor plan Big (3 bedroom, 2room)
Total area = 95 m2, 1623 ft2

4eeu

■ :?U23(>

W  11s

^______3«KX>
& ------^2EL

______ l3%°o
^

S Z J O O  Z O f
34^0 -34 QC  ̂

3̂2-QP

PATIO

PAT/O

cort/MUA/iry s&?6e:.

Mo«TH

118



Figure 6.4 Sketch design First Floor plan

U n i t  A  First Floor plan Big (3 bedroom, 2room) 
Total area = 95m2, 1623 ft2
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Figure 6.5 Sketch design - Section

Unit A Section
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Figure 6.6 Sketch design -  Elevations west & south

Elevations West elevation 
South ElevationUnit A
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Figure 6.7 Sketch design -  Elevations north & east

ElevationsUnit A North elevation 
East Elevation



6.7 Suggested period for maximum summer shading

Regarding the control of solar radiation the designer strives to maximize potential solar 

radiation during the winter heating season and to minimize potential solar radiation during 

the summer season. The designer has to establish dates for the start and end of the 

summer cooling period, the winter heating season and the suggested period of maximum 

shading. The period for heating and cooling will be presented in Chapter 7.

From the Bioclimatic Building Chart in Chapter 5 it is clear that the period for maximum 

shading occurs when the dry-bulb temperatures are above the minimum comfort 

temperature (21,3°C). The period for maximum shading for Pretoria, the Northern steppe 

would be for the months of September to April. The period for maximum shading for 

Bethlehem and the Highveld would be from the end of September to the end of March.

The period for maximum shading can also be represented on the sun diagrams. This 

method was developed by the Olgyay brothers6 and utilized to evaluate the performance of 

shading devices. The procedure used to indicate the maximum shading period, can be 

explained as follows:

• Determine the overheated period where dry bulb temperatures are above the minimum 

comfort temperature. The average hourly temperature for each month should be used.

• Transfer the time and dates of the overheated period to the relevant sun diagram. 

These diagrams (for each latitude in South Africa) are available from the CSIR7. Figure

6.1 shows the periods for maximum shading for Pretoria and Bethlehem. These 

diagrams will be used in Chapter 7 to determine the performance of various shading 

strategies.

The period for maximum summer shading for the Northern steppe, and in particular 

Pretoria, would be from August 28th to April 16th (Figure 6.8 A). This period will be 

symmetrical around the summer solstice if a fixed shading device is utilized (see 

discussion in Figure 7.8). The period of maximum shading for the Highveld and Bethlehem 

would be from September 23rd to March 21st (equinoxes) (Figure 6.8 B). The vertical 

shadow angles for the maximum shading periods are represented in Table 6.1.



Figure 6.1 A & B: The periods of maximum shading represented on the sun path 
diagrams.

PRETORIA

Z6* l a f  imog

BETHUEHa^.

^8* LATiru^e.

Sun path d iagram s copied from : R ichards, S.J. 1981. Solar charts for the design of sunlight and 
shade for Buildings in South Africa (Pretoria: C ouncil fo r Scientific  and Industria l Research).
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Figure 6.6: The periods for maximum shading for the Northern steppe and the Highveld 
regions.

L O C A V O * ) A U 6 1 SE/o ( o c r  | A * v D E C A f /K / V C  [ «J2VV J T H L

F K e TO ZIA
'f s* , v f , .  n. H 2, ' , 2,z Zl , t  , *? , 4

r
P e r r iL e H e f t > ■  ̂ —  .... ■

_

l_ _J SK66^,TnD PERIOD MArXiMum
+̂-h*0/r<JC'

Table 6.2: Solar angles

Period for maximum summer shading
Location Latitude Period for maximum shading Vertical shadow

angle at solar noon

Pretoria 25, 739 28 August -  16 April 40, 999

Bethlehem 28, 25 9 21 March -  23 September 38, 339

Winter solstice
Location Winter solstice Winter solstice at 9 a.m. and 3 p.m. Vertical

Vertical shadow Altitude angle Azimuth angle shadow angle
angle at solar at 9 a.m. and 3
noon p.m.

Pretoria 40,999 24,319 45,389 32,759

Bethlehem 38,339 22,529 44,619 30,229
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| 1 Koenigsberger, O.H., Ingersoll, T.G., Mayhew, A. and Szokolay, S.V. 1973. Manual of
'  Tropical Housing and Building. London: Longman Group Limited, p. 239.

2 Ibid. 262.
I 3 Ibid. 262.
| 4 Ibid. 262.

5 Ibid. 252.
I 6 Olgyay, V. and Olgyay, A. 1957. Solar Control and Shading Devices. New Jersey:

Princeton University Press, p. 78.
7 Richards, S.J. 1981. Solar charts for the design of sunlight and shade for Buildings in 
South Africa (Pretoria: Council for Scientific and Industrial Research).
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CHAPTER 7 ENERGY CONSERVATION STRATEGIES

7.1 Introduction: Energy conservation strategies and passive design

The heating and cooling of a building occurs naturally, without intervention of any 

design or systems. The building heats up during the day and cools down during the 

night. Due to the absorption of solar radiation and internal gains of the building, the 

average daily indoor temperature caused by heating and cooling can rise above the 

average daily outdoor temperature. During summer (cooling season) energy 

conservation strategies attempt to minimize the rise of the average daily indoor 

temperature. If we however require the average daily indoor temperature to be 

lowered below the average daily outdoor temperature, we need to introduce “cooling 

energy”, which is supplied by an active or passive system1. During winter, energy 

conservation strategies aim to minimize the conduction of heat through the building. 

If the outdoor temperature is far below the indoor comfort zone (and indoor 

temperatures fall below the comfort zone), additional energy has to be added 

through passive or active design strategies.

Energy conservation strategies are also referred to as energy efficient design. The 

aim of energy conservation strategies is to conserve heat energy in winter, and to 

“conserve coolness” (keep heat out) in summer. During both seasons the bioclimatic 

designer strives to minimize heat gain or loss through architectural design, envelope 

design, and outdoor design.

7.1.2 Energy conservation strategies for minimizing heat gain or loss

GROUP DESIGN STRATEGIES
1. Architectural design and Compactness

planning Zonal and functional distribution 
Heat sources - planning issues 
Shading

2. Thermal envelope Insulation 
Material choice 
Infiltration
Condensation & moisture control

3. Outdoor design Groundcovers
Site evaporative cooling
Planting next to building
Reduction of solar radiation
Provision of solar access to outdoor areas
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7.2. Architectural planning and design

7.2.1 Compact design

a) Surface to volume ratio (SVR)

The first objective in the design process is to make the building as compact as 

possible. This objective is best achieved by establishing a very small surface to 

volume ratio2. The surface to volume ratio expresses the relationship of the 

outdoor exposed surface area to the volume of the enclosed space. For 

example: Both houses in Figure 7.1 has the same volume of 600m3, but house 

2 has a surface area that is 31 % larger than house 1. The smaller the surface to 

volume ratio, the better the thermal performance in colder climates.

Some other vital statistics of house 1 and house 2 should also be considered. 

Although both houses have the same north vertical exposure, house 2 has 

double the roof area of house 1. This means that house 2 could loose twice the 

amount of heat through the roof on a cold winter night, and gain double the 

amount of heat through the roof on a hot summer day, when compared to 

house 1.

Good thermal design tries to minimize the exposed surface area. By sharing 

walls between housing units, the outward heat conduction in winter, and the 

inward heat conduction in summer can be greatly reduced. The example in 

Figure 7.2 indicates that the relative exposed surface area of a unit is reduced 

with 21% where it is abutted by a second unit, and as much as 32% where 

there are six abutting units3.

b) Surface to floor area ratio (SPAR)

Another indication of the compactness of a design is the surface to floor area 

ratio (SFAR). SPAR is a ratio indication of how much usable space the designer 

has created in relation to the amount of surface area4. For example: Both unit A 

and B in Figure 7.3 have the same surface area, but unit B has double the 

amount of floor space compared to unit A. A small SFAR is an indication of 

how well the designer has occupied the volume of the building with floor area. A
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skillful bioclimatic designer should thus put forth effort to minimize excessive 

volume, without compromising the spatial qualities of the building (Figure 7.4).

Figure 7.1 SFR Surface to volume ratio

tit>Ui>6 4-

Figure 7.2 SFR Surface to volume ratio

eeiKT ive sueFAce 
AfieA Pen.uwfr
Fences FetxxT/cr4

Copied from: Lechner, N. 1991. Heating, cooling, lighting. Design methods for 

architects. New York: John Wiley & Sons, p. 354.
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Figure 7.3: Surface to floor area ratio

Figure 7.4: Minimize excessive volumes in buildings
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7.2.2 Thermal zoning of buildings

According to the diurnal and seasonal patterns of the climate, the designer has to 

decide on where certain functional areas will be placed. On the Highveld and 

Northern steppe regions the most important aspect is to place the living room and 

bedrooms in relative relation to the path of the winter sun. The utilizing of solar gain 

to heat these areas during winter will minimize the need for active heating. The 

rooms that should take first preference are the living rooms and subsequently the 

bedrooms. The kitchen can be placed on the south side, because cooking and 

refrigeration generate large amounts of internal heat. The kitchen and breakfast 

area can also be placed on the east side, to gain the benefit of the early morning 

sun.

Utility rooms, storerooms, bathrooms, garages, passages and closets should be 

placed on the south or west side of the house. Spaces like these can serve as buffer 

zones between the hot summer afternoon sun and the living spaces (Figure 7.5 

A&B). The designer should however take heed of late afternoon summer sun 

(Figure 7.5 D). During winter these zones act as buffers to outward heat conduction.

Where the garage space is internal to the plan, the shared wall between the garage 

and the house space should be constructed as an external wall (Figure 7.5 E). The 

door between these two spaces should be properly weather stripped and of similar 

thermal resistance to other external doors. Garage roofs and walls are usually 

unsatisfactorily insulated, which as a result can easily lead to overheating and 

underheating. Thermally uncomfortable spaces that are improperly isolated from 

thermally comfortable spaces can have a negative impact on the thermal comfort.
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Figure 7.5 A, B, C, D & E: Functional distribution and zoning
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a) Subdivision of interior to create different heating and cooling zones

In passively or mechanically heated houses, heated airs can exfiltrate to colder, 

under-utilized rooms. Care should be taken to secure heated rooms with well-sealed 

doors or partitions. In multi-leveled spaces heat will rise to highest ceiling level, 

causing a stratification of cold air to hot air (from the bottom to the top), th e  upper 

levels of the space may be overheated while the lower levels may be under-heated 

(Figure 7.6 A). During winter months, different zones in one volume should be 

sealed from one another via doors or partitions in order to restrict the stratification of 

air (Figure 7.6 B)5.

Horizontal partitioning maintains an even distribution of temperature in multi-storied 

houses. This is of particular importance during wintertime, when heat gained 

through north-facing windows may rise to the top story through open stairwells 

(Figure 7.6 C) 6. This can cause cold and uncomfortable conditions downstairs and 

overheated conditions upstairs. Providing a door at the staircase will control upward 

heat-flow during winter.

As a general rule it is good policy to partition a dwelling in winter into cells that can 

be closed, in order to control air movement.

b) Centralized heat sourcing

The use of solid fuels like wood, low-grade coal and anthracite for space heating in 

South Africa is still very common. Coal, wood and anthracite are used in stoves, 

heaters and fireplaces (Figure 7 A & B). Wood is still predominately used in rural 

areas, while coal is used in urban and adjacent areas7.

Various energy sources can be used for space heating. These include electricity, 

hydrocarbon fuels and renewable resources, such as solar radiation. Heat sources 

inside the home include heaters, ovens, stoves, fireplaces, and hot-water heaters. 

These particular heat sources should be located next to the mass interior walls 

(Figure 7C). Heat sources located next to exterior walls lose large measures of 

usable heating energy to the outside. Extraction fans could remove unwanted fumes 

and odors from heat sources, such as stoves and gas heaters.
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Figure 7.6 A, B & C: Subdivision of volume
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c) The planning and design of an internal fireplace

Fireplaces are still an integral part of homes in South Africa. These fireplaces are 

used for space heating and in some areas8 for cooking. The performance of a 

constructed masonry fireplace depends on the design and proportions of the firebox 

opening, throat, flue and chimney height.

• Components of a open fire place (Figure 7.8 A, B)9

i) The firebox is the area where the actual fire is made. In order for the 

fireplace to function properly, the area of he firebox should be in 

proportion to the flue sectional area.

ii) The throat and the damper are above the fireplace. The damper is 

used to control the draught to the chimney. The sectional area of the 

throat should at least be 90% of the flue sectional area.

iii) The smoke-shelf is a horizontal, concave shaped shelf, extending 

from the damper to the back wall. In the early stages of the fire, cold 

draughts are directed downwards, thus forcing smoke back into the 

firebox. By directing smoke upward with the rising heat, the smoke- 

shelf prevents these cold draughts from entering into the firebox 

(Figure 7.8 C). The smoke-chamber shares the same function as the 

smoke-shelf.

iv) The flue and flue lining is situated above the smoke chamber and 

forms part of the chimney.

• Materials

For masonry fireplaces the firebox should be constructed out of clay brick, a 

dense solid concrete block, stone or adobe. Concrete, hollow blocks should 

not be used for the firebox or lining of the flue. The use of fire clay-mortar is 

suggested for laying firebricks in the firebox and smoke-chamber. The flue 

should be lined with a flue lining such as pre-manufactured fiber-cement 

products, fireclay-mortar, firebricks or metal. Metal flues, dampers and 

fireboxes are commercially available. •

• Proportions of the firebox to the flue sectional area and chimney height 

The performance of an open masonry fireplace depends on the proportioning 

of the firebox opening to the sectional flue area to the chimney height (Table 

7.2, and Figure 7.8 A &B).

I
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Table 7.2: The proportions of open masonry fireplace

Dimensions

Width From 500mm to 2000mm (20” to 30”)

(Narrow fireboxes will operate better than wider boxes).

Height 2/3 to % of the width

Depth 1/2 to 2/3 of the height

Flue sectional area • 1/10 of the firebox opening, if the chimney is over 4.5 

meters high

• 1/8 of the firebox opening, if the chimney is lower than 4.5 

meters

• Where the firebox is large, the sectional area can be up 

to 1/12 of the firebox opening.

• Where the firebox is open to both sides, the firebox 

opening should be multiplied by two to establish the area.

For a fireplace with a width of 500mm and a height of 375mm, the depth should be 

at least 250mm, and the flue size 137 x 137mm (or 155mm in diameter).

• Other important details

i) When air is warmed in the fireplace, it rises and escapes through the 

chimney and is replaced by other warm air from somewhere else in 

the room. Hence all the warm air of the room escapes through the 

chimney, while cool air from the outside infiltrates through cracks and 

windows. Metal fireplaces that are available today, allow the air in the 

room to circulate around the firebox, while air needed for the 

combustion of the fire is drawn from the outside (Figure 7.8 D). The 

same principle is applied in Figure 7.8 A.

ii) An open fireplace should utilize a grate to make the fire in. The fire 

material will burn far more effectively in a grate than, on the surface of 

the firebox10.
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Figure 7.7 A, B & C: Centralized heat sources
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Figure A and B copied from: Holm, D. & Viljoen, R. 1996. Primar energy conscious housing. 
Pretoria: Department Minerals and Energy, p. 21.
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Figure 7.8 A, B, C & D: Masonry fireplaces
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Figure A, B & C adapted from : Lytle, R.S. and Lytle, M. 1977. Book of successful fireplaces. 
Tw entieth  edition. Farm ington: S tructures Publish ing Com pany.
Figure D copied from : Lechner, N. 1991. Heating, cooling, lighting. Design methods for architects. 
New York: John W iley & Sons, p. 354.
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7.2.3 Shading

a) Diffuse and reflected component of radiation

When planning the design strategies for the building, the designer should take note of 

all three components of solar radiation, i.e. the direct, diffuse and reflected components. 

The direct component can as a rule be excluded in the cooling season and admitted in 

the heating season by an external-shading device. The diffuse component is more 

difficult to deal with, because of its large exposure angle11. It can however be controlled 

with the use of inside blinds, shutters, or different glazing types that exclude a 

percentage of the visible light spectrum. The position of a horizontal shading device 

above the window also affects the diffuse radiation component. When the fixed 

overhang is placed higher above the opening, the diffuse component to the window is 

increased (Figure 7.9 B). In humid climates where a large part of the radiation is 

diffused, the shading device should be placed directly above the opening12.

The best way to control the reflected component13 is to reduce the reflectivity of 

offending surfaces. Plants, ground covers, paving as well as different color wall 

surfaces can be used to reduce the amount of solar radiation reflected off these 

surfaces (Figure 7.9 C). Not all of these surfaces should have dark absorbing colors, as 

this will increase the mean radiant temperature of the outdoor as well as the indoor 

surfaces. Yet, where light surfaces cause high levels of reflected radiation into 

windows, these strategies could provide a solution.

b) The direct component

Using an external-shading device best controls the direct component. The general 

principle of the design of shading device is to intercept the solar radiation before it 

enters the building during the cooling season. During the heating season, the shading 

device has to allow winter sun into the building.

The shading period (as suggested in Chapter 6) is dependent on the climate as well as 

the type of building. When dealing with internal dominated buildings, the shading period 

will be longer than that of envelope dominated buildings14. Internal dominated buildings
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(schools, offices, auditoriums, theaters, and factories, etc.) gain the largest percentage 

of their heat from the inside of the building. This is on account of people, equipment and 

lights. Because of this added internal gain, the heating period is also much shorter. 

Envelope dominated buildings (houses, small offices, housing apartments, small 

educational facilities), gain the largest percentage of their heat through the envelope of 

the building as a result of the climate. It is therefore not necessary to extend the 

shading period beyond the suggested period as discussed in Chapter 6.

c) Types of shading devices

When designing shading devices the following factors should be taken into 

consideration:

• Length and depth of shading provided by the device (based on the horizontal and 

vertical shadow angles).

• Position and orientation of the device. Different orientations result in different types 

and shapes of devices.

• Aesthetic consideration, both from the outside and the inside.

• Daylight considerations: the color and reflectivity the device.

• As for material choice, the following should be considered:

a) Structural considerations: Wind-loads, rain-loads and snow-loads.

b) Thermal requirements: Material with either high or low thermal capacity. A light 

material made of low thermal capacity components would be more appropriate for 

the Highveld and Northern steppe.

i) Material cost.

ii) Maintenance cost.

There are two types of shading devices available: fixed and moveable shading devices. 

Fixed shading devices are designed to be effective between two dates symmetrical 

around the summer solstice (Figure 7.12 A). Movable shading devices can be extended 

or retracted according to the length of the thermal season (Figure 7.12 B). Different 

types of fixed and movable shading devices are illustrated in Figures 7.10 and 11.
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Figure A copied from : Szokolay, S.V. Environmental Science handbook for architects and builders. 
1980. Lancaster: The  C onstruction Press, p. 310.
Figure B copied from : Lechner, N. 1991. Heating, cooling, lighting. Design methods for architects. 
New York: John W iley & Sons, p. 354.
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Movable shading devices:

Different types of movable shading devices are available on the market. Their 

adjustment control can vary from very simple hand- adjustable mechanisms to fully 

motorized computer controlled mechanisms. One type of computer controlled shading 

devices adjusts the aperture (depending on the amount of solar radiation or daylight 

available) by way of photometric sensing. The second type of computer controlled 

shading devices adjusts according to a preprogrammed schedule based bn the 

apparent movement of the sun during the sky. The computer-controlled devices grant 

the designer the option to extend the shading period according to the thermal season.

In spite of that, these devices are expensive and reliant on maintenance of the software 

and hardware by trained professionals. Other more readily available strategies which 

are still fairly inexpensive, include movable shade cloths, awnings and the planting of 

deciduous trees and vines (Figure 7.12 C).

7.2.3.1 The design of shading devices for the prototype:

a) North facing windows

• Provided the overhang is placed above the window opening, a certain portion of the 

window will always be in shade (Figure 7.13 A). If windows are designed for optimal 

solar exposure during the heating season, the overhang should be placed higher 

above the window, to allow the sun to penetrate for the duration of the entire 

heating period. The full sun angle can be calculated (Figure 7.13 B) after the full 

shade angle has been determined and the shading device placed. The full sun 

angle is the angle that will allow the window to be in full sun with the presence of the 

shading device (Figure 13 B). The designer should ensure that the window would 

receive maximum solar gain during the under-heated period. Figures 17.17 & 17.18 

indicate the calculation of the full shade angles and the full sun angles for Pretoria 

and Bethlehem respectively.

• A horizontal overhang should be designed to allow the vent of hot air trapped under 

the overhang (Figure 7.13 C).

• Where the projecting distance beyond the window is limited, horizontal louvers in 

the vertical plane should be utilized (Figure 7.13 D).
• The overhang should extend beyond the width of the window. Alternatively, vertical 

fins should be employed (Figure 7.14).
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Figure 7.10: Fixed shading devices

i
Descriptive Name

Best
Orientation Comments

Overhang South, Traps hot a ir
Horizontal panel East, Can be loaded by

West snow and wind

ii Overhang South,
Horizontal louvers in East,

horizontal plane West

Free air movement 
Snow or wind load is 

small

HI Overhang South,
Horizontal louvers in East,

vertical plane West

Reduces length of 
overhang 

View restricted 
Also available with 

m iniature louvers

IV

V

Overhang South, Free air movement
Vertical panel East, No snow load

p

West View restricted

Vertical fin East, West, Restricts view
North For north facades in 

hot climates only

VI
;

Vertical fin 
slanted

East, West Slant toward north 
restricts view sig
nificantly

VII Eggcrate East, West For very hot climates 
View very restricted 
Traps hot air

VIII

%
Eggcrate with 

slanted fins
East, West S lant toward North 

View very restricted 
Traps hot a ir 
For very hot climates

Copied from: Lechner, N . 1991. Heating, cooling, lighting. Design methods fo r  architects. New  York: 

John W iley  &  Sons, p. 354.
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Figure 7.11. Movable shading devices

Best
Descriptive Name Orientation

Overhang
Awning

South, east, 
west

Overhang 
Rotating horizontal 

louvers

South, east, 
west

East, west

Eggcrate East, west
Rotating horizontal 

louvers

East, west, 
southeast, 
southwest

XIV Exterior roller 
shade

East, west, 
southeast, 
southwest

Comments

Fully retractable for 
storms or winter 

Traps hot air

Can also restrict winter 
sun if desired

Much more effective 
than fixed 

Less restricted view 
than slanted fixed fins

More effective with less 
view restriction than 
fixed eggcrate 

For hot climates

View restricted but 
attractive 

Air cooled

Very flexible from com
pletely open to com
pletely closed 

View very restricted at 
times

Copied from: Lechner, N. 1991. Heating, cooling, lighting. Design methods for architects. New 
York: John Wiley & Sons, p 354.



Figure 7.12 A, B & C Fixed and movable shading devices
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Copied from Lechner, N . 1991. Heating, cooling, lighting. Design methods fo r  architects. N ew  York: 
John W iley  &  Sons, p. 354.

146



Figure 7.13 A, B, C & D: Principles of design of horizontal overhangs
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Copied from: Lechner, N. 1991. Heating, cooling, lighting. Design methods for 

architects. New York: John W iley & Sons, p. 354.
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Figure 7.14: Principles of design of horizontal overhangs

3  *

Copied from: Lechner, N. 1991. Heating, cooling, lighting. Design methods for 

architects. New York: John Wiley & sons, p. 354.

b) The period for maximum shading

The period for maximum shading can also be represented on the sun diagrams. This 

method was developed by the Olgyay brothers15 and utilized to evaluate the 

performance of shading devices. The procedure that is used to indicate the maximum 

shading period, is as follows: •

• Determine the overheated period where dry-bulb temperatures are above the 

minimum comfort temperature. The average hourly temperature for each month 

should be used.

• Transfer the time and dates of the overheated period to the relevant sun diagram. 

These diagrams are available for each latitude from the CSIR16 in South Africa.

Figure 7.15 presents the periods for maximum shading for Pretoria and Bethlehem. 

These diagrams will be used to determine the performance of different shading 

strategies.
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The period for maximum summer shading for the Northern steppe, Pretoria, would be 

from August 12th to May 1st (Figure 7.15 A). This period will be symmetrical around the 

summer solstice where a fixed shading device is utilized (see discussion in Figure 7.8). 

The period

Figure 7.15: Period of overheating for Pretoria and Bethlehem (indicated on the shading 
diagram). „  , , , ,

n peeroe/A. 
SUN DiP<>r Aw\

t-AT)TW De

a Bethlehewn

Sun-d iagram s copied from : R ichards, S.J. 1952.Solar charts for the design of sunlight and 
shade for buildings inSouth Africa R/BOU 401. (Pretoria: C ouncil fo r S cien tific  and Industrial 
R esearch, National Build ing Research Institute, 1981).
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of maximum shading for the Highveld, Bethlehem, would be from September 16th to 

March 28th, (Figure 7.15 B). Two curves are represented on the sun diagram. The first 

curve represents the dates during the period December to May while the second curve 

represents the period from June to November.

c) Shading strategies for north facing windows:

Careful assessment of the performance of the horizontal-shading device for the north

facing window in Pretoria reveals that the overhang would not be satisfactory. The 

horizontal overhang cannot be extended further because this would exclude substantial 

penetration of the winter sun during the heating season. The combined use of a 

horizontal overhang and a vertical fin would render the best results (when having to deal 

with the overheated period between 3 p.m. and 6 p.m. (Figure 7.16 A). A vertical fin that 

will exclude sun from -90° (west) to the horizontal shadow angle of -65° (west of north) 

would be satisfactory (Figure 7.16 A and Figure 7.17).

For Bethlehem the use of vertical fins to prevent afternoon overheating is unnecessary, 

for the reason that the horizontal overhang will provide shading for the entire 

overheated period (Figure 7.16 B).
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Figure 7.16: Shading masks, A (Pretoria) & B (Bethlehem)
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Figure 7.17: Vertical fins for north facing windows for Pretoria.
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Figure 7.18: The design of overhangs and horizontal shading devices for north facing 
windows for the prototype in Pretoria.
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Figure 7.19: The design of overhangs and horizontal shading devices for north facing 
windows for the prototype in Bethlehem.
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Figure 7.20 Vertical shading devices for south facing windows to deal with the 
overheated period.
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d) Shading strategies for south facing windows:

During the summer months overheating in the afternoons (after 3 p.m.) occurs on the 

south-facing facade. The sun position is south of west, and thus penetrates openings 

that are on the south facade (Figure 7.15). The use of vertical shading devices to block 

the west, southwesterly sun would solve the problem (Figure 7.20). The horizontal 

shadow angle that will exclude sun from the opening would be -65° (west) or even -70° 

(west).

One of the most simple strategies to utilize, is to keep the windows on the south facade 

as narrow as possible, especially in spaces like kitchens and bathrooms (Figure 7.21 

B). When using cavity walls the deep recess of the window opening helps to create a 

deep enough vertical to block out late afternoon sun. For windows that are wider than 

400mm, a vertical fin (similar to those on the north facade) could be used (Figure 7.21 

A).
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Figure 7.21 A & B: Shading strategies for the south facing windows of the prototype.
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Figure 7.22 A & B: Shading strategies for east facing windows.
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Figure 7.23 A & B: Shading strategies for east facing windows on the Northern steppe
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e) Shading strategies for east facing windows of the prototype:

Overheating of east facing windows on the Northern steppe (Pretoria), is possible in the 

middle of the summer (December to February) from 10 a.m. (Figure 7.15 A & Figure 
7.22 A). Thus for east facing windows of zones occupied during the morning, care 

should be taken in the design of the opening.

For the Highveld the period of overheating in the morning is generally short, and the 

temperatures are seldom above 23°C before 12 noon, (Figure 7.15 B & Figure 7.22 B). 

Thus for locations on the Highveld the design of a shading device for the overheated 

period for east facing windows of the house is not essential. If however east facing 

rooms are occupied, and daylight consideration is of importance, care should be taken 

in the design of a shading device.

For locations on the Northern steppe the following strategies for shading of east 

windows are can be applied:

Provided the designer has the option, windows on the east-facing facade should be 

oriented towards the northeast. Figure 7.22 indicates the shading mask of a horizontal- 

shading device that is oriented towards the northeast. It shows that the overheated 

period (without the use of vertical shading devices) is covered with the same depth of 

horizontal overhang as the north facade. The use of a northeast-facing window with a 

horizontal overhang with the same depth as the north facade, would therefore be an 

affective shading strategy. Figure 7.23 B indicates the positioning of the window for an 

east situated kitchen.

For due east facing windows, the most important overheated period to address is for 

the months of October to March, for the hours from 10 am to 12 noon. On the Northern 

steppe the temperatures before 10 a.m. are normally below 23°C. The use of a 

horizontal overhang with the same depth as for those of north facing windows would be 

appropriate. From Figure 7.22 B it can be seen that this strategy is only effective from 

approximately 10 a.m. in the morning. The use of vertical fins is also practical, but
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unessential. Figure 7.23 A shows the use of an overhang and pergola on the eastern 

facade at the end unit in the row of clusters.

The planting of deciduous trees and the use of trelliswork in front of east facing 

windows, is another practical strategy for dealing with overheating of east facing 

windows during summer.

f) Shading strategies for west facing windows:

Designers should on the whole avoid placing windows on west facades. Since the 

overheated period is extensive both during the number of hours per day and the length 

of the overheated season, it is difficult to design shading devices that can cover the 

entire overheated period without covering the window completely. The overheated 

period is normally from 12 noon till after 6 p.m. for most of the summer on the west 

facing part of the building. A strategy such as the utilization of a reflective glazing- 

curtain in front of the window is another possibility to consider. This strategy is however 

expensive to employ.

Where the designer needs to design a shading device for a west-facing window, an 

egg-crate type device could be utilized. This type of devices employs both horizontal 

and vertical members to shade the window. Figure 7.24 A illustrates the shading mask 

for a typical egg-crate device. As can be noticed from the figure, this device would only 

effectively shade the window until approximately 5 p.m. during summer.

After 5 p.m. the window will receive a certain amount of sun. Figure 7.25 illustrates this 

type of shading device.

Vertical fins could also be employed successfully as can be seen from Figure 7.24 B. 
This type of shading device will only allow light from the south to penetrate the space. 

This type of shading device could also be utilized on east facing windows (Figure 7.26).
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Figure 7.24: Strategies for shading west facing windows
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Figure 7.25: Egg-crate device for west facing windows.
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Figure 7.26: Vertical fins for west facing windows
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7.2.4 Envelope design

7.2.4.1 Heat flow and envelope building

A building can be considered as a thermal system with a series of heat inputs and 

outputs {Figure 7.27). The envelope of a building separates the indoor space from the 

external environment. The element modifies the effect of climatic variables such as 

temperatures,

humidity, wind, solar radiation and snow17.

Figure 7.27: Heat flow through building envelopes
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The following equation determines the inputs and outputs of heat in the thermal system 

of a building:

Qi + Qc + Qs + Qv + Qe = 0 Thermal balance

where: Qi + Qc + Qs + Qv + Qe > 0 The inside temperature is increasing
where: Qi + Qc + Qs + Qv + Qe < 0 The inside temperature is decreasing

where Qi = Internal gain Qc = Conduction gain or loss Qs = Solar gain

where Qv = Ventilation gain or loss Qe = Evaporative heat loss

There are three different mechanisms that control heat flow through building elements. 

Therefore there are three types of insulation, namely reflective insulation, resistive 

insulation, and capasitive insulation.18

a) Reflective insulation

Reflective insulation is usually used in cavities or air spaces where heat transfer occurs 

through radiation across the space. A shiny material (e.g. aluminum) with low 

absorption and low emittance is a good reflector. Reflective insulation in contact with 

another material has no effect, due to heat flow that occurs through conduction and 

therefore is not be reflected (Figure 7.28).
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b) Resistive insulation

This type of material has a very low thermal conductivity value. A good resistive 

insulation contains large numbers of still air pockets, since air has a very low 

conductivity. The different types of resistive insulation will be discussed in the next 

section19.

c) Capacitive insulation

Reflective and resistive insulation respond to temperature changes instantaneously, 

while capasitive insulation responds to temperature changes over a longer period of 

time20.

Thermal capacity of material relies on the specific heat and mass of a material. The 

specific heat is the amount of energy needed to cause a unit temperature increase of a 

unit mass of a substance, measured in J/kg°C. Water has the highest specific heat of 

4187 J/kg°C. Compared to any other material; water will absorb the most energy before 

a rise of one degree will occur in temperature. Volumetric heat (indicated with J/m3 °C.) 

is as a rule used for gasses. Air has a volumetric heat capacity of 1300 J/kg°C (varying 

with air pressure and humidity)21.

i) Mass effect of building elements

When materials with a high specific heat and high mass (high thermal capacity) 

are utilized, heat transfer from the cold to the warm side is a slow process. From 

the cold side of the wall, particles absorb some of the heat and transfer some of 

it to the next particle. A considerable amount of heat is subsequently stored in 

the wall, causing the delayed effect of the heat flow. This stored heat can be 

emitted to the inside several hours after it was absorbed from the outside.

As the outside air temperature starts to decrease, the wall is still releases some 

heat to the inside. At the same time, some heat is also released to the outside. 

Later during the night, when the wall temperature falls below room temperature, 

the heat flow will be reversed and heat will flow from the inside to the outside.
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This periodical heat flow through walls, roofs and floors has two very important 

characteristics, namely:

• decrement factor (p) and time lag (<|>).

Figure 7.29: Periodic heat flow through building material.
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Copied from: Koenigsberger, O.H., Ingersoll, T.G.,Mayhew,-A. & Szokolay, S.V. 1973. Manual of 
tropical housing and building. London: Longman Group Limited, p. 69.

The decrement factor is the amplitude attenuation and time lag is the phase shift, 

indicated in hours (Figure 7.29).

ii) Desirable time-lag

It is important for the designer to choose the appropriate material that will 

yield the correct time lag. Occupants often complain that the interior of a 

west wall overheats during the evening, causing discomfort. The use of 

high thermal mass with the correct amount of time lag will prevent the 

overheating of surfaces during the early hours of the evening.
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During the sketch design an analysis of the diurnal cycle of solar radiation on major 

I surfaces can provide the designer with certain guidelines to determine the desirable

time lag. The designer should first establish a design hypothesis, concerning orientation 

i of surfaces, location of living areas and bedrooms, and surface finishes (for the

I calculation of absorption). The following criteria should be taken into consideration in

, the design of wall surfaces for the prototype with regard to time lag (Figure 7.30):

Figure 7.30: Prototype consideration regarding the Considerations 
time lag.

• Exposed west walls of living 
spaces at the end of a row of 
housing units.

Exposed east walls of living 
spaces located at the end of a 
row of housing units.

Exposed south walls of living 
areas. South walls receive as 
much direct solar radiation 
during summer as north walls, 
during the early morning and 
late afternoon.

North walls receive solar 
radiation for the longest period 
during the day.
All of the living spaces are 
located on the north side of the 
building.

The following method for establishing the desirable time lag is suggested by Szokolay22

• Graph the hourly temperature for the hottest month of the year (January) for a 24- 

hour period. Obtain the hourly irradiate values for each surface.

• Calculate the sol-air excess temperature, for each hour, for each surface.

Sol-air excess temperature = irradiance x absorptivity / surface coefficient

• Add these values to the air temperature.
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• Determine the time in hours between the maximum sol-air excess temperature and 

the lowest comfort limit at night. This value represents the desirable time lag 

suggested.

By means of the graphs the designer should evaluate each of the desirable time lags 

{Figure 7.21). The east wall demands a time lag of 15 hours. Here the designer has to 

decide whether the heat is required later that night or not. The designer can decide on a 

15-hour time-lag element or a quick response thermal element. Quick thermal response 

elements will typically have a time lag of two to three hours. For this housing prototype, 

a quick thermal response element would release heat to the bedrooms earlier in the 

morning, causing these rooms to cool down for evening use.

For the west wall surface, a time lag of seven hours is advisable. The graph shows that 

the wall will typically reach its highest outdoor surface temperature at 5 p.m.

For the north wall surface, the maximum sol-air excess temperature occurs at 5:30 p.m. 

A time lag of at least six and half-hours is advisable.

A common fallacy is that designers often think that the south wall (Southern 

Hemisphere) is only exposed to small amounts of solar radiation. The south facade of 

the building can however receive two to three times more solar radiation for the first and 

last four-hours of the day, than the north facade. For the exposed south facade, a six 

and half-hour time-lag element is advisable.

Careful consideration should be given to all walls exposed to the west. Whereupon it is 

not possible to provide a wall with the desirable time lag, the west wall should be 

properly shaded to avoid a rise in the sol-air excess temperature.

170



Figure 7.31: Estimation of desirable time-lag for different orientations of wall surfaces 

for Pretoria.
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Figure 7.31: Estimation of desirable time-lag for different orientations of wall surfaces 

for Pretoria:
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Table 7.3: The following wall elements will yield these time lags

Element Thickness Time-lag Decreme 
nt factor

Stabilized earth 200mm (± 8") 5.2 0.24
300mm(± 12”) 8.1 0.12

Clay bricks, single skin 220mm(± 9”) 6.1 0.54
Single skin with plaster 220mm(± 9”) 6.5 0.49
Single brick, cavity, single brick and plaster 270mm(±

10.5”)
7.7 0.44

Concrete masonry units
Solid unit and plaster 200mm (± 8”) 6.8 0.35
Hollow unit and plaster 100mm(± 4”) T .4 0.89
Hollow unit and plaster 200mm (± 8") 3.0 0.83

In-situ cast concrete (formed an placed)
Concrete, dense, cast 150mm (± 6") 4.0 0.7

200mm (± 8”) 6.1 0.2
300mm(± 12”) 9.2 0.09

Adapted from: Szokolay, S.V.1987. Thermal design of buildings. Canberra: RAIA Education 

Division, p 65.
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* The time-lag (hours) can be calculated by the following formula:

Time-lag = 1.38 (thickness in feet) Heat capacity/conductivity (for British Thermal 

Units)

* The general rule of thumb for massive masonry, earth, and concrete walls, is that the 

time-lag equals 10 hours for every 0.3 meters of thickness23.

7.2.4.2 Design for direct gain walls

Direct gain walls are “charged” from the inside -  in other words, heat is gained from 

equatorial facing windows and absorbed and stored in mass walls, floors and slabs 

from inside the space (Figure 7.22). In case of thermal storage walls, heat is gained 

through an equatorial facing glass window placed in front of the mass thermal storage 

wall. The accumulation, absorption, storage and distribution of solar gain occur from 

outside the space. In this case heat is transferred through the wall (or by convection) to 

the space (Figure 7.32).

Since the mode of thermal transfer differs between the direct gain system and the 

thermal storage wall system, construction also differs slightly. With thermal storage wall 

systems, the walls are solid and massive. Wall cavities should be grouted to increase 

the storage capacity of these walls (Figure 7.32). If moveable night insulation is used, it 

is generally applied in the cavity between the glass collector and the mass wall, or to 

the exterior of the glass collector. Moveable night insulation will prevent excessive heat 

loss during cold winter nights.

Direct gain systems utilize solar gain that enters through collectors (skylights, windows, 

and clerestory windows), and heats all the elements (furniture, walls, floors, ceilings 

etc.) in the surrounding space. This absorbed gain is converted to heat and released to 

the air in the space, or stored in the material (depending on the thermal capacity of the 

material). High thermal capacity materials such as concrete, concrete masonry units, 

clay bricks, adobe and rammed earth are excellent storage elements for direct gain 

systems.
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a) Thermal mass and insulation

The thermal performance of high thermal capacity building elements is significantly 

improved with the use of insulation. During winter nights when the thermal mass has 

released all of its heat to the inside (and some to the outside), the wall temperature falls 

below the space temperature and heat flow is reversed to the outside. The use of 

insulation reduces outward conduction during cold nights. This means that the building 

can retain more heat during the night, improving the capacity of heat storage of the 

structure. During the summer months, a good resistive insulation will resist inward heat 

flow due to conduction. For direct gain walls insulation can be applied to the outside of 

the mass, or in the cavity of the wall. Where rigid insulation is applied, a minimum of 

25mm (1”) airspace is required in the cavity. Where loose insulation is applied in a 

cavity, no airspace is required (Figure 7.33).

b) Cavity walls

Building, elements often incorporate airspace, for example cavity in masonry walls, attic 

space; ceiling spaces and airspace in stud wall partitioning. An unventilated cavity will 

provide added insulation when compared to a solid wall (Tab/e 4). The wall with the 

cavity has almost twice the resistance than a wall without the cavity.

Table 7.4: The resistance of cavity walls and solid walls

Construction Resistance (R- Value), m2 
degC/W

Solid brick wall, 228mm , 0.37
Solid brick wall with 50mm cavity, 278mm, without plaster 0.58
Solid brick wall, 228 with inside plaster 0.48
Solid brick wall with cavity, 260mm , with plaster inside 0.78

Heat transfer across cavities occurs through convection, radiation and conduction 

(Figure 7.33). Appropriate to sealed cavities, virtually, all the heat transfer (60-65%) 

occurs through radiation24. The resistance of the airspace can consequently be further 

improved by reducing the radiant component of the heat transfer. A possible solution is
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to decrease the emissitivity of one or both of the surfaces by facing them with a bright 

metal foil.25. This is however not always as practical to utilize in a building of masonry 

walls. The inside or outside skin should first be built and the wall should be lined with 

the reflected foil. Next, the opposite skin should be completed. (The reflected foil does 

nonetheless increase thermal resistance: See Table 7.5).

Table 7.5: Thermal resistance of cavity walls with inside reflected foil surface.

Construction Resistance (R- Value), m2 
degC/W

Solid brick wall with 50mm cavity 0.58

Solid brick wall with 50mm cavity, with reflected foil 0.76

The width of the cavity has an effect on the thermal performance of the wall. The 

minimum thickness for a cavity in a wall is 19mm (%”)26. The thermal conductance for a 

7mm (%") cavity is 30% higher than that of a 19mm wall cavity. For a thickness greater 

than 19mm (%”) and up to 100- 150mm (4”-6”), the conductance is reasonably similar 

(Table 7.6).

Table 7.6: Thermal resistance of plane air spaces

.* ' ' ' Thermal resistance m2 degC /W

Vertical airspace, heat flow 13mm (0.5”) 19mm 38mm 89mm (3.5”)
horizontal, (0.75”) (38 mm)
Mean temp 10° C (50°F) 
Temp difference 16°C (30°F) 
Emitting 0.82

0.16 0.17 0.16 0.16
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Figure 7.32: Direct gain walls and thermal storage walls.
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Figure 7.33: Heat transfer in cavity walls.
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c) Insulation of airspace

Using insulation in a brick wall cavity improves the thermal resistance of the wall 

substantially (Table 7). Glass-fiber insulation improves the thermal resistance of a wall 

with three times, while polyurethane insulation furthermore improves it by more than 

five times.

It is important to note that the inside 110mm (4,5”) of a brick wall completely acts as the 

storage component of a direct gain system27. The use of insulation or a cavity would 

therefore not decrease the thermal performance of the inside storage component. The 

insulation can be placed inside the cavity or on the outside face of the wall. Insulation in 

the cavity can be placed to the inner wall condition in the event that rigid insulation is 

used.
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Table 7.7: The thermal resistance of cavity walls with insulation.

Construction Resistance (R- Value), m2 
degC/W

Solid brick wall, with 50mm cavity 0.58

Solid brick wall, with 50mm cavity, with 50mm glass fiber 
insulation

1.598

Solid brick wall, with 50mm cavity, with 50mm expanded 
polyurethane rigid board insulation.

2.91

d) Principles of construction of walls for direct gain walls

• If hollow masonry units are used, they could be grouted solidly to improve their 

time lag (Figure 7.34 A).

• Interior finishes to the inside of the mass should be kept to a minimum, to

ensure

a surface for maximum absorption.

e) Surface finishes

• Surfaces that are exposed to long periods of radiation should be of dark colors 

for maximum absorption. Dark colored floor tiles in north facing rooms will yield 

the best results.

• Special mixtures can be added to concrete used for darker color surfaces. This 

will increase the absorption of the material. •

• Particular surfaces may be coated with a selective surface coating, which highly 

absorbs incoming solar radiation and emits low heat.
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• Other surfaces that are not employed as storage elements can be of a light 

color, in order to reflect radiation to darker colored surfaces.

• Slab on grade and internal slabs used for thermal storage, should not be 

covered with carpets. The use of tiles on slab-on-grade or as an internal slab, 

increases the thermal storage capacity of the building element.

• Mass should be distributed as evenly as possible.

• If lightweight wall systems are used, mass can furthermore be introduced to the 

inside to provide storage (Figure 7.35 A).

• If insulation is used, it can be placed on the outside of the mass (Figure 7.34 B), 

or to the inside of the cavity (Figure 7.35 B & C).
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Figure 7.34 A, B: Principles of construction
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Figure 7.35: A, B: Principles of construction

\  , / rfY-J- f iv  1 n £  ftL A M K e r
r *  ^kJSv'.t-ATiof<J.

% j

2
y. —  . -  . . .

I „ ,  m o  ■‘iM P F A *’e=

fclfrlD lAJSlAUFcriOM. 
(\ppvy ZS*"* miKjiAAUm 

vo>rH 
XhTbiAcWriD^

CMfaj QfciCK,

ZMStiOC &W&FAC6: Nc 
aufirAces

K l^ io  uco&a 
XNSVS-lAT'O^
CAvlM  W(TH etGrlO
XJOSvtC Ai-'ONj 
f/V^e t&DCK

co/vc/ieTB X)rtsorv/2j 
(AtJrr '

X:N$.tC>e.

Adapted from: Steven Winter Associates, Inc. 1983. The passive solar construction

handbook. Emmaus, Pennsylvania: Rodale.



»

I

I

I
7.2.4.S Roof insulation

I
' a) Light-weight roofs

I As already discussed the purpose of insulation is to minimize the flow of heat through a

building element. As a general rule, a resistive insulator is a material that does not 

, exceed a thermal conductivity of 2.84 W / °C m2 (0.5 Btu/ °F ft2). Van Straaten28 affirms

the significance of roof insulation in South Africa. The maximum heat gain through a 

galvanized steel roof with an non-insulated plasterboard ceiling can in South Africa be 

up to three times more than through a 220mm (9”) west facing wall29.

 ̂ Research done by Van Straaten30 for the CSIR (Council for Scientific and Industrial

I Research) has concluded the following results concerning insulation for housing in

’ South Africa. The results were based on data gathered from built prototypes in Pretoria

(Northern steppe) and Durban. The houses were of “good class construction”, with 

300mm (11”) brick cavity walls, north facing, with white washed walls and red painted 

roofs. The following types of ceiling insulation were tested on these houses:

• reflective metal foil, 50mm (2”) and 25mm (1”)

• mineral wool insulation

| • 25mm (1”) and 50mm (2”) vermiculite insulation.

- Significant conclusions:

• The use of insulation is of true significance. Ceiling temperatures as high as 

44°C (112°F) have been recorded in houses in South Africa with east/west 

facing galvanized steel roofs (the most common roofing material in South Africa) 

without any insulation.

• Concerning the built prototypes in Pretoria, the ceiling temperature was lowered 

by at least 5.5°C (10°F) through the use of insulation during the summer months 

(Figure 7.37 A). The indoor temperature was lowered by 1.4°C (2.5°F) (Figure 

7.37 B&C) .
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• The reflective foil was slightly superior in performance during summer, if 

compared to vermiculite and the blanket insulation. During the winter months, 

the blanket insulation was slightly superior to the reflective foil.

• Care should be taken with the use of reflective insulation in very dusty and 

polluted atmospheres.

• Tests indicate that when the ceiling insulation was covered with 4% dust, the 

heat transmission was almost twice as high. With 29% of the ceiling covered 

with dust (after approximately one year’s use), the heat transmission increased 

about three times (Figure 7.38 B).

• Sufficient air space on both sides of the foil should be maintained for the best 

thermal efficiency. The rate of heat emission is much lower (Figure 7.39 A) if the 

underside of the foil is kept clean and dust free. When elements of the roof 

structure are in contact with the foil, heat transmission occurs through 

conduction and the foil is not very effective. The most common way to deal with 

this in the residential application is to drape the insulation over the structural 

members -  thus leaving an air gap between the roof sheeting and the 

insulation.

Figure 7.37 A - Increase of heat flow through ceiling in relation to percentage 
area of reflective insulation covered with dust
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Figure 7.37 B - The effect of thermal resistance of insulation on the reduction of 

maximum indoor temperature
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Figure 7.38: Performance of different types of insulation
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P 'O '/^ ifu C R A C  WOOL

ftEFLEcrwe MeiM- Koru

/2 Z<
T i'aaE OF D« 4  Hcun$

o w ro o s e . A»r\.

foo ±MSuw4TK*J

teFU E C T V c A^erMLftofL

»F *C rifue of pAŶ Houes)
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Figure 39A,B &C:
A The position of reflective insulation in a gabled roof.
B The position of reflective insulation in a mono-pitched roof (cathedral roof). 
C. The position of reflective insulation in mono-pitched roofs.
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b) Vented attics

As already mentioned, the largest portion of heat transfer through cavity spaces occurs 

by radiation, and not through convection. Results of tests conducted by Van Straaten31 

indicate that the inner surface temperature of the ceiling is only reduced by 2.7°C 

(3.8°F) through ventilating the attic at 22 air changes per hour. To achieve these 

ventilation rates, a mechanical fan has to be utilized. It can therefore be concluded that 

ventilation of attic spaces will not improve indoor thermal conditions significantly. 

Givoni has completed similar studies in Israel with well-ventilated attic spaces. The 

ceiling temperature was lowered by less than 0.5°C (1 °F). According to Cook32, a recent 

study by McQuinston, Der and Sandoval33 proved that attic ventilation has no significant 

thermal benefits.

In a theoretical study of thermal performance of typical residential attic and commercial 

ceiling spaces, McQuinston, Der and Sandoval34 made the following observations: 

Ventilation did not lower the roofs inside temperature or the attic’s floor temperature. 

This was however achieved through high ventilation rates and it required large amounts 

of energy. They concluded that the ventilation of attic spaces has very little effect on 

energy consumption and comfort in buildings. The reason for this is that the major 

mode of heat transfer in roof attic spaces is through thermal radiation, with convection 

playing a minor role35. Another conclusion the research36 reached is that a highly 

reflective surface on an attic floor can be very effective in reducing heat gain. Outdoor 

ventilation however swiftly deposits a film of dust, rendering the surface useless. It will 

therefore be more effective to place the reflective insulation on the underside of the 

roof, where the reflective surface will have a longer “dust free” life.

7.2.4.4 Moisture control in buildings

Water is always present in air in the form of water vapor. Condensation of water vapor 

occurs in and on building elements whenever the air, vapor mixture or temperature 

drops below the dew-point temperature. Water from condensation gets trapped in 

cavities of buildings elements (ceiling spaces and wall cavities), and can cause damage 

and degradation to building materials. Primary sources of the generation of water vapor 

are occupants (people, animals and plants), equipment (showers, stoves and
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unventilated heaters) and other sources (such as vapor from the soil). The building in 

itself can also be a source of vapor. After construction, new masonry elements, fresh 

concrete and plaster release moisture for long periods and at a gradual pace.

a) Dealing with visible condensation

• The first solution to moisture control in buildings is to reduce the dew-point 

temperature by lowering the relative humidity. This can be accomplished by 

controlling the major sources of humidity with the use of exhaust fans or adequate 

natural ventilation. These sources are stoves in kitchens and showers, basins and 

baths in bathrooms, as well as other moisture producing areas, such as indoor 

gardens (Figure 7.40 A).

• Szokolay37 refers to flue-less oil heaters as being one of the biggest culprits in the 

production of vapor in low-cost housing. He maintains38 that the burning of one liter 

of paraffin oil (kerosene), produces close to one liter (= 1000g) of water vapor, 

added to the room air. Because of the cost to heat the space, all openings are kept 

closed, with no ventilation to the outside. This vapor-saturated air migrates to other, 

colder spaces in the house where condensation will take place either against 

exposed cold surfaces, or internally in building elements (building house should be 

properly vented during the warm hours of the winter days. •

• Another approach is to minimize the condensation on visible surfaces. This type of 

condensation usually occurs on cold windowpanes. With the use of double pane 

windows (where the indoor temperature is 21°C at 40% relative humidity, and the 

outdoor temperature 0°C), there will not be any condensation on windowpanes39.

• Restriction of moisture migration into building cavities.

The next approach is to control the humid air within the building space with a more 

airtight construction. This will minimize the infiltration of humid air into building cavities 

such as ceiling spaces and wall cavities. This strategy will also limit the exfiltration of 

warm air in winter, thus saving energy consumption. Care should be taken in the 

sealing and caulking of points of leakage in the envelope;
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Figure 40 A, B and C. Moisture control in buildings
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(Strategies of minimizing infiltration and exfiltration in the construction will be discussed 

in section 2.5).

The use of vapor barriers to limit penetration into building cavities can also be 

employed. The rule is to place the vapor barrier on the warm side of the insulation, thus 

to the inside of the insulation (Figure 40 B & C). It is worthwhile to remember that water 

vapor usually migrates from the inside of the house, where it is usually more humid, 

especially in arid regions. The water vapor is therefore to be contained from the inside.

b) Moisture builds up in cavities of building elements

When vapor penetrates into the cavities of building elements through a diffusion or 

airflow, it condenses on colder surfaces, and moisture gets trapped in the building 

element. This moisture or vapor should be disposed of through ventilation or drainage.

c) The ventilation of light weight roofs

Roof spaces can be ventilated with three different techniques, namely with cross 

ventilation through gable ends, the use of stack effect, or the use of a mechanical fan.

i) Flat-roofs should be ventilated through all rafter spaces from the soffit of the 

eaves, or from the beam filling to the other eaves. If a header beam obstructs the 

ventilation in the middle of the roof, the roof should be vented with vent stacks in the 

middle of the roof°(Figure 7.41 A). The size of the vents should be 1/300th of the total 

building area at the level of the eaves, equally distributed steadily along the eaves 

between rafters.

ii) Gable roofs. Large attic spaces have many advantages when moisture control 

is considered. The water vapor can be dispersed into a much greater volume of 

air, and the greater volume of wood can also periodically absorb release and 

absorb vapor. Gable end vents are easy to provide at the openings of each of 

the opposite end gables (Figure 7.41 B). A ridge vent and vents at the eaves 

can also be provided (Figure 7.41.C).
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Figure 41 A, B and C: Ventilation of roofs for moisture control
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The total area for the opening of the vents should be 1/300th of the total building 

area at the level of the eaves. One opening at each gable end should be 

provided. For a 100m2 house the louver at each end should therefore be at 

least 400mm x 400mm.

iii) With regard to moisture control, cathedral roofs have similar problems to flat 

roof construction. The roof should be vented at the soffit of the eaves (or at the 

eaves) and at the ridge (Figure 7.42 A & B). The area of the vents should be 

calculated in the same manner as that for a flat roof. For the prototype, the 

following vent sizes should be sufficient:

Area of north facing roof = 29m2 1/300th of area = 0.096m2;

the roof is 6.8m in length, thus 7 x 2 (at ridge and eaves) vents should be 

provided;

thus 0.096m2 /14  = 0.006m2 (per vent);

An 80mm x 80mm vent opening between each rafter would be sufficient.

Area of south facing roof = 15m2 1/300th of area = 0.05m2;

the roof is 5m in length, thus 5 x 2  (at ridge and eaves) vents should be

provided;

thus 0.05m2 /10 = 0.005m2 (per vent);

A 70mm x 70mm vent opening between each rafter would be sufficient.

It will be subsequently be sufficient to provide 80 x 80mm (3” x 3”) vent openings 

between each beam.

• Moisture control in mass roofs and built-up roofs

These types of roofs are problematic when it comes to moisture control. The external 

skin of the roof has to be extensively waterproofed. The result of this is that vapor can 

get trapped between the waterproofing and the slab. During cold spells, this vapor will 

condense underneath the waterproofing. This can have a serious impact on the roof.

• The use of a vapor barrier between .the insulation and the slab would not solve 

the problem, as this would trap water vapor between the slab and the waterproofing. 

The first solution is to use high resistance insulation. The use of insulation with an 

affinity for moisture may, also be advised.
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• Moisture control in cavity walls

The following method as described by Szokolay41 serves as a tool for the analysis of 

condensation in building cavities. The first step is to establish whether the actual air 

temperature will be below the dew-point temperature at the same point in the 

building element. By calculating and plotting the vapor pressure gradient and the 

temperature gradient through the building element, it can be established if 

condensation were to occur at any point.

The method to establish the vapor pressure gradient and the temperature gradient is as 

follows: (The calculations can be followed in Figure 7.43)

Air temperature gradient
i) Establish the resistance of each layer of the building element.

ii) Establish the temperature difference at each layer by multiplying the resistance 

of the layer with the ratio. The ratio is total temperature drop (K) divided by the 

total resistance.

For example: 22 K/ 0.78 °C m2/ W = 28.06 (ratio)

iii) Calculate the temperature at each layer. Start on the outside and add the 

temperature differences cumulatively to the inside.

Vapor pressure gradient

i) Establish the permeability of each layer

ii) Calculate the vapor resistance of each layer.

(Vapor resistance of layer = thickness of layer/ permeability)

iii) Calculate the vapor pressure difference caused by each layer by multiplying the 

resistance with the ratio. The ratio is the total drop in temperature divided by the 

total vapor resistance.

iv) Establish the vapor pressure at each point.

v) Establish the dew-point temperature at each point in the construction with the 

vapor pressure and the dry-bulb temperature at each layer. Represent these 

graphically (Figure 7.43).
vi) Check whether the air temperature is lower than the dew-point temperature at 

any point in the construction. Condensation is at this point likely to occur in the
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wall cavity. From the results (Figure 7.43) it can be seen that there would 

probably be condensation in the cavity on the outside brick skin.

Any of the following solutions can be applied to the problem:

i) The temperature gradient can be elevated by using a concrete block with a 

higher resistance value for the outside skin, or by using a rigid insulation (rigid 

board) in the cavity42. A better solution would be to place the insulation on the 

outside of the wall (if detailing will allow it).

ii) By venting the cavity to the outside, the cavity vapor pressure would be lowered 

to the same level as the outside vapor pressure. The moisture build-up will 

therefore not occur in the cavity.

iii) The removal of moisture in lightweight walls with the aid of ventilation is 

essential, because moisture build up and condensation can damage the 

structure, siding and insulation.

iv) The use of a vapor barrier on the warm side of the wall is recommended.

v) If vapor condenses on the inside surface of the cavity, this should be removed 

by use of weep holes at the bottom of the wall. (Figure 44).

• Condensation in building cavities - Calculations

Table 7.8: Explanation of symbols for the calculation purpose (apply to Figure 7.36).

Heat Symbol Vapor Symbol

Conductivity end Permeability pry

Resistance R Vapor resistance RES

Temperature dT Vapor pressure dvp

Change at each difference

Point Vapor pressure • pv

Temperature T Dew point dpT

At each point temperature

Copied from: Szokolay, S.V. 1980. Environmental Science handbook for architects and 

builders. Lancaster, The Construction Press.
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Figure 7.43: Condensation in brick wall cavities. Representation for Bethlehem at 7.a.m in 
the winter. D6& *  f  A  \ / 7  \li_______ •
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Figure 7.44: Vapor control in brick cavity walls.
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• Moisture control in floors

Visible condensation that occurs in another form, is surface condensation on concrete 

slabs on grade. Floor slab condensation can damage floor coverings. Carpets could 

become moldy and floor tiles could lift off the slab. Floor-slab-condensation can be 

minimized by separating the slab from the ground with a plastic membrane. In South 

Africa the use of USB (under surface bed) membranes are quite common.

7.2.4.S Color of the envelope

The use of high reflectivity materials for the building envelope can considerably reduce 

the amount of solar radiation absorbed by surfaces. This is especially true in desertlike 

regions, where solar intensity can be very high. The colors of walls and roofs were 

studied extensively by Givoni and Hoffman in 1968, in Israel43.

a) White roofs

The following results were established44while comparing roofs that are painted gray, to 

those that are painted white. With the occurrence of a maximum air temperature of 

31 °C, the maximum external surface temperature of the gray roofs was 69°C, while the 

external surface temperature of the white roofs was 27.5°C (while the maximum air 

temperature was 27°C).

• The maximum indoor surface temperature was 45°C, 39°C and 33°C for gray roofs 

with a thickness of 7mm, 12mm and 20mm respectively. This temperature dropped 

to 25°C for white roofs, regardless of thickness.

• The diurnal average external surface temperature was lower than the average air 

temperature. This occurred when the 24-hour longwave radiation heat-loss was 

greater than the absorbed solar radiation.

b) White walls

The following results were obtained from experiments carried out by Givoni and 

Hoffman45.
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• The average indoor temperature was 4.5K above the average air temperature for 

thick, gray-painted walls.

• When the same walls were painted white, the average indoor temperature was 1.1 

K above the average air temperature.

• With walls painted gray the indoor maximum temperature was almost 10K above 

the outdoor maximum temperature.

• At the same time as the thick concrete walls were being painted white, the average 

indoor temperature was almost 2K lower than the outdoor maximum temperature.

Givoni46 says that while outdoor surface color does not involve additional cost, 

substantial thermal benefits can be obtained. The most important surfaces that need 

white paint are the roof and western wall surfaces. The northern wall surfaces can be 

painted a dark color where solar radiation will strike the wall during winter, but where 

the wall will be in shade during summer. As mentioned before, inside wall surfaces that 

serve as direct gain surfaces should be of dark color.

7.2.4.6 Infiltration

ASHRAE47 defines infiltration as the uncontrolled flow of air through openings and 

cracks in the building envelope, because of pressure differences. The control of 

infiltration through the envelope is an important strategy for both controlling thermal 

comfort and saving energy for heating and cooling. On the South African Highveld and 

Northern steppe the minimizing of exfiltration of warm air in the winter can curb 

excessive heat loss, and therefore significantly reduce the energy used to heat spaces.

Typical values for infiltration for housing in North America varies from 0.2 air changes 

per hour (a.c.h.) for tightly constructed houses, to 2 a.c.h. for poor construction48. The 

average value for infiltration in housing is 0.5 to 0.9 a.c.h49

It is most likely that infiltration will occur in the following locations. The designer should 

detail these carefully. These locations apply mainly to masonry construction.

a) Window and window sill
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• There are usually cracks and openings where the window frame and the wall meet 

(all around the reveal), through which air can escape. These cracks and openings 

can be caulked with silicone (Figure 7.44 B).

• Weather stripping can be applied to the inside of the opening section (Figure 7.44

B ).

• Cracked windowpanes should be fixed.

b) Doors and door openings

• Weather strip can be applied to the rebate of the doorframes (Figure 7.44 C).

• A door seal could be fitted under the door (Figure 7.44 D).

• Bathroom extraction fans: Seal and chalk around the frame of ceiling or wall fans, 

and supply openings with dampers that can be closed during winter, when the 

extraction fan is not used.

• Fireplace: Ensure that the damper is closed if not in use.

• Ceiling

i) Affix weather strip around the opening of the ceiling hatch.

ii) Ensure good workmanship when ceilings and ceiling cornices are fixed.

iii) Fix ceiling cover-strips (half-round, metal tees or ceiling strips) between 

ceiling boards applying good workmanship.

iv) Ensure that no openings and cracks exist between light fittings and 

ceiling boards.

• Plumbing: Ensure that openings around plumbing entries are properly grouted.

• Skylights: Chalk and seal skylights regularly if cracks appear because of hail 

damage or thermal movement.
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Figure 7.45 A, B, C and D: Infiltration
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7.2A7 Climatic control through planting around building envelope

In Chapter 4 a brief introduction was given to the influences of the microclimate on the 

thermal environment. It was indicated that thermally healthy outdoor spaces act as 

climatic moderators toward the inside environment of the building. Plants can have the 

following effects on a building:

• Plants shade windows and walls, thus reducing the solar gain.

• The use of vines reduces the absorption of wall surfaces. Vines also reduce wind- 

speeds near the wall surface.

• Ground covers, trees and scrubs reduce the reflectivity of surfaces, thus minimizing 

both solar and longwave reflectance onto building surfaces.

• The placing of plants around condenser units can improve the C.O.P., and 

consequently reduce energy consumption.

Experimental work done by Parker50 in Florida, indicate that the average temperature of 

walls shaded by trees and scrubs on hot sunny days are reduced by 13.5-15.5 deg C. 

Climbing vines can reduce the surface temperature by 10- 12 deg C51. These plants 

also have a significant effect on the energy consumption of a building. With Parker’s 

experiments52 the average daily rate of energy consumption used for cooling in summer 

was reduced from 5.56 kW to 2.2kW after landscaping around the residence was 

introduced.

The following strategies are proposed for thermal improvement of the 

outside environment:

a) Ground reflectance in front of windows should be decreased. The use of low 

scrubs under the windowsill or facing berm minimizes the reflectivity of the 

ground outside windows53. Big scrubs or trees should not be placed directly in 

front of direct gain, equatorial-facing windows (Figure 7.45 A & B). The use of 

light colored paving with a seasonal ground cover can act as both a summer 

and winter strategy. During summer the ground cover can cover large areas of 

the paving, but during the winter the paving could be exposed, in order to 

increase solar gain to the window (Figure 7.45 C & D).
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Figure 7.46: A, B, C and D. Planting of vegetation
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Figure 7.47: A, B & C. Planting of vegetation applicable to the prototype
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Figure 7.48: A, B, C & D. Planting of vegetation
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1 b) Keep unshaded hard surfaces to a minimum.

Driveways and parking areas should be minimal areas if planned well.

Alternate hard surfaces (paving, concrete, and asphalt) with plants and

ground covers.

• Patios with hard surfaces should, where possible, be shaded during 

the summer time.

The planting of vegetation should be planted carefully in order to be

seasonally beneficial.

• A few tall, deciduous trees could be planted in front of the equatorial 

facing facade Do not plant too many trees, as this could considerably 

reduce the winter solar gain to direct gain windows. ,

• Compact, dense evergreen trees or tall scrubs should be selected for 

the west and southwest sides, in order to minimize late afternoon 

summer sun penetration. For the same purpose, the garage or 

carport could also be placed on this side. Other shading strategies 

for the west and southwest-orientated surfaces include planted earth 

berms, fences and walls, and trelliswork with ivy (Figure 7.46 A, B, C 

& D).

The use of planting next to the building skin as indicated in Figure 

7.47 C & D could have significant thermal benefits for the building. 

Studies performed by Hoyano54 in Japan, concluded that for a bare 

west facing concrete wall without ivy, the exterior maximum surface 

temperature was about 10 deg C above the ambient air temperature. 

For the same wall covered with dense ivy, the external surface 

temperature was 1 deg C below the ambient air temperature.

Holm55 suggests that it is good practice to set the ivy espalier 100mm 

to 200mm away from the wall. This will result in an increased blanket 

effect and protect the wall. The supports (of galvanized steel or 

wood) can be placed center to center at 500mm (Figure 7.47 D).
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SUMMATION OF STRATEGIES APPLICABLE TO THE PROTOTYPE

GROUP DESIGN STRATEGIES NOTES

ARCHITECTUAL DESIGN 

AND PLANNING

COMPACTNESS 

ZONAL AND 

FUNCTIONAL 

HEAT SOURCES 

SHADING

THERMAL ENVELOPE INSULATION 

MATERIAL CHOICE 

INFILTRATION 

MOISTURE CONTROL
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CHAPTER 8 PASSIVE DESIGN

8.1 Solar windows

Figure 8.1: Solar radiation on vertical and 
horizontal surfaces (for Pretoria)
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Copied from: Van Straaten, J.F. 1967. Thermal 
performance of buildings. Am sterdam : Elsevier 
Publishing Com pany, p. 68.

8.1.1 Orientation of surfaces

An investigation into the annual mean 

diurnal solar radiation shows that most 

radiation occurs on horizontal surfaces. 

The annual mean daily solar radiation on 

horizontal surfaces is 5379 Wh/m21 day, 

while the solar radiation on vertical north 

facing surfaces is 3636 Wh/m22 a day for 

Pretoria. Vertical north facing surfaces 

receive the most radiation during winter 

months and the least during summer 

months (Table 8.1 & Figure 8.1). The 

west and east walls combined receive 

almost as much as the north facing wall 

in winter. During summer, the east and 

west walls receive the highest amount of 

radiation of all vertical surfaces (Figure 

8.1). It is also important to note that the 

south facade receives more solar 

radiation in the early morning and late 

afternoon than the north fagade. During 

winter the south only receives a small 

measure of diffuse radiation.

The optimum orientation will be the 

facade that receives a combination of 

the most radiation during the heating 

season (winter) and the least during the 

cooling season (summer). From the 

figure can be established that the north 

facade will be where most of the 

building’s openings should be placed. 

Openings in the west walls should be 

avoided (as already explained).
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Table 8.1: Mean global radiation Wh/m2 per day for Pretoria.

Winter Summer

June July December January

5696 5667 1697 1834

Data from Eberhard

The optimum orientation for solar windows and solar collectors is north (Southern 

Hemisphere). A deviation of up to 15 degrees west or east on true north is still acceptable3. 

Considering the long overheated period4 in the afternoon, care should be taken when 

orienting windows west of north.

The general rule for the optimum tilt angle of the collector for solar hot-water heaters is that 

this angle should be equal to the latitude of the location plus 15°. The collector should be 

accordingly be tilted at an angle of 41° and 43° for Pretoria and Bethlehem respectively. A 

deviation of up to plus or minus 10° is still acceptable.

8.1.2 Sizing of glazing and the thermal mass for the prototype

8.1.2.1 Areas for solar windows

The first step in the process is to size the solar windows, Mazda3 established the following 

guidelines (based on the coldest average winter month temperatures) for sizing equatorial 

facing windows (Table 8.2).

Table 8.2: Sizing of equatorial facing windows.

Average winter outdoor 
temperature

Window area as % of total floor area

2°C 16-25%
5°C 13-21%
7°C 11-17%
10°C 9 -1 3 % *

* last value was extrapolated

Copied from: Mazda, E. 1979. The passive solar energy book. Emmaus,
Pennsylvania: Rodale Press.
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For latitudes of 35° or lower, the smaller value should be used. For latitudes of 48° or higher, 

the higher value should be used. The average temperature for Bethlehem in June is 7° C. 

For Pretoria the average temperature for June is 11.8°C. For the Highveld (Bethlehem) solar 

windows should be 11-14% of the total floor area. For the Northern steppe (Pretoria) solar 

windows should be 9-11 % of the total floor area.

For the purpose of calculation, a window area of 11% was assumed. This could apply to both 

Pretoria and Bethlehem. The method of sizing the solar windows is applied to the area of the 

plan that is served by the solar windows. Due to the compactness of the prototype, the 

northern windows in the living spaces should heat the south facing spaces, such as the 

kitchen and stairs. On the top story solar gain can be assigned to the south facing bathrooms 

and passage. Provision is also made for the extension of the prototype to the south. The use 

of clerestory windows to heat the extended space is proposed.

The following calculations apply to Figure 8.2, 8.3, & 8.4. The areas on the plans are 

indicated (Figure 8.2). Figure 3 shows the position and width of the solar windows. Figure 8.4 

A indicates the position of the solar windows (on the north facade) before the extension, and 

Figure 8.4 B indicates the solar windows after the extension.

The total solar window area that is required is: 86.7 x 11 % = 9.5m2.

Living areas are
Plus kitchen and circulation spaces 
Total
11% of 19.6m2

3 .2 x4  = 12.8 m2 
6.8 m2 
19.6m2
2.156 m2 of solar windows per living 
space

Bedroom areas are
plus bathroom and circulation
Total
11% of 13.8 m2

3 .2 x3  = 9.6 m2
4.2 m2 
13.8 m2
1.518 m2 of solar windows per bedroom
areas

Extension to the south 
Total
11% of 13.8 m2

4.5 x 3.5 = 15.75 m2 
15.75 m2
1.733 m2 of solar windows for extension

8.1.2.2 Placing and sizing of windows

It is recognized that window areas in the living rooms should be 2.2m2, and windows in the 

bedrooms 1.5m2. The window heights were established from the shading device calculation 

at 950mm. Windows should for that reason be 2.32 m high and 1.58 m wide for the living 

areas and bedrooms respectively. The potential position for the south extension should also 

be considered (Figure 8.3 & 8.4).
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Figure 8.2: Areas of plan

2500

1

(060

214



Figure 8.3: Position and width of solar windows
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Figure 8.4: Position and height of solar windows

N/Oim '

Ccxxth-

216



8.1.2.3 Determining the sunlit position on plan and section
i

The vertical shadow angles for June 22 at 10 a.m., 12 noon, and 2 p.m. can be plotted on the 

plan and the section to establish which areas of the mass will receive direct solar radiation. 

From Figure 8.5 and 8.6 can be seen that the floors and interior sidewalls (east and west) will 

receive most of the direct solar radiation from all the solar windows. The back walls of the 

northern side rooms will receive secondary irradiation (reflected irradiation) from the floors 

(Figure 8.5 & 8.6). Rooms located on the southern side, receiving solar radiation through 

clerestory windows, will receive most of the direct radiation on southern back walls. The 

floors will receive secondary radiation from the walls.
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Figure 8.5: Solar radiation received on the winter solstice at 10 a m., 12 noon and 2 p.m. 
for Pretoria. (Ground floor plan. Scale 1:100)
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Figure 8.6: Solar radiation received on the winter solstice at 10 a.m., 12 noon and 2 p.m. 
for Pretoria. (First floor plans. Scale 1:100)
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8.1.2.4 Minimum thermal storage required

Based on research data6 from typical direct gain passive solar systems, the relative solar 

performance can be plotted as a function of thermal storage capacity in J/ deg C per m2 of 

glazing, (Btu/ deg F per ft2 glazing) (Figure 8.7 A). From the figure can be seen that the 

performance curve flattens but at 56 910 - 75 880 J/ deg C per m2 of glazing (30 -  40 Btu / 

deg F per ft2of glazing). Any additional thermal storage per m2 of glazing will result in 

diminishing returns in performance.

i) The minimum thermal storage required for north side rooms are:

St = Aw x Ca
St = 9.5 m2 x 56 910 J/ deg C per m2 of glazing 

= 540 645 J / deg C.

St: Total thermal storage capacity required, J/ deg C 

Aw: The solar collection area, m2

Ca: Thermal storage capacity per square meter of glazing area, J/ deg C per 

m2 glazing

ii) The minimum thermal storage required for the south side extension is:

St = Aw x Ca
St = 1.7 m2 x 56 910 J/ deg C per m2 of glazing 

= 96 747 J / deg C.

8.1.2.5 Thermal storage available

The following method is used to establish the amount of mass available for thermal storage.

• Calculate (from Figure 8.5 and 8 .6) the percentage of the floor area that will have direct 

solar gain.

• Establish (from Figure 8.76) the ratio of thermal storage area to the sdlar collection area. 

The solar collection area that the directly irradiated mass can provide for is established.

• Compare the solar collection area to the solar collection provided.

• If any additional mass is required, establish the available mass that is indirectly irradiated.

• Establish (from Figure 8.7C) the ratio of thermal storage area to the solar collection area.

• Establish the solar collection area that the indirectly irradiated mass can provide for.

• Add the collection area to the directly radiated collection area.

• Compare the solar collection area to actual collection available.
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Figure 8.7 A, B & C: Thermal Storage Capacity
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i) Thermal mass for north side rooms:

• From Figure 8.5 and 8.6 can be established that approximately 50% of the floor area will

have direct solar radiation: thus 60.4 m2 x 50% = 30.2 m2

• A 95mm (± 4”) slab on grade with floor tile is available. From Figure 8.7 B can be 

established that 4 times the amount of thermal storage surface area is required for every 

square area of glass.

• Thus: solar collection area = Thermal storage area
4

= 30.2 
4

= 7.55 m2

• Conclusion
\

The floor slab will provide thermal storage for a maximum glazing area of 7.55m. The 

solar window area is 6.64m2. More than enough mass is therefore available (if 50% of the 

floor is directly irradiated).

ii) Thermal mass for south side extension:

• From Figure 8.6 can be established that approximately 40% of the wall area will have 

direct solar radiation.

Wall area = 3.5m x 4.5m

=15.75m2

• Thus: 15.75m2 x 40% = 6.3 m2 wall area with direct solar gain

• A 110mm (± 4”) thick brick wall can be used as thermal storage. From Figure 8.7 B can 

be established that 5 times the amount of thermal storage surface area is required for 

every square meter area of glass.

• Thus: solar collection area = Thermal storage area

5

= M

5

= 1.26 m2
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• Conclusion

This wall can provide thermal storage for a maximum glazing area of 1.26m* 2. The solar 

window area is 1.7m2. Additional mass should therefore be provided for the remaining

0.44m2. The slab in the room is 200mm (8”) in thickness. From Figure 8.7 C can be 

established that 5 times the mass area for every square meter of glazing is required.

• Thus: solar collection area = Thermal storage area

5

= 15.75 

5

= 3.15 m2

The floor slab can provide thermal storage for a maximum glazing area of 3.15m2. The 

solar window area that remains is 0.44m2. More than enough additional mass is 

therefore available for indirect gain.

8.1.2.6 Thermal storage check

The sizing and location of the thermal mass is now completed. To check the quantities of the 

thermal storage, the following process can be followed.

• Calculate the effective volume of the thermal storage.

• Multiply the volume of thermal storage by the volumetric specific heat*.

• Check step one: the thermal storage required for the solar window.

i) North side rooms

Effective area of slab: 50% of 60.4m2=30.2m2
Effective volume: 30.2 x 0.01 = 0.302m3 4
Thermal storage capacity of slab = volume x volumetric specific heat

= 0.302 m3 x 1876 kJ /m3 degC 
= 566 552 J / degC

1 Specific heat: the amount of energy required to raise the temperature with 1 deg C of 1 kg of a 
material.
Units: J/ kg deg C (Btu/lb. degF)

2 - Volumetric specific heat: the amount of energy required to raise the temperature with 1 deg C of
1 m3 of a material. Units : Volumetric specific heat = specific heat x density 

J/ m3 degC = J/kg degC x kg/m3 
( Btu/ ft3 degF . = Btu/lb. degF x Ib./ft3)

3. Thermal capacity: Energy required by a body for one unit temperature increase.
Units: J /degC (Btu/degF)

4. Volumetric specific heat of: Brick = 1648 kJ /m3 degC
Concrete = 1876 kJ /m3 degC
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Effective length of side walls = 24m

Average height of walls = 2.4 m

Effective volume 24 x 2.4 x 0.01 = 0.576 m3

Thermal storage of wall = 0.576 m3 x 1648 kJ /m3 degC

= 949 248 J / degC

Total thermal storage available = 566 552 + 949 248

= 1515 800 J/deg C

Total thermal storage required = 540 645 J /deg C

Three times more storage than required is therefore available.

ii) South side rooms

Effective area of wall 

Effective volume 6.3 x 0.01 

Thermal storage of wall

= 6.3 m2 

= 0.063 m3

= 0.063 m3 x 1648 kJ /m3 degC 

= 103 824 J / degC

Effective area of slab = 15.75m2

Effective volume 15.75 x 0.01 = 0.157m3

Thermal storage capacity of slab = volume x volumetric specific heat

= 0.157 m3 x 1876 kJ /m3 degC 

= 294 532 J / degC

Total thermal storage available = 103 824 + 294 532

= 398 356 J /deg C 

Total thermal storage required = 96 747 J /deg C

Four times more storage than required is therefore available. Generally, most interior 

elements in South African houses (with,exception of the ceiling) consist of high thermal 

storage elements. Ample enough mass should therefore be available for heat storage. The 

final step is to estimate the auxiliary heat required for thermal comfort during the heating 

season (Section 8.6).
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8.1.3 Collector type

8.1.3.1 Planning of windows

When planning windows, the following requirements should be considered:

• Solar heat gain or solar exclusion, depending on the season

• Daylight admission and glare control

• Satisfying human needs for visual communication to the outside

• Ventilation and air movement

• Closure to provide privacy to indoor spaces

e Protection against insects, pests and unwanted people

• Architectural design (proportion, placing, shape).

Koenigsberger7 suggests that the solution may be achieved by the principle of separation of 
function. Instead of designing the window to fulfill multiple functions, one can design a 

window with different openings for each of the functions. One or two openings for ventilation, 

one for daylight, and one fixed opening for the purpose of the view (Figure 8.8). 
Koenigsberger8 recommends that, in the tropics, the “membrane that separates the inside 

from the outside” should consist of the following four elements:

• A heavy wall area with appropriate heat capacity

• Heavily shuttered burglar and mosquito proofed openings near the walls and ceiling, for 

nocturnal ventilation (cooling).

* A translucent wall area, made of hollow glass bricks or light transmitting foam plastic, 

for day lighting.

# A small viewing frame (double or triple glazed) that shades direct sun during the cooling 

season but allows sun during the heating season.

Figure 8 .8 . The design of window openings
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Figure 8.9 Direct gain collector types. A/B- Solar windows, clerestory windows, skylights, 

C -  skylight design.
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Figure 8.10: Direct gain collectors. 
A- Skylights -  winter 
B- Skylights and direct gain 
C- Clerestory windows

o i l  i

8.1.3.2 Type of direct gain collectors

There are three basic types of direct 

gain collectors: solar windows, skylights 
and clerestory windows (Figure 8.9).

• Solar windows are standard

equatorial facing glass windows and 

glass doors.

• Clerestory windows are solar

windows, placed high on wall areas 
near the ceiling, allowing solar 

radiation to penetrate deep into

building space (usually beyond the 

area of equatorial facing solar 

windows). Solar radiation usually 

strikes the wall areas opposite the 
clerestory windows. These areas 

should be the location of the mass.

• Skylights are placed on flat roofs 

or equatorial facing, sloped roofs for 

winter solar gain. Skylights are the 

least effective types of direct gain 

collectors. During the heating 

season, when the sun is low in the 

sky, there would be minimum 

penetration through skylights, 

especially if they are located on a 

flat roof. Care should be given to 

the design of the opening where 

maximum winter solar gain is 

required (Figure 8.9 C and 8.10 A).
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Figure 8 .11: Design of clerestory windows.
During summer when the sun 

is high in the sky, there would 

be maximum solar 

penetration, if the skylight 

were not shaded. Utilizing a 

shading device over the 

skylight is a preventive 

measure that can be taken 

against summer heat gain. 

The skylight should either be 

blocked (Figure 8.9 B & 8.10 

A) or the opening should be 

designed in such a way that it 

allows for an overhang to 

protect the skylight against the 

high altitude summer sun 

(Figure 8.10 B). The skylight 

can be closed by the end of 

August, and opened during 

the beginning of May for the 

heating season. This method 

however requires some 

participation from the owner in 

order to succeed.

Another disadvantage is that 

skylights are a major source of 

heat loss during winter nights. 

Skylights can be fitted with 

adjustable night insulation 

(see Section 1.4.1). In case 

adjustable insulation is not 

used, a double-domed skylight 

will render a slightly better 

resistance value than a single 

domed skylight.
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The same details concerning night insulation and summer shading as for skylights should be 

applied to clerestory windows. The following aspects should also be considered with regard 

to the climatic design of clerestory windows:

• The sun should be allowed to strike the opposite facing wall (Figure 8.5 & 8.6). The 

designer has to ensure that the solar radiation can heat the mass directly in order to 

achieve the optimum performance of direct gain clerestory windows.

• The ceiling above the window should be of a light color -  to reflect sunlight into the space 

and onto the mass (Figure 8.11 B).

• The angle of saw-tooth clerestory roofs (as measured from the horizontal) should be 

equal (or less to the altitude angle) at solar noon on the winter solstice9 (Figure 8.11 A & 

B).

• If adjustable insulation is not utilized for clerestory windows, double glazing units should 

be used to minimize winter night heat loss.

• Clerestory windows should regularly be caulked and sealed on account of hail and heat 

damage.

8.1.3.3 Night insulation

Mazda10 maintains that a building can loose up to 2/3rd of its heat through windows on cold 

winter nights. Table 3 indicates conduction loss through a single and double glazed window 

with and without night insulation in Boston. Boston has an average daytime temperature of 

1°C (33.8°F) in January (midwinter), and a night temperature of-1.6°C  (29.9°F).
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a) Three general types o f 

n igh t insu la tion  can be used 

fo r w indow s:

• Adjustable insulation, 

blinds and drapes

• Double or triple glazing 

with air spaces filled with 

air or gas.

• Double or triple glazing 

with low emissivity 

coatings (low e glass). The 

last two insulation types 

will be discussed in 

Section 1.4.

Adjustable insulation, panels 

or drapes

Night insulation has to perform 

two important functions in 

order to be effective.

• Firstly, it has to ensure 

that no convection of 

warm room air takes place 

across the face of the cold 

windowpane (Figure 8.12 

A). Night insulation should 

fit tightly in the reveal of 

the opening to be effective

• Secondly, conduction has 

to be minimized through 

the insulation to the 

windowpane (Figure 8.12 

A). The use of a

R 0.53 (R3) -  R 1.76 (R10) insulation is suggested. Figure 8.12 B & C show some 

applications of night insulation.
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Table 8.3: Conduction through single and double glazed windows, with and without night 

insulation in W/m2 per day

Single glazing 

W/m2per day

Double glazing 

W/m2

Single glazing 

with R 3.2 night 

insulation W/m2

Double glazing 

with R 3.2 night 

insulation W/m2

Day hours (9hr) 1159 665 1159 665

Night time 2140 1229 161 151

(15hr)

3299 1894 1320 816

Copied from Mazda, E. 1979. The passive solar energy book. Emmaus, Pennselvania: 

Rodale Press, 1979, p. 233

8.1.3.4 Glazing types

a) Heat gain and glass

• Solar heat gain through glass can be controlled through the following ways11:

i) Body tinted glass, through which the absorption of glass (heat absorbing 

glass) is increased.

ii) Reflective coated glass, through which the reflection of the glass surface is 

increased.

iii) A combination of body tinting and reflective coatings in a single glazing.

iv) Single; double glazing and laminated units, incorporating blinds and louvers.

v) Variable light transmission products utilizing photochromic, thermochromic, 

and electrochromic processes.

vi) External shading devices, as discussed in Chapter 6 .

vii) A reduction of solar transmittance will usually decrease visible light 

transmission. There is however body tints and coatings that preferentially 

attenuate the non-visible solar radiation, leaving the greater portion of visible 

radiation largely unchanged12.

• Heat absorbing glass

These types of glass selectively absorb a large percentage of solar radiation (50%). As a 

result, approximately half of the absorbed radiation is re-radiated to the inside13. Compared 

to reflective coatings, heat absorbing glass transmits a large percentage of visible light
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(approximately 40- 70%, compared to the 10- 40 % of reflective coatings) (Figure 8.13 A).

Clear glass transmits approximately 89% of light.

• Heat absorbing glass should be used on the outer pane of double glazed windows. 

Koenigsberger14 suggests that the best application of heat absorbing glass is to mount 

the glass approximately 0.5 to 1 meter in front of an ordinary glazed window. The 

absorbed heat will then be dissipated to the environment. The solar heat gain factor (0) 

should then theoretically be 0.43 (43%). This application is obviously too expensive for 

use in housing developments, but it is commonly used with success in commercial 

applications (Figure 8.13 B). Table 8.4 indicates the performance of different heat 

absorbing glass.
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Reflective coatings

There are however several 

drawbacks in the use of 

reflective glazing.

1) Reflective glass can 

create unbearable 

comfort conditions 

outside buildings. On 

account of the high 

reflectance and 

emission of absorbed 

heat, the glazed 

facade can make 

conditions unbearable for pedestrians next to the building. It can also have an impact 

on adjacent buildings.

The reflectivity of glass is 

increased to maximize solar 

heat reduction. It is important 

to note that when there is an 

increase in reflectivity, there 

is, compared to clear glass 

(Table 8.4), a considerable 

increase in the absorption of 

solar radiation.

A reflective glass will absorb 

approximately 60 -70% of 

incoming solar radiation, 

compared to the 10-20% of 

clear float glass.

In hot climates where 

reflective glazing is used, a 

double glazed unit with a low 

emissivity coating on the 

inside pane can be used as 

a second line of resistance.
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ii) The reflection of the reflective glazing can cause excessive glare for pedestrians and 

occupants of other buildings.

iii) When compared to other types of glazing (with regard to passive gain systems) findings 

reveal that reflective glazing does not perform as well. Button and Pee15 suggest that 

glazing systems for passive design should fall within the following performance range: 20- 

70 % solar transmission, and 35 -90% light transmission with a U-value range of 1.0 -  2.0 

W/m2 K. When the transmission of reflective glass is compared to other glazing types 

(Table 8.4) results show that neither solar transmission nor light transmission match 

favorably. The use of low emissivity glazing or other double glazing units is suggested.

• Internal blinds or louvers

Internal blinds or louvers are not very effective as solar control devices. Although they do 

obstruct a certain measure of radiation, these devices absorb solar radiation and reradiate 

back to the room. The mean solar gain factor (0) for clear glass windows without louvers is 

therefore 76%, while the same glazing in open weave plastic blinds is 62% and in white 

Venetian blinds 46%. There is thus a reduction of 14 % and 30% respectively. If a Venetian 

blind is however introduced between the two panes of glass in a double glazing unit, the 

solar gain factor is reduced to 28%. A table 8.5 indicates the various solar gain coefficients 

and shading factors for different types of glazing and internal blinds and louvers.

A Venetian blind does nevertheless give the occupant the option of varying the amount of 

direct and diffuse radiation that enter through the opening. Vertical blinds should be used for 

east, west and south facing windows, while horizontal blinds should be used for north facing 

windows. In cases where the rooms are not occupied during the summer days, the curtains 

and blinds should be closed to minimize solar gain through the windows. •

• Variable transmission glass -  the future generation of glazing

Research has been done on variable transmission glass since 1980. The variable 

transmission of heat radiation and visible light is achieved by using new processes of 

photochromic, thermochromic, and electrocromic glass technologies16. Electrochromic glass 

can change the transmission of light and heat as a result of a small electrical current change. 

The glass consists of multi layers of electrochromic coatings. By changing the voltage 

between the layers, the tint in the glass is changed, and the solar transmission is 

subsequently also changed. Reversing the voltage restores the original tint and the original 

transmittance17.
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Preliminary assessment in 1986 indicated however a relatively small benefit to cost ratio 

(when measuring only the energy advantages of these variable transmission glazing). If this 

glazing does become commercially affordable, it would probably only be utilized in 

commercial applications where thermal and daylight performance is important.
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Table 8.4: Performance of different glass types 

T= Transmittance; R = Reflected; A = Absorbed 

Performance of different types of glazing

Glass type and Light Direct solar radiation
thickness

T R T R A Total
(6)

Shading
Coef
ficient

4mm Clear float 0.89 0.08 0.82 0.07 0.11 0.86 0.98
6mm Clear float 0.87 0.08 0.78 0.07 0.15 0.83 0,95

Heat absorbing glass
6mm 72/62 green 0.72 0.06 0.46 0.05 0.49 0.62 0.72
6mm 50/62 bronze 0.50 0.05 0.46 0.05 0.49 0.62 0.72
6mm 42/60 grey 0.42 0.05 0.42 0.05 0.53 0.60 0.69
6mm 54/62 blue 0.54 0.05 0.46 0.05 0.49 0.62 0.72

Reflecting glass
6mm 10/23 silver 0.10 0.38 0.08 0.32 0.60 0.23 0.26
6mm 10/24 bronze 0.10 0.19 0.06 0.21 0.73 0.24 0.27
6mm 20/33 blue 0.20 0.20 0.15 0.21 0.64 0.33 0.38
6mm 40/50 blue 0.40 0.10 0.32 0.10 0.58 0.50 0.57

Other

Table 5:

Glazing Type Louver type Solar gain 
factor 
(6)

Clear glass single None 0.76
Double clear glass 0.64

Clear glass -single Open weave plastic blind 0.62
Clear glass -double (Internal) 0.56
Clear glass -single White Venetian (Internal) 0.46
Clear glass -double 0.46
Clear glass -single White cotton (Internal) 0.41
Clear glass -double 0.41

Double clear glass White Venetian (Mid-pane) 0.28

Copied from Szokolay, S.V.1980. Environmental Science handbook for architects and
builders. Lancaster: The Construction Press, p. 41.
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b) Heat loss through glass

The glass surfaces in a building are commonly the largest negligent factor when heat loss 

through the building envelope is considered. Glass manufacturers have in recent years 

however improved the insulation values of glass significantly. Window systems have also 

come a long way from the 0.18 (1.1) R-value of single glazed units, to the 2 (11.4) R-values 

of double glazed units with transparent insulation (Aero-Gel)18.

Heat loss through glazing systems can be minimized through the following ways:

• Introducing two panes with an airspace (thus double glazing)

• Increasing the airspace of double glazing

• Incorporating a low emissivity coating

• Using gasses in the airspace in order to lower the conductivity of the airspace

• Inhibiting convection in the airspace

i) Airspace: By introducing an airspace (double-glazing) the thermal resistance of the

window is almost doubled, when compared to that of a single glazed unit. The airspace can 

be increased to a width of 15mm. Beyond this measure, little additional thermal benefit will 

be obtained by extending the airspace. *

*
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Figure 8.14:Double and tripple glazing
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ii) Low emissivity: The use 

of low emissivity (low E) 

coating on glass provides the 

possibility of reducing long

wave radiation exchange 

between the panes. The usual 

long-wave radiation exchange 

between the two glass 

surfaces is about 60% of the 

total heat exchange across 

the space. If one of the 

surfaces has a low emissivity 

coating of 0.2 (20%),

compared to that of un-coated 

clear glass of 0.84 (84%), the 

radiation exchange between 

the two panes is reduced by 

75%.

The low E coating can either 

be a soft coat (film) or a hard 

coat. The soft coating should 

be used on the inside surface 

of the cavity, to prevent 

damage to the coating. The 

hard coating will provide a 

slightly higher solar 

transmission than the soft 

coatings.

Hi) Gas filled airspace: 

An airspace can be 

filled with gas with a low 

thermal conductivity (such as 

argon, which will provide a 

further improvement) (Figure 

8.14).
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Figure 8.15. Glass design.
iv) Insulation in airspace: 

One of the most

effective ways of insulating an 

airspace is by breaking it down 
into small air pockets by using 

a cellular translucent material 

(such as Aerogel) (Figure 
8.14).

v) Glass-blocks: Glass-

blocks provide light
transmission when 

optical clarity is not desired. 

This type of glass has low 

thermal conductivity, with an air 

to air transmission coefficient 

(U-value) of 0.51 to 0.48 
W/m^degC. It also has a good 

light transmittance, at

approximately 65% of that of 

clear

glass when in full sun, and at 

approximately 40% when in 

shade19.

vi) Alternative insulated 
glazing un/fs: New types of 

translucent insulation are 

commercially available in 

Germany. It consists of a 

double glazed unit with a large 

cavity (100- 150mm) filled with 

a material of fine plastic (polymethylmetacrylat) tubes (tubular cells), resembling a mass of 
drinking straws20 (Figure 8.14 A). This window system allows natural light and radiation to 

pass, with the added benefit of a high insulation value. The use of these glazing units is very 

appropriate for thermal storage walls.
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8.1.3.5 Spacers and frame

a) Spacers/

• J  '
Double glazed units contains high performance glass and require a compatible high 

insulation value in their edge spacers and in spacers between the glass panes21. Double low- 

emissivity glazing with argon gas achieves U-values of 1.3 - 1 .8 W/m2K, while unsatisfactorily 

insulated frames of wood, plastic or aluminum may achieve U-values ranging from 2.8 -  7 

W/m2K22 (Table 8.6).
' ^

The first part of multi-glazed units to be insulated properly is the spacer between the two 

glass frames (Figure 8.15 B). The thermal effect of a spacer between the panes adds as 

much as 10% to the U-value of the window. The most recent materials for low thermal 

resistance spacers are polycarbonite extrusions and rigid silicone foams23.

b) Frame

Different framing materials have different thermal effects on the air than the air transmission 

x(U-value) of different glazing. Wooden frames provide a good insulation, since wood has a 

relatively low conductance. Plastics have a higher conductivity, but they create more 

enclosed spaces that enhance their thermal performance24. Aluminum frames have very high 

conductivity values. The thermal performance is greatly enhanced by use of thermal breaks 

that isolate the inner and outer frame. (For the typical air to air transmission coefficients of 

different frame types, refer to Table 8.7). If the manufacturer’s thermal performance values 

are not available for its glazing units, the U-value of the glazing type can be multiplied with 

the framing factors for the different types of frames (Table 8.8).
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Table 8 .6 : Typical U-values for different frames

Frame material U value W/m2K

Wood: average thickness > 80mm 1.6
50 -80mm 2.0

< 50mm 2.8
Plastic: without metal reinforcement 2.8

: with metal reinforcement 3.6
Aluminum: with thermal barrier *

Thermal path length > 10mm 3.6
< 10mm 5.0

Aluminum or steel without thermal barrier 7.0
• Thermal barrier must be continuous and totally isolate the interior side of the frame or

frame section from the exterior side.

Copied from: Button, D. & Pye, B. 1993. Glass in building, A guide to modern architectural 
glass performance. Oxford: Butterworth Architecture, p. 140.

Table 8.7: Adjustment factors for various windows and sliding doorframes 

Material Single glazing Double glazing Triple glazing

All glass 1.00
Wood frame 0.85 -  0.95
Metal, aluminum frame 1.10 -  1.00
Thermally improved metal or 0 .9 -1 .00  
aluminum frame

1.00...  1.00
0.90-1.00  0 .95-1.00
1 .3 -1 .2  1.5 -1 .3
0 .95-1.15  1.00-1.25

Copied from: American Society of Heating, Refrigerating and Air-conditioning Engineers 

(ASHRAE), 1985 Fundamentals, SI Edition (Atlanta: ASHRAE, 1985), 27.11.
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solar8.1.4 Passive 

concerns

• Heat-loss and heat- 

gain

The assessment of the 

annual energy balance of 

the glazing can give the 

designer a broad indication 

of the thermal performance 

of the glazing25. Figure 8.16 

indicates the daily energy 

balance of a south-facing 

window (Northern

Hemisphere). It can clearly 

be seen that the heat-loss 

through the glazing is 

significantly decreased in the winter with the use of low emissivity glazing. During the 

summer months excessive gains can be minimized through proper shading.

8.1.5 Ventilation

8.1.5.1 The difference between comfort ventilation and nocturnal ventilative

cooling

Comfort ventilation and nocturnal ventilative cooling are the two strategies through which 

passive ventilation can be utilized to improve human comfort.

• Comfort ventilation, is used to “make people feel cooler”; the central focus is on cooling 

people. By increasing the indoor wind speed, heat is removed more rapidly from the 

body, subsequently making people feel cooler.

• Nocturnal ventilative cooling, is used to “make buildings cooler” , the central focus is on 

cooling buildings. By reducing the mass temperature through ventilation at night, the cool 

building mass can reduce the maximum indoor day temperature. It serves as a heat sink, 

rendering thus a cooling effect on occupants.

Figure 8.16: Performance of Low E coatings.

SiM 6<E
5BP OCT NOV 0£C JAM F to  M N L  A ft /A

Copied from: Button, D. & Rye, B. 1993. Glass in building, A guide to 
modem architectural glass performance. Oxford: Butterworth 
Architecture, p.160.
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Comfort ventilation and nocturnal ventilative cooling are two different strategies (cooling 

people and cooling buildings) that are applied to two different climatic types (arid and humid) 

for two different building construction types (light weight and heavy mass buildings). The 

following table highlights some of the differences between these two strategies.

Table 8.8: The difference between comfort ventilation and nocturnal ventilative cooling

Com fort ventilation Nocturnal Ventilative Cooling

Clim atic application
•  Usually in warm  humid regions.
•  Maximum outdoor tem perature should not 

exceed 28°C to 32°C

•  Diurnal range should not exceed 10°C.

•  Indoor w ind speeds 1.5 m/s -  2.0 m/s fo r day 
and night.

• Indoor tem perature and indoor surface 
tem perature fo llows the am bient temperature 
closely.

•  High vapor pressures, usually in excess o f 
20mm Hg.

C lim atic application
•  Usually fo r dry and arid regions.
•  Maximum outdoor tem peratures are between 

30°C -35 °C , w ith n ighttim e temperatures 
below 20°C.

•  Diurnal range should be above 10K, 
optim ally between 12 and 15K.

•  N ighttime indoor w ind speeds between 
1.5m/s -  2.0m/s, depending on the diurnal 
heat capacity o f the construction.

•  Maximum indoor tem perature during the day 
can be substantia lly low er than the outdoor 
maximum temperature.

•  The vapor pressure lim it should not exceed 
15mm Hg during the day. Up to 18-20mm Hg 
in vapor pressure can be tolerated with a 
decrease in the indoor maximum 
temperature.

Building Design: recomm ended strategies:

• Large, well shaded windows, open to 
ventilation all o f the time

•  Use extraction fans, ceiling fans, or other 
types o f m echanical fans, if the wind speeds 
are too low.

• Building can be open to ventilation during the 
entire hot season.

•  Structural m ateria ls should be light w eight 
(such as wood and lightweight concrete)

Building Design: recom m ended strategies:

• Small, well shaded w indows, closed during 
the day.

•  Use o f ceiling fans during the day, when the 
building is closed fo r com fort ventilation.

•  Building should be closed during the day.
•  Building should be o f high therm al capacity 

material such as brick, stone or concrete. 
Effective interior mass area should be 
maxim ized to serve as heat sink.
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Figure 8.17 Comfort ventilation and nocturnal ventilative cooling
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Because the Northern steppe (Pretoria) and the Highveld (Bethlehem) both have very 

moderate climates, both these strategies can be applied to these regions. Nocturnal 

ventilation would however be more effective in housing for both regions, because of the 

following reasons:

• Where high thermal mass building materials (brick, concrete, and stone) are utilized, 

nocturnal ventilative cooling is more applicable.

• The diurnal range during summer in these regions usually exceeds the 10K limit for 

comfort ventilation.

• The maximum outdoor temperature limit of 289C -  32gC for comfort ventilation is 

sometimes exceeded during summer.

• High thermal mass is a complementary strategy for the heating season.
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8.1.5.2 High thermal mass with nocturnal ventilative cooling

Limits for high thermal mass with nocturnal ventilative cooling consists of two groups of 

parameters, namely climatic parameters and building parameters.

• Climatic parameters

i) The minimum outdoor temperature

In order for high thermal mass with nocturnal ventilation to be effective, the outdoor minimum 

temperature should be below 20°C (68°F)26 during the summer evenings. The average 

minimum temperatures for Pretoria and Bethlehem are usually below 20°C during summer 

(Table 8.9).

Table 8.9: Maximum and minimum average temperatures for Pretoria and Bethlehem in

summer.

Month Pretoria Bethlehem

Average Average Average Average
maximum minimum maximum minimum
temperature temperature temperature temperature
Deg C Deg C Deg C Deg C

December 28 16.8 26.0 11.9
January 28.6 17.5 27.0 13.2
February 28 17.2 25.9 12.7

The temperatures for Pretoria normally fall below 20°C after midnight; therefore it would be 

advisable to start to cool the mass with mechanical ventilation after 12 a.m.

For Bethlehem the temperature is below 20 °C for most of the evening (Table 8.10).
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Table 8.10. Time of the day when the temperatures are normally below 20°C (68°F).

Summer months Pretoria Bethlehem

November 10 p.m. -  8 a.m. 6 p.m. -  10 a.m.

December 12 a.m. - 7  a.m. 7 p.m. -  9 a.m.

January 1 a.m. -  7 a.m. 8 p.m. -  9 a.m.

February 1 a.m. -  7 a.m. 7 p.m. -  9 a.m.

March 11 p.m. - 8  a.m. 7 p.m. -  10 a.m.

As suggested in Chapter 5 (Figure 5.6), Bethlehem has very short periods of overheating 

during January and February. The mass may still overheat, due to heat gain through un

shaded windows, or due to excessive gain through dark colored roofs with inadequate 

insulation. It is nevertheless important that the mass is cooled during the evening, in order for 

it to serve as a heat sink during the following day. This can be referred to as “emptying the 

heat-sink”.

ii) Average diurnal range

A diurnal range of at least 10deg C (18deg F) during the hot season is required to obtain an 

effective lowering of the maximum daytime temperature through nocturnal cooling of the 

mass. For Pretoria the average range is 11 deg C in the summer and for Bethlehem 14deg C. 

Givoni27 suggests that the following maximum and minimum temperatures (based on the 

diurnal range) can be expected for unventilated high mass buildings during the summer. The 

indoor maximum temperature will decrease below the outdoor maximum temperature by 

35% - 45% of the diurnal range. This will apply if the following building parameters are met28:

• Adequate shading during the overheated period, of all windows

• Light colored envelop

• Well insulated envelop

• High thermal capacity material

• The building should be closed during the day

A decrease of 4.95deg C and 6deg C in unventilated mass buildings during summer can 

therefore be expected for Pretoria and Bethlehem respectively. Table 8.11 indicates typical 

maximum indoor temperatures for unventilated high mass buildings in Pretoria and 

Bethlehem during the summer.
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Table 8.11: Average maximum indoor temperatures for unventilated high thermal mass 

buildings in Pretoria and Bethlehem (a decrease of 45% of the diurnal range).

Month Pretoria Bethlehem

Average Average Average Average maximum
maximum maximum maximum indoor
outdoor
temperature
°C

indoor
in temperature 

°C

outdoor
in temperature in 

°C

temperature in° C

December 28 23 26 20
January 28.6 23.6 27.2 21.2
February 28 23 25.9 19.9

The average indoor minimum temperature will be higher (about 35% -45% of the outdoor 

diurnal range) than the outdoor minimum temperature. Table 8.12 indicates average indoor 

minimum temperatures for unventilated high mass buildings in Pretoria and Bethlehem 

during summer.

Table 8.12: Average minimum indoor temperatures for unventilated high thermal mass 

buildings in Pretoria and Bethlehem

Month Pretoria Bethlehem

Minimum Minimum indoor Minimum Minimum indoor
outdoor temperature in outdoor - temperature in °C
temperature in °C temperature in
°C °C

December 16.8 21.8 11.9 17.9
January 17.5 22.5 13.2 19.2
February 17.2 22.2 12.7 18.7

8.1.5.3 High mass buildings with nocturnal ventilative cooling

When the mass is ventilated during the night, the temperature will decrease even further. For 

residential buildings, the minimum indoor temperature will be lowered. Compared to the 

unventilated building (Table 8.12) it will be lowered by about half the difference between the 

minimum of an unventilated building and the outdoor minimum temperature. This reduction 

for Pretoria is 2.5 K (5KI 2) and for Bethlehem 3 K (6K/2). Table 8.13 shows the typical
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I expected indoor minimum temperatures for Pretoria and Bethlehem, for high thermal mass 

buildings with nocturnal ventilative cooling, during summer.

Table 8.13: Minimum indoor temperatures for high thermal mass buildings with nocturnal

cooling in Pretoria and Bethlehem

Month Pretoria Bethlehem

Minimum Minimum indoor Minimum Minimum indoor
outdoor temperature in outdoor temperature in °C
temperature
°C

in °C temperature
°C

in

December 21.8 19.3 17.9 14.9
January 22.5 20 19.2 16.2
February 22.2 19.7 18.7 15.7

The indoor maximum temperature of night ventilated buildings will only decrease by 

approximately 50% of the minimum indoor temperature drop (as predicted above). This 

decrease will be 1,25 °C and 1.5 °C for Pretoria and Bethlehem respectively. Table 8.14 

shows the typical expected indoor maximum temperatures for Pretoria and Bethlehem, for 

high thermal mass buildings with nocturnal ventilative cooling during summer.

Table 8.14: Maximum indoor temperatures for high thermal mass buildings with nocturnal 

cooling in Pretoria and Bethlehem

Month Pretoria Bethlehem

Minimum Minimum indoor Minimum Minimum indoor
outdoor
temperature
°C

temperature in 
in °C

outdoor
temperature in 
°C

temperature in °C

December 23 21.75 20 18.5
January 23.6 22.35 21.2 19.7
February 23 21.75 19.9 18.4

a) Maximum indoor air and mass temperature

There are certain limits within which high thermal mass buildings with nocturnal ventilative 

cooling will be effective. These limits depend on the highest indoor comfort limits for humans. 

These limits in turn depend on the airspeed and ambient indoor vapor pressure. When 

establishing the maximum limits for high mass buildings with nocturnal ventilative cooling, 

Givoni29 distinguishes between arid and semi-humid regions. By using ceiling fans for 

ventilation during the day (without ventilating the building to the outside) this limit can be 

extended further. The ceiling fan should increase the indoor wind speed to approximately 2

I
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m/s to be effective.This would increase the limit by approximately 2K. Arid regions generally 

have vapor pressures below 15mm, while in semi-humid regions the vapor pressure should 

not rise beyond the 18mm Hg to 20mm Hg boundary. In humid regions, where vapor 

pressures are above 22mm Hg, the diurnal range is usually too small and the minimum 

outdoor temperature not low enough to permit high thermal mass cold storage. Table 8.15 

indicates the maximum temperature limits of indoor air and storage surface temperature for 

the two regions. The temperature of the storage mass should normally be at a 2K difference 

to the maximum indoor temperature -  in order to be beneficial as a heat sink.

Table 8.15: Maximum temperature limits of the indoor air and mass surfaces in Arid and 

Semi humid regions

Climate Arid still air v = 2 m/s Semi humid, 
still air

v = 2 m/s

Indoor air temperature in °C 28 30 25 27
Indoor mass surface 26 29 23 26
temperature in °C

Copied from: Givoni, B.1994. Passive and low energy cooling of buildings. New York: Van 

Nostrand Reinhold, p.69.

Pretoria has an average vapor pressure at 2 p.m. of 16mm Hg during December, January 

and February. During the other months, the vapor pressure is usually below the 15mm Hg 

vapor pressure at this hour. For Bethlehem the vapor pressure at 2 p.m. is at the 15mm Hg 

during December, January, and February. During the other months the vapor pressure is 

below this value.

b) Wind speeds

When the ventilation rate across the mass at night is increased, the convective coefficient 

increases, thus causing an increase in the cooling of the mass. The limit of the airflow across 

the mass is governed by the comfort of the occupants. If occupants feel cold because of the 

increase in the ventilation rate, they will stop the ventilation and the strategy for nocturnal 

cooling will thus be ineffective.

Givoni30 determines that buildings can be naturally cooled at night when outside wind speeds 

are above 2 -  3m/s (4.5 - 6.7 mph)v. Contrarily, the natural ventilation should be 

mechanically aided: The designer should be aware that the average wind speeds as

v 1 m eter m/s = 2.2369 m iles per hour (mph)
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represented by the weather data could decrease because of the following microclimatic 

conditions:

• Daytime and nighttime average wind speeds: Chandra31 indicates that night wind speeds 

are usually 75% of the daily average wind speed. For Pretoria the highest diurnal wind 

speeds are 2 -3  m/s during the summer for approximately 8 -12% of the time (See 

Figure 3.888). These winds are from the northeast and northwest. When the diurnal 

wind pattern and speeds are however closely studied, it can be observed that wind 

speeds decrease to less than 0.5 m/s (1 mph) during the nights in January (between 6 

p.m. and 7 a.m.; See Figure 3.88, Chapter 3). For Pretoria during the night, these winds 

are usually from the east northeasterly direction.

• The influence of terrain. 

Chandra32 indicates that 

a dense urban or 

suburban situation can 

decrease the average 

wind speed (usually 

measured on open sites/ 

airports), by 20 to 80%, 

depending on the density, 

(Figure 8.17). He further 

explains that in urban and 

suburban areas the wind 

direction can rapidly 

fluctuate between 20- to 

45- of the average 

direction. From the figure 

it can thus be established 

that the wind speed will probably decrease by about 25% in suburban areas when 

measured at a height of 5m. Average wind speeds at night during summer would 

probably be 0.375 m/s.

8.1.5.4 Building parameters

As already mentioned, certain building design parameters have to be followed in order for 

nocturnal ventilation to be successful.

• The building should be closed during the hot hours of the day. These times for Pretoria 

would be between the hours of 7 a.m. and 10 p.m. during summer. For Bethlehem it

Figure 8:18. Influence of terrain
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Ratio of local windspeed to 
airport windspeed at 10m

Figure 1.7 W indspeed varia tion w ith he igh t for d ifferen t terrains

Copied from: Chandra, S. Fairy, P., Housten, M. 1983. A 
handbook for designing ventilated buildings. Final Report contract 
no D E -A C 03-S F -11510, Prepared fo r the U.S Departm ent of 
Energy, San Fransisco. Florida: Florida Energy Center, p. 7.
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would be between 7 a.m. and 9 p.m. Whole space ventilation with ceiling fans should be 

utilized during the day to extend upper comfort range.

• The entire window should be shaded for the whole-overheated period to minimize heat 

gain through the envelope. Research performed by Givoni33 in San Diego California, 

indicate that the indoor maximum temperature was above the outdoor maximum 

temperature in a building (with unshaded windows) which was unventilated during the 

day. If the windows of the building were shaded, the indoor maximum temperature would 

be at least 4K below the outdoor maximum temperature.

• Heat gain should be minimized through good insulation and light colored surfaces, as 

discussed in Chapter 7.

• The cold storage potential of the mass should be optimized by utilizing the following 

strategies:

a. Increase the surface area of the mass exposed to night ventilation. The effect of the 

mass surface area is more critical in the case of nocturnal ventilative cooling than in 

the case of solar heating with direct gain. The reason for this can be found in the 

smaller temperature differences that drive the heat flow34.

• Ensure that all interior walls are exposed.

• Surfaces can be profiled and projected to increase the mass surface area.

b. Use high-density materials with high thermal conductivity. The best material from this 

point of view is dense concrete or dense clay brick.

• Increase the air movement across the mass at night.

X

I

I
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Several design options 

may serve as nocturnal 

cold storage:

• Option 1: Using the

structural mass of the 

building with whole space 

ventilation. This is the 

most common of the 

storage options, and the 

most practical to 

implement in housing on 

the Highveld and the 

Northern steppe. Option 2 

and 3 are more 

specialized and more 

expensive to utilize in 

South Africa. The climate 

of the Highveld and the 

Northern steppe are 

generally mild and do not 

have the extreme diurnal 

range of arid deserts 

which can warrant the use 

of specialized storage 

mass to decrease the 

indoor diurnal range.

• Option 2: Night ventilation 

in channels within the 

structural elements. These 

channels can be cast in- 

situ

in reinforced concrete slabs, 

or pre-cast floor panels that 

form a cavity over the slab. 

During the night the mass is 

cooled by passing outside air through the channels and then into the space. Cool air from the 

outside will thus first cool the structural mass, and then, at a somewhat higher temperature, 

the mass of the interior.

F igure  8 .19  A, B, C & D N octurna l Ventila tion .

tJ
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This means that the ventilation can continue through the night, without causing discomfort to 

the occupants. During the day warm internal air can be circulated across the cool mass, 

which will serve as a heat sink.

This technique of summer cooling was recently utilized in a 26 0000m2 office and retail block 

in central Harare, Zimbabwe. The building in essential is a thermally massive building of in- 

situ concrete, brick cladding and pre-cast concrete units. The two main blocks are separated 

by a large shaded atrium that brings natural light to the office spaces. The floors are 

constructed of pre-cast concrete t-beams on in-situ concrete slabs, with a surface screening 

over the top. This forms channels in the slab through which cool night air can be circulated. 

The underside of the pre-cast slab area is increased by the use of indentations, which in turn 

increases the absorption potential of the mass. From the underside, the slabs are vaulted, 

and the fluorescent lights directed upwards towards the ceiling to ensure minimum glare and. 

maximum absorption of heat into the slab.

During the night big slow speed fans draw cool night-air from the atrium into a plenum 

(between the offices and shops) and force air upwards into the 32 vertical shafts. The vertical 

shafts distribute the air through floor channels into the office spaces, cooling the mass. 

According to the architects and engineers the slab should remain at an average temperature 

of 20°C. During the day ventilation is supplied with small window sill fans at approximately 2 

air changes per hour.

Hot air rising to the ceiling is collected through bulkhead openings and moves horizontally to 

vertical exhaust shafts. This slow moving hot air is eventually exhausted high above the roof 

level through 48 exhaust chimneys.

The stack effect is increased by the heat that is absorbed by the chimney itself, thus creating 

a larger temperature difference between inside and outside. The stack effect draws air from 

the plenum, which in turns draws it from the atrium.

This building is a good example of a high thermal mass construction where the mass is 

cooled through channels in the structure through the utilization of nocturnal ventilative 

cooling. The mass can thereupon serve as a heat sink during the day. According to the 

engineers and architects the office ambient temperature is kept in the range of 21 °C to 25°C.
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Figure 8.20: Nocturnal ventilation for commercial office block- Harare -Zimbabwe
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Figure 8.21: Nocturnal ventilation for commercial office block- Harare -Zimbabwe
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8.1.5.5 Ventila tion strategies

The optimal number of air changes required to remove heat from the building depends on the 

diurnal heat capacity of the building and thus the amount of heat (in the mass and air) that 

has to be removed at night. This amount can be determined by calculation. Experiments 

performed by Chandra and Kerestecioglu35 indicate that the optimal air changes for high 

thermal mass housing should be approximately 25 air changes, applied from 9 p.m. to 6a.m. 

This could be increased to 30 air changes if the building is ventilated from 12 a.m. (in the 

case of Pretoria).

a) Ceiling fans

Ceiling fans fulfill two purposes. They can firstly be used during daytime and early evening as 

a source of comfort ventilation (cooling people). Secondly, fans can be utilized for nocturnal 

ventilative cooling; to increase the wind speeds near the interior mass surfaces, enhancing 

convective heat transfer and heat removal. Typical airspeeds of ceiling fans are indicated in 

Figure 8.22.

1 Feet/minute = 0.00508 m/s 

(meter / second)

>300 f/m = > 1.5 m/s 

200 -  300 f/m = 1.0 -  1.5 

m/s

5 0 -  100 f/m = 0.25 -  0.5 

m/s

1 0 0 - 150 f/m = 0.5 0.75 m/s 

This applies to a fan with a 

diameter of 1200mm, which 

is 254 mm below the ceiling. 

The values of the airspeeds 

are measured at 900mm 

above the floor level.

Figure 8.22: Approximate air flow patterns from a ceiling 
fan in a room with no furniture.

Values are feet/mln air 
motion at 36" above floor

48" fan 
hung 10" 
below 
ceiling y

.>300

200-300

100-200

50-100

100-150

Copied from Chandra, S.Fairy, P. & Houston, M. 1983. A 
handbook for designing ventilated buildings. Final Report 
contract no DE-AC03-SF-11510. Prepared for the U.S 
Department of Energy, San Francisco. Florida: Florida 
Energy Center, p. 4.
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b) Natural ventilation

Natural ventilation occurs due to either wind effect or stack effect, or both simultaneously.

• Wind effect

This is the effect of wind (in as the wind speed) on the airflow and area and position of the 

openings relative to the prevailing wind govern room. The rate of airflow through an opening 

is therefore:

Q = cf (Cv) A v 36

Where Q = ventilation rate in m3/h

A = free area on inlet opening in m2

V = wind speed in m/s

Cv= effectiveness of the opening

0.5 -  0.6 for openings perpendicular to the wind

0.25 -  0.35 for openings diagonal to the wind

cf = conversion factor, 3600

• Stack effect is dependent on the stack pressure and the cross sectional area of the inlet 

or outlet area of the openings (assuming that outlet and inlet areas are equal). The stack 

pressure is subject to the temperature difference between the inside and the outside, and 

the vertical height between the inlet and the outlet opening (stack height). If there is no 

significant resistance of internal partitions in the building, the air flow is:

Q = cf A fh (Ti -  ToVI 37 

Ti

Where Q = ventilation rate in m3/h
A = free area on inlet or outlet opening in m2
Ti = Temperature inside

At height h K (= t in deg C + 273.15)
To = Temperature outside K
cf = conversion factor, 10360 65% for effective openings

50% for un-favorable conditions
h = ------------H-----------------

1 + [ (A1 + A2 )2 (Ti/To) ] 38

Where A1 = lower opening m2
A2 = upper opening m2
H = vertical height
between openings m
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• The combined effect of the stack effect and the wind effect is:

Qt = (Q w )2 + (Qs)2 39

Where Qt = Total air flow
Qw= Air flow caused by the wind

m3/h
m3/h
m3/hQs = Air flow caused by the stack effect

• Guidelines for natural ventilation

i) Systems using natural ventilation should be designed to be effective, regardless of 

wind direction. When wind does not approach from the prevailing direction, ventilation 

must still be adequate40.

ii) Without cross ventilation there will be no considerable air movement. It would be 

more advantageous to have openings on the windward side and the leeward side of a 

space. If rooms can have openings on only the one side, considerable difference can 

be made with the use of stack effect41 (see Example 1 and 2).

iii) The greatest flow rate per unit area of the total opening is obtained when both the 

inlet and outlet openings are of equal sizes.

iv) The greater the vertical distances between the openings the greater the stack effect.



c. Mechanical ventilation -  

entire house fans

If inadequate natural 

ventilation is available through 

stack effect and wind effect, 

the airflow should be 

increased with the use of 

mechanical fans. Entire house 

fans can be a good solution to 

increase ventilation rates 

during summer nights when 

air movement indoors is 

insignificant because of low 

wind speeds. The temperature 

difference between the inside 

and outside is furthermore 

usually very small during the 

early evening. Air movement 

due to stack effect will thus be 

insignificant.

Design guidelines

• The entire house fan 

should be located in the 

attic space, with vent 

openings at the highest 

point of the indoor ceiling, 

where the fan draws hot 

air from the house into the 

attic space42 (Figure 8.23 

A). Cool air is thus drawn 

in from the windows. 

These windows only need 

to be partially open

(roughly 100-125mm (4-5”) where security is considered).

Figure 8.23. Entire house fans

WHcUEHeviSt 
______ _

Copied from: Henry, B. 1980. Energy saving projects for 
the home. San Francisco: Ortho Books, p.60.
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Figure 8.24. Installation of entire house fans.
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Copied from : Henry, B. 1980. Energy saving projects for the home. 
San Francisco: Ortho Books, p.61.

The fan can be located 

in the floor of the attic or 

in the gable-end walls of 

the attic43 (Figure 8.24 B, 

C)

The entire house fan 

should be centrally 

located in the house 

space, to draw air from 

the whole house. The 

entire house fan should 

deliver at least 30 air 

changes an hour. It can 

be sized according to the 

procedure outlined in the 

following section.

Do not use an entire 

house fan where loose 

fill insulation is used.

The attic space should 

be fitted with large attic 

vents, with the area of 

the opening at least 

twice the area of the 

entire house fan44. 

These attic vents can be 

of the continuous ridge 

or the “whirly bird” type 

vent.
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Sizing the entire house fan:

CFM = 0.5 x house volume 

For a 1300ft2 home with a 8ft 

high ceiling 

= 0.5 x 10400ft3 

= 5200 CFM fan 

A 30” diameter entire house fan 

should be sufficient.

8.1.5.6 Ventilation analysis

This analysis uses emperical 

and simplified methods for 

establishing ventilation rates in 

single zone buildings. By using 

the NORMA45 method, the 

ventilation rates for single zone 

buildings ventilated with stack 

and wind effect can be 

calculated.

a) Single sided ventilation

In single sided spaces the 

stack effect is dominated while 

the wind effect is negligible46. 

There are two options for single 

sided ventilation where the 

stack effect is dominant: stack 

effect with one opening (or 

openings at the same height), 

and stack effect with two 

openings at different heights 

(Figure 8.25 A, B). Figure 8.26 

A & B present the equations for 

both abstracts. Table 16 

represents the calculations for the upstairs rooms for both abstracts. The average indoor
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Figure 8.26 A & B, C: Sizing of entire house fan
temperature is taken as the temperature 

calculated in Table 10 according to the 

Givoni guidelines. The minimum outdoor 

temperature is taken as the average 

minimum diurnal temperature (17-C). 

When the temperature reaches below 

17°C, the air changes will increase. 

When the outdoor temperature is above 

17°C, the air changes will decrease.

Single sided ventilation through one 

opening for the upstairs bedrooms 

(Figure 8.26 A, B): There will be air 

movement in the upstairs rooms 

particularly because of a temperature 

difference between the outside and the 

inside (stack effect).

For the second strategy, single sided 

ventilation (utilizing the stack effect) is 

improved by providing two openings, 

which are further apart (Figure 8.26 C). 

This difference in the design of the 

opening would more than double the air 

changes in the bedrooms. Table 8.16 

indicates the calculations for the two 

strategies.
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Table 8.16: Calculation for air flow in naturally ventilated buildings.

Table 16 Example 1
Calculations for air flow in naturally ventilated buildings.
Single sided Air flow because o f pressure difference
One opening Location: Pretoria

House: Prototype
Room: Bedrooms

Step Data
i Opening height h m 0.94
2 Opening width w m 0.75
3 Volume o f ventilated space V m3 26.4
4 Design month Jan
5 From local weather data determine ambient temperature 

for design month (minimum night temperature) DTA deg C 17
6 Design indoor temperature as calculated in table 10 (TA) deg C 22
7 Determine the mean temperature (MT) DTA + TA/2 degC 19.5
8 Determine the temperature difference (DT) deg C 5
9 Determine the temperature ratio (RT) DT/MT 0.26
10 Determine the square root o f RT RT(sqrt) 0.51
11 Determine h to the power o f 1.5 h(L5) m 0.91
12 Determine airflow rate 

790 x h(l .5) x w x RT(sq rt)
Qt m3/h 273

13 Determine the air changes ACH (Qt/V) 10

Table 16 Example 2
Calculations for air flow in naturally ventilated buildings.
Sigle sided Air flow because o f temperature difference
Two openings (stack) Location:

House:
Room:

Pretoria
Prototype
Bedrooms

Step Data
1 Give the area o f the lower opening A1 m2 0.45
2 Give the area o f the higher opening A2 m2 0.45
3 Give the volume o f the ventilated space V m3 26.4
4 Determine the total area o f the opening A 1 + A 2 m2 0.9
5 Give the vertical distance between the lower and higher opening

(between the mid points o f the) H m 1.7
6 Design month Jan
7 From local weather data determine ambient temperature

for design month (minimum night temperature) DTA deg C 17
8 Design indoor temperature as calculated in table 10 (TA) deg C 22
9 Determine the mean temperature (MT) DTA + TA/2 deg C 19.5
10 Determine the temperature difference (DT) deg C 5
11 Determine the temperature ratio (RT) DT/MT 0.26
12 Determine the square root o f RT RT(sq rt) 0.51
13 Determine h to the power o f 0.5 H(1.5) m 1.30
14 From figure ### determine the coefficient K, based on A1 and A2 in m2 0.6
15 Determine airflow rate Qt m7h 567

1590 x H (0.5) x A x  K x (RT(sq rt))
16 Determine the air changes ACH (Qt/V) 26.4
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b) Cross ventilation 

strategies

Cross ventilation of air directly 

depends on the pressure 

difference at the openings and 

depends on the following47:

•  Inlet and outlet surface 

area of openings

• Wind velocity and direction

• The temperature 

difference between the 

inside and the outside

• Relative position of 

openings.

• Relative shadowing of the 

building by wind.

The three equations for 

different abstracts of cross 

ventilation are represented in 

Figure 8.27 A, B, C. Table 

8.17 and 8.18 represent two 

examples of cross ventilation 

on the ground floor zone.

The outdoor and indoor 

temperatures are equal to that 

of the single sided ventilation. 

The wind is from the east- 

northeast, at approximately 

0.5m/s during the evening. 

Because the kitchen and the 

living areas are combined 

spaces, wind can cross- 

ventilate through the ground 

floor level.

The third example calculates the effect of cross-ventilation and a small stack effect on air 

movement in ground floor living areas (Figure 8.29 A & B, and Table 8.17)

Figure 8.27. Cross ventilation strategies
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Copied from: Santamouris, M. & Asimakopolous, D. 1996. Passive 
cooling in buildings. London: James & James Science Publishers, 
p.236.
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Figure 8.28. Cross ventilation
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Table 8.17:

Table 17 Example 3
Calculations for air flow in naturally ventilated buildings. Cross ventilation
Cross ventilation Location: Pretoria
Small stack difference House: Prototype

Room: Living room/ dining room and kitchen
Step Data
1 Design month January
2 From weather data determine the wind speed (WS) m/s 0.5

and the the wind direction (WD) for the design month ENE
3 From local weather data determine ambient temperature

for design month (minimum night temperature) DTA deg C 17
4 Design indoor temperature as calculated in table 10 (TA) deg C 22
5 Determine the temperature difference (DT) 5
6 Determine the mean temperature (MT) DTA + TA/2 deg C 19.5
7 Determine the temperature ratio (RT) DT/MT 0.26
8 Determine the square root o f RT 0.51
9 Determine the wind direction on the winward wall degrees 67.5
10 From table in Appendix ## determine the wind pressure

coefficient on the winward side 0.35
11 From table in Appendix ## determine the wind pressure

coefficient on the leeward side -0.4
12 Determine the difference in wind pressure coefficients DCP 0.75

(10-11)
13 Determine square root o f DCP 0.87
14 Volume o f space (V) m3 85
15 Give the total surface area o f the winward facade opening (A l) m2 1.92
16 Give the total surface area o f the leeward facade opening (A2) m2 1.05
17 Give the vertical distance between the leeward and winward side (H) m 0.1
18 Give the total surface area o f all openings (A l + A2) m2 2.97
19 Determine the square o f A l 3.69
20 Determine the square o f  A2 1.10
21 Determine A = A lsq  + A2 sq A 4.79
22 Determine B, the square root o f A B 2.19
23 Determine C = 1/B C 0.46
24 Detmine the ratio D = A l / A2 D 1.83
25 Determine h, the square root o f H 0.32
26 From the value o f  D determine the coeficients K1 and K2

for 0 < D </= 1 K1 = 0.45 ,K 2  = -1.02 K1 0.42
for 1 < D </= 2 K1 = 0.42 , K2 = -1.07 K2 -1.07 •

27 Determine E = C to the power o f K2 2.31
28 Determine the airflow Qw due to wind m3/h 1513

K1 x E x SCDP x WS x SRT x h
29 From figure ### determine the coefficient K, based on A l and A2 in m2 0.6
30 Determine the airflow Qw due to stack effect

1590 x K x AC x SRT x h 454
31 Determine Qw (1) , the square o f Qw (as asked by ASHRAE) 2290642
32 Determine Qs (1), the square o f Qs 205847
33 Determine Qt = Q w (l) + Q s(l) 2496489
34 Determine total air flow (sq it o f Qt) 1580
35 Determine total air changes per hour (ACH) Qt/V 18.6
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Figure 8.29: Cross ventilation with increased stack effect
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The fourth example utilizes 

cross-ventilation with an 

increased stack effect over 

one story. The staircase is 

utilized to serve as a stack to 

the attic space (Figure 8.29 A 

& B, and Table 8.18).
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Table 8.18: Calculation for air flow in naturally ventilated buildings.4

Table 18 Example 4
Calculations for air flow in naturally ventilated buildings. Cross ventilation
Wind and stack effect Location: Pretoria

House: Prototype
Room: Living room/ dining room and kitchen

Step Data
1 Design month January
2 From weather data determine the wind speed (WS) m/s 0.5

and the the wind direction (WD) for the design month ENE
3 From local weather data determine ambient temperature

for design month (minimum night temperature) DTA deg C 17
4 Design indoor temperature as calculated in table 10 (TA) deg C 22
5 Determine the temperature difference (DT) 5
6 Determine the mean temperature (MT) DTA + TA/2 deg C 19.5
7 Determine the temperature ratio (RT) DT/MT 0.26
8 Determine the square root o f RT 0.51
9 Determine the wind direction on the winward wall degrees 67.5
10 From table in Appendix ## determine the wind pressure

coefficient on the winward side 0.35
11 From table in Appendix ## determine the wind pressure

coefficient on the leeward side -0.4
12 Determine the difference in wind pressure coefficients DCP 0.75

(10-11)
13 Determine square root o f DCP 0.87
14 Volume o f space (V) m3 106
15 Give the total surface area o f the winward facade opening (A t ) m2 1.92
16 Give the total surface area o f the leeward facade opening (A2) m2 0.64
17 Give the vertical distance between the leeward and winward side (H) m 3.47
18 Give the total surface area o f all openings (A1 + A2) m2 2.56
19 Determine the square o f A1 3.69
20 Determine the square o f A2 0.41
21 Determine A = A lsq  + A2 sq A 4.10
22 Determine B, the square root o f A B 2.02
23 Determine C = 1/B C 0.49
24 Detmine the ratio D = A1 / A2 D 3.00
25 Determine h, the square root o f H 1.86
26 From the value o f D determine the coeficients K1 and K2

for 0 < D </= 1 K1 = 0.45 , K2 = -1.02 K1 0.42
for 1 < D </= 2 K1 = 0.42 , K2 = -1.07 K2 -1.07

27 Determine E = C to the power o f K2 2.13
28 Determine the airflow Qw due to wind m3/h 1392

K1 x E x S C D P x W S x S R T x h
29 From figure ### determine the coefficient K, based on A1 and A2 in m2 0.6
30 Determine the airflow Qw due to stack effect

1590 x K x AC x SRT x h 2304

31 Determine Qw (1) ,  the square o f Qw (as asked by ASHRAE) 1937894
32 Determine Qs (1), the square o f Qs 5306908

33 Determine Qt = Q w(l) + Q s(l) 7244802

34 Determine total air flow (sq rt o f Qt) 2692

35 Determine total air changes per hour (ACH) Qt/V 25.4



Summation of Strategies

A. SKETCH DESIGN PARAMETERS
1. Urban planning

- A compact layout of estate.

- Solar access to all housing units.

• A two seasonal approach to outdoor space planning, winter and summer courtyards.

- Abutting units to minimize summer solar gain on west and east walls and to minimize 

winter heat loss through conduction.

2. Building design and planning

■ A compact layout.

■ No windows on west walls.

■ A centralized heat source.

■ Increased equatorial facing windows. The use of a double-story would increase the 

potential area.

- Provision for nighttime ventilation.

- Location of all living areas on the north side of the building.

■ Adequate storm-water drainage from the roof.

- Entrances should be protected from rain.

3. Building envelope

■ High thermal capacity materials for walls and floors.

■ A well-insulated envelope in winter.

- A lightweight roof with good resistive insulation. ^

■ Minimum heat gain of envelope in summer.

4. Windows

- Very small window openings (10% - 20% of total north/south wall area).

- Minimized conduction through windows during winter nights.

■ Shaded windows for the suggested shading period.

B CONSERVATION STRATEGIES

1. Architectural design and planning

1.1 Compact design

a) Surface to volume ratio (SVR) j

*  Make the building as compact as possible. This objective is best achieved by 

establishing a very small surface to volume ratio.
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* By sharing walls between housing units, the outward heat conduction in winter, and 

the inward heat conduction in summer can be greatly reduced.

b) Surface to floor area ratio (SFAR)

■ Minimize excessive volume, without compromising the spatial qualities of the 

building.

1.2 Thermal zoning of buildings

a) Zoning of functions.

*  Place the living room and bedrooms in relative relation to the path of the winter 

sun. The kitchen can be placed on the south The kitchen and breakfast area can 

also be placed on the east side, to gain the benefit of the early morning sun.

*  Utility rooms, storerooms, bathrooms, garages, passages and closets should be 

placed on the south or west side of the house.

* Where the garage space is internal to the plan, the shared wall between the garage 

and the house space should be constructed as an external wall. The door between 

these two spaces should be properly weather stripped and of similar thermal 

resistance to other external doors.

b) Subdivision of interior to create different heating and cooling zones

* Care should be taken to secure heated rooms with well-sealed doors or partitions. 

In multi-leveled spaces heat will rise to highest ceiling level, causing a stratification 

of cold air to hot air (from the bottom to the top).

*  Providing a door at the staircase will control upward heat-flow during winter.

*  As a general rule it is good policy to partition a dwelling in winter into cells that can 

be closed, in order to control air movement.

1.3 Centralized heat sourcing

* These particular heat sources should be located next to the mass interior walls

*  The planning and design of an internal fireplace to sketch

1.4. Shading

a) The period for maximum shading

■ The period for maximum summer shading for the Northern steppe, Pretoria, would 

be from August 12th to May 1st (Figure 7.15 A). This period will be symmetrical 

around the summer solstice where a fixed shading device is utilized (see 

discussion in Figure 7.8). The period of maximum shading for the Highveld, 

Bethlehem, would be from September 16th to March 28th, (Figure 7.15 B).
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b) North facing windows

* The designer should ensure that the window would receive maximum solar gain 

during the under-heated period. Figures 17.17 & 17.18 indicate the calculation of 

the full shade angles and the full sun angles for Pretoria and Bethlehem 

respectively.

■ A horizontal overhang should be designed to allow the vent of hot air trapped under 

the overhang (Figure 7.13 C).

- Where the projecting distance beyond the window is limited, horizontal louvers in 

the vertical plane should be utilized (Figure 7.13 D).

The overhang should extend beyond the width of the window. Alternatively, 

vertical fins should be employed (Figure 7.14).

■ Careful assessment of the performance of the horizontal-shading device for the 

north-facing window in Pretoria reveals that the overhang would not be satisfactory. 

The horizontal overhang cannot be extended further because this would exclude 

substantial penetration of the winter sun during the heating season. The combined 

use of a horizontal overhang and a vertical fin would render the best results when 

having to deal with the overheated period between 3 p.m. and 6 p.m. (Figure 7.16 

A). A vertical fin that will exclude sun from -90° (west) to the horizontal shadow 

angle of -65° (west of north) would be satisfactory (Figure 7.16 A and Figure 7.17).

■ For Bethlehem the use of vertical fins to prevent afternoon overheating is 

unnecessary, for the reason that the horizontal overhang will provide shading for 

the entire overheated period (Figure 7.16 B).

c) Shading strategies for south facing windows:

■ During the summer months overheating in the afternoons (after 3 p.m.) occurs on 

the south-facing facade. The sun position is south of west, and thus penetrates 

openings that are on the south facade (Figure 7.15). The use of vertical shading 

devices to block the west, southwesterly sun would solve the problem (Figure 

7.20). The horizontal shadow angle that will exclude sun from the opening would 

be -65° (west) or even -70° (west).

- One of the most simple strategies to utilize, is to keep the windows on the south 

facade as narrow as possible, especially in spaces like kitchens and bathrooms 

(Figure 7.21 B). When using cavity walls the deep recess of the window opening 

helps to create a deep enough vertical to block out late afternoon sun. For 

windows that are wider than 400mm, a vertical fin (similar to those on the north 

facade) could be used (Figure 7.21).
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d) Shading strategies for east facing windows:

- Overheating of east facing windows on the Northern steppe (Pretoria), is possible 

in the middle of the summer (December to February) from 10 a.m. (Figure 7.15 A & 

Figure 7.22 A). Thus for east facing windows of zones occupied during the 

morning, care should be taken in the design of the opening.

- For the Highveld the period of overheating in the morning is generally short, and 

the temperatures are seldom above 23QC before 12 noon, (Figure 7.15 B & Figure 

7.22 B). Thus for locations on the Highveld the design of a shading device for the 

overheated period for east facing windows of the house is not essential. If however 

east facing rooms are occupied, and daylight consideration is of importance, care 

should be taken in the design of a shading device.

■ For locations on the Northern steppe the following strategies for shading of east 

windows are can be applied:

• Provided the designer has the option, windows on the east-facing facade 

should be oriented towards the northeast. Figure 7.22 indicates the shading 

mask of a horizontal-shading device that is oriented towards the northeast. 

It shows that the overheated period (without the use of vertical shading 

devices) is covered with the same depth of horizontal overhang as the north 

facade. The use of a northeast-facing window with a horizontal overhang 

with the same depth as the north facade, would therefore be an affective 

shading strategy. Figure 7.23 6  indicates the positioning of the window for 

an east situated kitchen.

■ For due east facing windows, the most important overheated period to 

address is for the months of October to March, for the hours from 10 am to 

12 noon. On the Northern steppe the temperatures before 10 a.m. are 

normally below 23QC. The use of a horizontal overhang with the same 

depth as for those of north facing windows would be appropriate. From 

Figure 7.22 B it can be seen that this strategy is only effective from 

approximately 10 a.m. in the morning. The use of vertical fins is also 

practical, but unessential. Figure 7.23 A shows the use of an overhang and 

pergola on the eastern facade at the end unit in the row of clusters.

■ The planting of deciduous trees and the use of trelliswork in front of east 

facing windows, is another practical strategy for dealing with overheating of 

east facing windows during summer.
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e) Shading strategies for west facing windows:

■ Designers should on the whole avoid placing windows on west facades. Since the 

overheated period is extensive both during the number of hours per day and the 

length of the overheated season, it is difficult to design shading devices that can 

cover the entire overheated period without covering the window completely. The 

overheated period is normally from 12 noon till after 6 p.m. for most of the summer 

on the west facing part of the building. A strategy such as the utilization of a 

reflective glazing-curtain in front of the window is another possibility to consider. 

This strategy is however expensive to employ.

■ Where the designer needs to design a shading device for a west-facing window, an 

egg-crate type device could be utilized. This type of devices employs both 

horizontal and vertical members to shade the window. Figure 7.24 A illustrates the 

shading mask for a typical egg-crate device. As can be noticed from the figure, this 

device would only effectively shade the window until approximately 5 p.m. during 

summer.

■ After 5 p.m. the window will receive a certain amount of sun. Figure 7.25 illustrates 

this type of shading device.

■ Vertical fins could also be employed successfully as can be seen from Figure 7.24 

B. This type of shading device will only allow light from the south to penetrate the 

space. This type of shading device could also be utilized on east facing windows 

(Figure 7.26).

2. Envelope design

2.1 Walls

a) Desirable time lag

- The general rule of thumb for massive masonry, earth, and concrete walls, is that 

the time-lag equals 10 hours for every 0.3 meters of thickness1.

■ The following should be considered with the placing of thermal mass.

■ Exposed west walls of living spaces at the end of a row of housing 

units.

* Exposed east walls of living spaces located at the end of a row of 

housing units.

- Exposed south walls of living areas. South walls receive as much 

direct solar radiation during summer as north walls, during the early 

morning and late afternoon.
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■ North walls receive solar radiation for the longest period during the 

day.

■ All of the living spaces are located on the north side of the building.

b) Design for direct gain walls

■ Direct gain walls are “charged” from the inside -  in other words, heat is gained 

from equatorial facing windows and absorbed and stored in mass walls, floors and 

slabs from inside the space (Figure 7.22

- Wall cavities should be grouted to increase the storage capacity of these walls

' (Figure 7.32

Principles of construction of walls for direct gain walls

- If hollow masonry units are used, they could be grouted solidly to improve their time 

teg (Figure 7.34 A).

■ Interior finishes to the inside of the mass should be kept to a minimum, to ensure a

.....surface for maximum absorption.

Surface finishes

■ Surfaces that are exposed to long periods of radiation should be of dark colors for 

maximum absorption. Dark colored floor tiles in north facing rooms will yield the 

best results.

■ Special mixtures can be added to concrete used for darker color surfaces. This will 

increase the absorption of the material.

- Particular surfaces may be coated with a selective surface coating, which highly 

absorbs incoming solar radiation and emits low heat.

- Other surfaces that are not employed as storage elements can be of a light color, 

in order to reflect radiation to darker colored surfaces.

■ Slab on grade and internal slabs used for thermal storage, should not be covered 

with carpets. The use of tiles on slab-on-grade or as an internal slab, increases the 

thermal storage capacity of the building element.

• Mass should be distributed as evenly as possible.

- If lightweight wall systems are used, mass can furthermore be introduced to the 

inside to provide storage (Figure 7.35 A).

■ If insulation is used, it can be placed on the outside of the mass (Figure 7.34 B), or 

to the inside of the cavity (Figure 7.35 B &  C).

c) Cavity walls

• Building elements often incorporate airspace, for example cavity in masonry walls, 

attic space; ceiling spaces and airspace in stud wall partitioning. An unventilated 

cavity will provide added insulation when compared to a solid wall. The wall with
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the cavity has almost twice the resistance than a wall without the cavity. The use of 

solid brick wall with cavity will increase the thermal resistance of the wall 

dramatically.

• The resistance of cavity walls and solid walls: Solid brick wall- 228mm = 0.37 (R- 

Value), m2 degCA/V, Solid brick wall with cavity, 260mm, with plaster inside = 0.78 

(R- Value), m2 degC/W.

2.2. Roofs

a) Light-weight roofs

■ The use of insulation is of true significance. Ceiling temperatures as high as 44QC 

(112QF) have been recorded in houses in South Africa with east/west facing 

galvanized steel roofs (the most common roofing material in South Africa) without 

any insulation.

■ Concerning the built prototypes in Pretoria, the ceiling temperature was lowered by 

at least 5.5QC (10QF) through the use of insulation during the summer months 

(Figure 7.37 A). The indoor temperature was lowered by 1.4QC (2.5QF) (Figure 

7.37 B&C) .
- The use of 50-100mm of blanket insulation will be sufficient.

2.3. Vented attics

■ The ventilation of attic spaces has very little effect on energy consumption and 

comfort in buildings. The reason for this is that the major mode of heat transfer in 

roof attic spaces is through thermal radiation, with convection playing a minor role.

2.4. Moisture control in buildings

a) Ventilation

• Controlling the major sources of humidity with the use of exhaust fans or adequate 

natural ventilation. These sources are stoves in kitchens and showers, basins and 

baths in bathrooms, as well as other moisture producing areas, such as indoor 

gardens (Figure 7.40 A).

■ If a flue-less oil heaters is used during the night, the building house should be 

properly vented during the warm hours of the winter days.

b) Walls and windows

■ With the use of double pane windows (where the indoor temperature is 21°C at 

40% relative humidity, and the outdoor temperature 0°C), there will not be any 

condensation on windowpanes.
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■ Restriction of moisture migration into building cavities by utilizing a more airtight 

construction. This will minimize the infiltration of humid air into building cavities 

such as ceiling spaces and wall cavities. This strategy will also limit the exfiltration 

of warm air in winter, thus saving energy consumption. Care should be taken in the 

sealing and caulking of points of leakage in the envelope.

- The use of vapor barriers to limit penetration into building cavities can also be 

employed. The rule is to place the vapor barrier on the warm side of the insulation, 

thus to the inside of the insulation.

- When vapor penetrates into the cavities of building elements through a diffusion or 

airflow, it condenses on colder surfaces, and moisture gets trapped in the building 

element. This moisture or vapor should be disposed of through ventilation or 

drainage.

c) Roofs

■ Roof spaces can be ventilated with three different techniques, namely with cross 

ventilation through gable ends, the use of stack effect, or the use of a mechanical 

fan.

■ Flat-roofs should be ventilated through all rafter spaces from the soffit of the eaves, 

or from the beam filling to the other eaves. If a header beam obstructs the 

ventilation in the middle of the roof, the roof should be vented with vent stacks in 

the middle of the roof.

- Gable roofs. Gable end vents are easy to provide at the openings of each of the 

opposite end gables (Figure 7.41 B). A ridge vent and vents at the eaves can also 

be provided (Figure 7.41.C).

- The total area for the opening of the vents should be 1/300th of the total building

area at the level of the eaves. One opening at each gable end should be provided.

For a 100m2 house the louver at each end should therefore be at least 400mm x 

400mm.
- Cathedral roofs have similar problems to flat roof construction. The roof should be

vented at the soffit of the eaves (or at the eaves) and at the ridge (Figure 7.42 A & 

B). The area of the vents should be calculated in the same manner as that for a flat 

roof. For the prototype, the following vent sizes should be sufficient:

- Area of north facing roof = 29m2, an 80 mm x 80 mm vent opening between 

each rafter would be sufficient.

- Area of south facing roof = 15m2 A 70 mm x 70 mm vent opening between 

each rafter would be sufficient.
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■ It will be subsequently be sufficient to provide 80 x 80mm (3” x 3”) vent 

openings between each beam.]

■ Moisture control in mass roofs and built-up roofs. The solution is to use high 

resistance insulation. The use of insulation with an affinity for moisture may, also 

be advised.

d) Moisture control in floors

■ Floor-slab-condensation can be minimized by separating the slab from the ground 

with a plastic membrane. In South Africa the use of USB (under surface bed) 

membranes are quite common.

2.5 Color of the envelope

a) White roofs and roofs

■ While outdoor surface color does not involve additional cost, substantial thermal 

benefits can be obtained. The most important surfaces that need white paint are 

the roof and western wall surfaces. The northern wall surfaces can be painted a 

dark color where solar radiation will strike the wall during winter, but where the wall 

will be in shade during summer. As mentioned before, inside wall surfaces that 

serve as direct gain surfaces should be of dark color.

2.6 Infiltration

a) Window and window sill

■ There are usually cracks and openings where the window frame and the wall meet 

(all around the reveal), through which air can escape. These cracks and openings 

can be caulked with silicone

- Weather stripping can be applied to the inside of the opening section

- Cracked windowpanes should be fixed.

b) Doors and door openings

■ Weather strip can be applied to the rebate of the doorframes (Figure 7.44 C).

■ A door seal could be fitted under the door (Figure 7.44 D).

c) Bathroom extraction fans:

- Seal and chalk around the frame of ceiling or wall fans, and supply openings with 

dampers that can be closed during winter, when the extraction fan is not used.

d) Fireplace: Ensure that the damper is closed if not in use.

e) Ceiling

■ Affix weather strip around the opening of the ceiling hatch.

■ Ensure good workmanship when ceilings and ceiling cornices are fixed.
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■ Fix ceiling cover-strips (half-round, metal tees or ceiling strips) between ceiling 

boards applying good workmanship.

■ Ensure that no openings and cracks exist between light fittings and ceiling boards.

f) Plumbing:

• Ensure that openings around plumbing entries are properly grouted.

g) Skylights:

- Chalk and seal skylights regularly if cracks appear because of hail damage or 

thermal movement.

3. Climatic control through planting around building envelope

a) Ground reflectance in front of windows should be decreased. The use of low scrubs 

under the windowsill or facing berm minimizes the reflectivity of the ground outside 

windows. Big scrubs or trees should not be placed directly in front of direct gain, 

equatorial-facing windows (Figure 7.45 A & B).

b) The use of light colored paving with a seasonal ground cover can act as both a 

summer and winter strategy. During summer the ground cover can cover large areas of 

the paving, but during the winter the paving could be exposed, in order to increase 

solar gain to the window (Figure 7.45 C & D).

c) Keep un-shaded hard surfaces to a minimum.

■ Driveways and parking areas should be minimal areas if planned well. Alternate 

hard surfaces (paving, concrete, and asphalt) with plants and ground covers.

d) Patios with hard surfaces should, where possible, be shaded during the summer time.

e) The planting of vegetation should be planted carefully in order to be seasonally

beneficial.

- A few tall, deciduous trees could be planted in front of the equatorial facing facade 

Do not plant too many trees, as this could considerably reduce the winter solar gain 

to direct gain windows.

■ Compact, dense evergreen trees or tall scrubs should be selected for the west and 

southwest sides, in order to minimize late afternoon summer sun penetration. For 

the same purpose, the garage or carport could also be placed on this side. Other 

shading strategies for the wiest and southwest-orientated surfaces include planted 

earth berms, fences and walls, and trelliswork with ivy (Figure 7.46 A, B, C &  D).

- Set the ivy espalier 100mm to 200mm away from the wall. This will result in an 

increased blanket effect and protect the wall. The supports (of galvanized steel or 

wood) can be placed center to center at 500mm Figure 7.47 D).
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Addendum 1 The twelve climatic zones for South Africa as describe by 
Schulze

Figure 1.3. South Africa’s 15 Climatic Regions according to the South African Weather Bureau

Legend:

M= Cape Town Region; A= Cape East Coast Region; K= Little and Great Karoo Region; W= West Coast Region;
Ss= Southern Steppe Region; Sn= Northen Steppe Region; SE= Southern Eastern Coast Region; E= Eastern Coast 
Region (Natal); D= Drakensberg Region; L= Lowveld Region; H= Highveld Region; NT= Northern Transvaal Region. 
** See table 1 - Climatic Regions of South Africa.

Copied from B .R  Schulze, Climate o f  South Africa, Part 8, General Survey, 1st ed., (Pretoria: Weather 
Bureau, Department o f Environment Affairs, 1965), 313
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Region Temperature Relative Rainfall Sky Wind and
humidity conditions Other

general
notes

Region M
REGION: Daily average Warm, hot, dry Winter rainfall Sunshine Wind is
Cape Town maximum: summers and region, May to duration varies exclusively
Region Summer- wet winters. September, from 60% of the from the

January: 28°C 40-60% relative with dry possible southeast in
CLIMATIC (82°F). humidity in summers. sunshine in summer.
TYPE: Winter - July: summer, and winter (July), to In winter
Mediterranean 17°C (63°F). 60-70% relative Rainfall varies 70% of possible northwesterly

Extreme humidity in because of the sunshine in the winds bring
CITIES: maximum: winter. prominent summer. rain. The winds
Cape Town Summer- topography: are strong to

January: 43°C Average 3000mm (120”) gale force, and
(109°F). monthly relative in mountain may cause
Winter - July: humidity of valleys, and unpleasant
30°C (86°F) 54%12. 400-500mm condition along
Daily average (16”-20") on the coast.
minimum: Cape Flats.
Summer- Season of Frost is unusual
January: 15°C maximum during winter.
(59°F). rainfall (one
Winter - July: can expect 12-
6°C (43°F). 15 rain-days a
Extreme 
minimum: 
Summer-

month).

January: 4°C 
(39°F)
Winter - July: - 
5°C (23°F).

Region A
REGION: Daily average In summer Equal distribution of Compared to Warm berg-
Garden maximum: the relative rain among the the rest of winds in late
Route region Summer - January: humidity is seasons. Rainfall South Africa, summer.

26°C (79°F). moderate. In varies from location x this is the Winds blowing
CLIMATIC Winter - July: 19°C winter the because of cloudiest along the
TYPE: (60°F). relative topography. region. coast can be
Subtropical Extreme maximum: humidity is George and Annual unpleasantly
wet Summer - January: above the Knysna, 1100mm sunshine: 50% strong.

42°C (108°F). comfort (44”) of the possible Summer next
CITIES: Winter - July: 32°C zone13. Riversdal, 400mm annual to the coast is
George (90°F). (16”). sunshine. pleasant

Daily average because of the
minimum: 8 to 12 rainy days sea breeze.
Summer - January: per month.
15°C (59°F). Rainfall is cyclonic Mountaintops
Winter - July: 7°C and orographic. are topped
(45°F). Thunderstorms are with snow
Extreme minimum: 
Summer - January: 
4°C (39°F).
Winter - July: -4°C 
(25°F).

rare. during winter.



Region Temperature Relative Rainfall Sky Wind and
humidity conditions other

general
notes

Region K ' '
Large temperature A low Receives on average Skies are Hot winds on

REGION: fluctuation, both diurnal annual less than 250mm (10”) almost always the high
Karoo and seasonal. Days with relative a year. clear. plateaus.
region up to 44°C (111°F), and humidity. Mountain ranges can 70% of August winds

nights up to 28°C (SOT). Average exceed 750mm (30”). possible are gusty and
CLIMATIC Daily average humidity Rainfall evenly annual predominantly
TYPE: maximum: approxi- distributed through the sunshine. from the
Semi-arid Summer - January: mately year. northwest.

32°C (90°F). 68%14. Double maximum in During
CITIES: Winter - July: 18°C November and March. summer,
Beaufort (64°F). There are 10 to 20 winds in the
West Extreme maximum: thunderstorms a year. interior are

Summer - January: Only a maximum of 3 from the
45°C. (113°F). 
Winter - July: 31 °C

rainy days in a month. southwest.

(88°F). Frost from
Daily average minimum: June to
Summer - January: August.
15°C (59°F). Snow on the
Winter - July: 5°C higher
(41 °F). mountains in
Extreme minimum: 
Summer - January: 5°C 
(41°F).
Winter - July: -3°C 
(27°F).

winter.

Region W
REGION: Large temperature , Maximum Rainfall is unreliable, Generally Dust storms in
Desert fluctuation, both diurnal relative with 250mm (10”) a clear skies. the interior
steppe and seasonal. humidity in year in the interior The coast and (haboebs).
region Daily average.... winter 50mm (2”) towards the the interiors Sand storms

maximum: (July) at West Coast. have different with warm
CLIMATIC Summer - January: Coast: 40- In the interior, patterns. east winds on
TYPE: 35°C (95°F). 60%, and in. convection showers in the coast.
Arid Winter - July: 18°C the interior: summer and autumn Maximum in Summer

(64°F). 20-40%. (2 days rain per month the interior in winds
CITIES: Extreme maximum: rain during the rainy the summer predominately
Upington Summer - January: Minimum season). Near the (December) southwesterly

46°C (115°F). relative coast, rain mainly with up to 90% and westerly.
Winter - July: 32°C humidity in occurs in winter. of the possible Winter winds
(90°F). the sunshine - northerly.
Daily average minimum: summer, Hail seldom occurs. 200-250 days.
Summer - January: most of the Snow on the very high Due to the
17°C (63°F). interior peaks (5 times a year). Coast cold Benguela
Winter - July: 3°C between maximum in sea current,
(37°F). 20-30% autumn (May) fog is frequent
Extreme minimum: relative and minimum on the coast,
Summer - January: 5°C humidity. in summer up to 20-30
(41T). Coastal (February). miles inland.
Winter - July: -10°C regions > Frost is
(14°F). more humid common on
One of the hottest because of the inland
places in South Africa, fog. plateaus.
Goodhouse, and one of 
the coldest places in 
South Africa, 
Sutherland, fall under 
this region.
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Region Temperature Relative
humidity

Rainfall Sky
conditions

Wind and 
other 
general 
notes

Region E
REGION: Daily average The summers
Natal East maximum: can be very Average annual Cloudy Predominant
Coast Summer - oppressive with rainfall varies: condition in wind direction
region January: 28°C a combination of 760mm (30”) in the summer is northeast

(82°F). high northern interior reduces the and southwest
CLIMATIC Winter - July: temperatures and 1250mm possible (equally
TYPE: 22°C (72°F). and high relative (50”) at the coast sunshine to proportioned).
Tropical Extreme humidity. and against the 45% of the Northeast

maximum: Maximum in mountains. possible winds in
CITIES: Summer - summer is 70% In winter: 70% summer cause
Durban January: 43°C and above. Summer rainfall of the possible sweltering hot

(109°F). Minimum in region (October- sunshine. days.
Winter - July:34°C winter. March); 120-140 Southwest
(93°F). rain days per Frost seldom winds bring
Daily average Maximum vapor year. occurs only in relieve with
minimum: pressure in Rain from some interior overcast
Summer- summer is instability and valleys. weather.
January: 19°C 25mb. thundershowers At the end of
(66°F). and occasional the winter a
Winter - July: 9°C heavy rains cause warm western
(48°F). floods. wind can raise
Extreme Although rainfall the
minimum: is fairly reliable, temperature to
Summer - droughts do 38°C (100°F).
January: 7°C occur. Sometimes
(45°F). hail occurs in
Winter - July: - the interior,
1°C (30°F). approximately

1-3 times a
year.

Region D
REGION: Large temperature Maximum in Average annual Summer: 50- Mainly south
Natal fluctuation, both summer rainfall varies: 60% of total and north to
Highlands diurnal and seasonal. 2p.m.- 40- 680mm (27”) in possible northwesterly.
region Daily average 60% Tugela basin. sunshine. During autumn

maximum: 8a.m. - 70- 1900 (75”) in Winter: 70- a strong
CLIMATIC Summer - January: 80%. places in'the 80% of the northwest
TYPE: 27°C (81 °F). Minimum in Drakensberg. total possible prevails.
Tropical Winter - July: 19°C winter Summer rainfall sunshine. Snow is most
uplands (66°F). 2p.m. - 30- season: frequent than

Extreme maximum: 40% November- any other
CITIES: Summer - January: 8a.m. -60- March: place in South
Ladysmith 40°C (104°F). 70%. 12-13 rainy days Africa,

Winter - July: 30°C per month. approximately
(86°F). Winters are dry. 8 times a year.
Daily average Hail is
minimum: frequent, 6
Summer - January: times a year
15°C (59°F). on higher lying
Winter - July: 3°C areas next to
(37°F). Drakensberg.
Extreme minimum: 
Summer - January: 
3°C (37°F).
Winter - July: -10°C 
(14°F).
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Region Temperature Relative
humidity

Rainfall

\ ' ' -

Sky
conditions

Wind and 
other 
general 
notes

Region L
REGION: The climate is warm Very humid Annual rainfall In winter there Mainly from
Lowveld to hot with a high conditions in varies: is clear sky the south-
region humidity in the the summers 500mm (20”) in conditions with southeast or

summer. Summers Maximum in North and 700mm 70% of the the northwest.
CLIMATIC can be oppressive. summer (28”) in the South. total possible Can reach
TYPE: Daily average 2p.m. - 45- Against the sunshine. gale force
Tropical maximum: 70% escarpment, Summer: 50% against the
low lands Summer - January: 8a.m. - 70- rainfall increases of total mountains,

30°C (86°F). 80% with altitude up to possible although
CITIES: Winter - July: 23°C Minimum in 2000mm (80”) a sunshine. seldom.
Nelspruit (73°F). the winter year. .

Extreme maximum: 2p.m.- 35- Summer rainfall Mist against
Summer - January: 45% season: the mountains.
43°C (109°F). 8a.m. -70%. November- March
Winter - July: 35°C with maximum in Hail is
(95°F). January. infrequent.
Daily average Average 65-120
minimum: rain days a year. Frost seldom
Summer - January: Type: occurs.
18°C (64°F) Thunderstorms
Winter - July: 8°C and heavy Beautiful
(46°F) showers - up to green
Extreme minimum 300mm (12”) per landscapes in
Summer - January: day. the summer.
7°C (45°F). Orographic rains
Winter - July: -2°C against the
(28°F). mountains.

Region H
REGION: Daily average Average Annual rainfall Summer: 60% Wind is
Highveld maximum: monthly varies from of the possible generally light,

Summer - January: relative 900mm (36”) on total sunshine. except during
CLIMATIC 27°C (81 °F). humidity is the Eastern Winter: up to rainstorms. ,
TYPE: Winter - July: 17°C 56%. border to 650mm 80% of the ..
Dry tropical (63°F). (26”) on the possible total Hail has the
steppe Extreme maximum: Humidity can Western border. sunshine. highest

Summer - January: be very low Summer rainfall frequency in
CITIES: 38°C (100°F). in winter. season from South Africa.
Pretoria Winter - July: 26°C October to March. Up to 7 times

(79°F). (85% of total a year.
Daily average annual) with the
minimum: maximum in Snow seldom
Summer - January: January. occurs.
13°C (55°F). Winters are very
Winter - July: 0°C dry.
(32°F). Type: Showers
Extreme minimum: and
Summer - January: thunderstorms.
1°C (34°F). Heavy sudden
Winter - July: -13°C downpours up to
(9°F). 125-150mm 5”-6”
Frost common in in one day.
winter. Storms are violent

with lightning and
strong gusty
south westerly
winds, with
occasional hail.
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Region Temperature Relative Rainfall Sky Wind And
humidity conditions Other

General
Notes

Region NT
REGION: Daily average Humidity Annual rainfall Summer: 60% Wind generally
Northern maximum: levels are varies from of the possible light and
Transvaal Summer - January: moderate 380mm (15”) in total sunshine. predominately
region 32°C (90° F). and not the north to 700m Winter: from the

Winter - July: 22° C considered (28”) on parts of exceeds 80% northeast,
CLIMATIC (72°F). problematic. the Waterberg. of the possible except during
TYPE: Extreme maximum: Summer rainfall total sunshine. rainstorms,
Semi-arid Summer - January: season from when they are
steppe 42° C (108° F). November to south.

Winter - July: 31° C March.
CITIES: (88° F). Winters are very
Pretoria, Daily average dry.
Louis minimum:
Trichard Summer - January: Type: Showers

18° C (64° F) and
Winter - July: 4° C 
(39° F).
Extreme minimum: 
Summer - January: 
8° C (46° F).
Winter - July: ~7°C 
(19° F).

thunderstorms.
i

Region Ss
REGION: Large diurnal and The average Semi-arid region 70%- 80% of Winds are
Southern seasonal variation. monthly that receives possible total usually
steppe Daily average , relative annually 250mm sunshine northwesterly,
region maximum: humidity is (10”) in the west during all attaining their

Summer - January: 55%1S. to 500mm (20”) seasons. maximum
CLIMATIC 30°C- 33°C (86° F- Humidity is on its eastern speed in the
TYPE: . 91 °F); Winter - July: not border. Snow on the afternoon;
Semi-arid 17° C (63°F). problematic. Summer rainfall southern During
Steppe Extreme maximum: Evaporative season from mountain thunderstorms

Summer - January: cooling may October to March ranges occurs they are strong
CITIES: 41° C (106° F). be used. Winters are very during the and gusty
Bloem Winter - July: 28° C dry. winter, causing southwesterly
fontein (82° F). cold and winds. During

Daily average A maximum of 10 unpleasant cold snaps,
minimum: rainy days during conditions. the winds are
Summer - January: a summer month Hail occurs southerly and
15° C (59°F) may be expected. with unpleasant.
Winter - July: 0° C thunderstorms. Dust storms
(32°F) Type: Showers occur during
Extreme minimum and dry seasons.
Summer - January: 
3° C (37° F).
Winter - July: -11°C 
(12° F).

thunderstorms.
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Region Temperature Relative Rainfall Sky Wind and
humidity conditions other

general
notes

Region Ns
REGION: Large diurnal and The average Semi-arid region 70%- 80% of Winds are
Northern seasonal variation. monthly that receives possible total usually
steppe Daily average relative annually 250mm sunshine northwesterly,
region maximum: humidity is (10”) in the west during all attaining their

Summer - January: 55%16. to 500mm (20”) seasons. maximum
30°C- 33°C (86° F- Humidity not on its eastern speed in the

CLIMATIC 91 °F); Winter - July: problematic. border. Snow on the afternoon.
TYPE: 17° C (63°F). Evaporative Summer rainfall southern During
Semi-arid Extreme maximum: cooling can season from mountain thunderstorms
Steppe Summer - January: be used. October to March. ranges occurs they are

41° C (106° F). Winters are very during the strong, and
CITIES: Winter - July: 28° C dry. winter, causing gusty
Kimberley (82° F). cold and southwesterly

Daily average A maximum of 10 unpleasant winds. During
minimum: rainy days during conditions. cold snaps,
Summer - January: a summer month Hail occurs the winds are
15° C (59°F). may be expected. with southerly and
Winter - July: 0° C 
(32°F). Type: Showers

thunderstorms. unpleasant.

Extreme minimum: and
Summer - January: 
3° C (37° F).
Winter - July: -11°C 
(12° F).

thunderstorms.

Region Se
REGION: Moderate The average This region 70% of the Winds blow
South temperatures, and monthly receives annually possible total mainly parallel
easterly high relative relative 500mm (20”) in sunshine to the coast,
Region humidity. humidity is the Fish River during the namely

Daily average 70%17, which valley, up to winter can be northeasterly
CLIMATIC maximum: is high. 1250mm (48”) at expected. and
TYPE: Summer - January: Humidity Port St. Johns. During southwesterly,
Subtropical 28°C(82° F). levels are Summer rainfall summer it is and can reach
humid Winter - July: 21° C constantly season with the often overcast, gale force
Region (70°F). high, but not maximum in resulting in a strengths.

Extreme maximum: considered March. Winter 50% chance of Southwesterly
CITIES: Summer - January: as also receives a possible total winds bring
Umtata 43° C (109° F). problematic18 fair amount of sunshine. cool, cloudy

Winter - July: 34° C rain. weather and
(93°F). rain, Hot berg-
Daily average A maximum of 12 winds occur
minimum: rainy days during during the late
Summer - January: a summer month winter.
17° C (63°F). may be expected.
Winter - July: 8° C During the winter Frost occurs in
(46°F). a maximum of 4 interior valleys
Extreme minimum: rainy days during during July
Summer - January: a month may be and August.
12° C (54° F). 
Winter - July: 3°C

expected.

(37° F). Type: Showers
In the valleys in the and
interior it can reach - 
5°C (23°F) during 
winter.

thunderstorms.
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Addendum 3 The annual hourly dry bulb temperature for Bethlehem, 
Ermelo, and Pretoria



HO U R LY TE M P E R A TU R E  DATA FO R  BETHLEHEM  IN DEG R EE CELCIUS
Average for 1992 ,1993 ,1994 ,1995 ,1996

MND 1 2 3 4 0 6 7 8 9 10 11 12
h01 15.2 15.0 12.9 8.7 4.4 0.4 0.3 3.4 8.2 10.5 11.9 13.6
h02 14.6 14.4 12.3 8.3 3.8 -0.1 -0.2 2.8 7.5 10.0 11.5 13.3
h03 14.2 14.0 11.7 7.8 3.2 -0.6 -0.7 2.2 6.8 9.6 11.0 12.9
h04 13.9 13.6 11.2 7.4 2.9 -1.0 -1.0 1.8 6.1 9.3 10.7 12.6
h05 13.6 13.3 10.8 7.1 2.7 -1.2 -1.3 1.5 5.7 9.1 10.5 12.3
h06 13.9 13.1 10.5 6.8 2.4 -1.7 -1.7 1.1 5.3 9.3 11.5 13.4
h07 15.9 14.7 11.7 7.5 2.5 -2.0 -2.0 1.3 7.2 11.7 13.7 15.4
h08 17.9 17.0 14.5 10.8 6.3 1.3 1.1 4.8 11.5 14.1 15.8 17.4
h09 19.8 19.0 17.0 14.0 10.4 6.2 6.0 8.7 15.1 16.3 17.5 19.1
h10 21.5 20.8 19.1 16.4 13.6 . 10.1 9.8 11.6 17.9 18.2 18.9 20.8
h11 22.8 22.3 20.9 18.0 15.8 12.6 12.1 13.8 20.0 19.9 20.2 22.2
h12 24.1 23.4 22.2 19.4 17.2 14.1 13.5 15.2 21.4 21.0 21.3 23.3
h13 25.0 24.3 22.8 20.3 17.9 15.0 14.4 16.2 22.4 21.8 22.0 24.1
h14 25.5 24.8 23.2 20.8 18.4 15.5 15.0 16.9 22.9 22.1 22.4 24.6
h15 25.5 24.6 23.4 20.7 18.4 15.4 15.0 17.0 22.9 22.1 22.2 24.4
h16 25.1 24.0 23.1 20.2 17.8 14.8 14.6 16.7 22.4 21.7 22.1 23.6
h17 24.2 23.2 22.3 18.9 16.2 12.8 13.0 15.5 21.3 20.8 21.2 22.8
h18 23.0 21.9 20.2 16.1 12.5 8.9 9.0 12.2 18.3 18.7 19.6 21.3
h19 20.7 19.8 17.7 13.8 10.3 6.7 6.8 9.6 15.2 15.9 17.1 19.0
h20 18.8 18.3 16.2 12.5 8.7 4.9 5.2 8.1 13.5 14.2 15.5 17.1
h21 17.7 17.4 15.4 11.5 7.4 3.5 3.7 6.8 12.0 13.0 14.4 16.1
h22 16.9 16.7 14.6 10.7 6.4 2.5 2.7 5.7 11.0 12.3 13.6 15.3
h23 16.2 16.1 14.0 9.9 5.6 1.6 1.7 4.8 9.9 11.6 12.9 14.6
h24 15.7 15.5 13.4 9.1 4.9 0.8 1.0 4.3 9.1 11.0 12.3 14.1
MAX 27.0 26.1 24.5 21.7 19.1 16.0 15.6 17.7 23.8 23.5 23.6 25.9
MIN 12.9 12.6 9.9 6.0 1.3 -3.1 -3.1 0.1 4.3 8.1 9.8 11.8

[HOURLY TEMPERATURE DATA FOR BETHLEHEM IN DEGREE FAHRENHEIT 
Average for 1992,1993,1994,1995,1996____________________ ' , ______
MND 1 2 3 4 5 6 7 8 9 10 11 12
hOI 59.3 59.0 55.3 47.6 39.8 32.6 32.6 38.2 46.7 50.9 53.3 56.5
h02 58.4 58.0 54.1 47.0 38.8 31.9 31.7 37.0 45.5 50.0 52.8 55.9
h03 57.6 57.2 53.1 46.0 37.8 30.9 30.8 36.0 44.2 49.2 51.9 55.2
h04 57.0 56.4 52.2 45.4 37.3 30.2 30.2 35.3 43.1 48.7 51.3 54.7
h05 56.4 55.9 51.5 44.8 36.8 29.8 29.6 34.7 42.2 48.5 50.8 54.2
h06 56.9 55.6 50.9 44.3 36.2 29.0 28.9 34.0 41.5 48.8 52.8 56.1
h07 60.6 58.4 53.0 45.4 36.4 28.4 28.4 34.3 45.0 53.0 56.6 59.7
h08 64.1 62.6 58.1 51.4 43.3 34.4 34.1 40.7 52.6 57.4 60.5 63.4
h09 67.6 66.3 62.6 57.1 50.8 43.1 42.7 47.7 59.3 61.3 63.5 66.5
h10 70.7 69.5 66.3 61.5 56.6 50.2 49.6 53.0 64.3 64.8 66.1 69.4
h11 73.1 72.2 69.6 64.5 60.5 54.7 53.7 56.8 68.0 67.8 68.4 71.9
h12 75.3 74.1 71.9 67.0 62.9 57.3 56.3 59,4 70.6 69.9 70.3 73.9
h13 77.0 75.8 73.1 68.5 64.3 58.9 58.0 61.2 72.4 71.2 71.6 75.3
h14 78.0 76.6 73.8 69.4 65.2 59.9 58.9 62.4 73.1 71.9 72.3 76.3
h15 77.9 76.3 74.2 69.3 65.2 59.7 59.0 62.7 73.1 71.7 71.9 75.8
h16 77.3 75.2 73.6 68.4 64.1 58.6 58.2 62.0 72.4 71.1 71.7 74.4
h17 75.6 73.7 72.1 65.9 61.2 55.0 55.3 60.0 70.3 69.5 70.1 73.1
h18 73.3 71.4 68.4 60.9 54.4 48.1 48.2 54.0 65.0 65.7 67.2 70.3
h19 69.3 67.6 63.8 56.8 50.5 44.0 44.2 49.3 59.3 60.6 62.8 66.2
h20 65.8 64.9 61.2 54.4 47.7 40.9 41.4 46.5 56.2 57.6 59.9 62.8
h21 63.8 63.3 59.6 52.6 45.3 38.3 38.7 44.2 53.7 55.4 57.9 60.9
h22 62.5 62.1 58.2 51.2 43.6 36.4 36.8 42.3 51.8 54.1 56.4 59.5
h23 61.1 60.9 57.1 49.8 42.2 34.9 35.1 40.7 49.9 52.8 55.1 58.4
h24 60.2 59.8 56.0 48.5 40.8 33.4 33.8 39.7 48.4 51.8 54.1 57.3
MAX 80.6 79.0 76.1 71.1 66.4 60.8 60.2 63.9 74.9 74.3 74.5 78.6
MIN 55.3 54.6 49.9 42.8 34.3 26.4 26.5 32.1 39.8 46.7 49.7 53.3



H O U R LY  T E M P E R A TU R E  DATA FOR ERM ELO  IN DEG R EE CELCIUS
Average for 1992,1993 ,1994 ,1995,1996

MND 1 2 3 4 5 6 7 e 8 9 10 11 12
h01 14.5 14.7 13.0 11.3 8.4 5.4 5.2 7.7 11.4 12.0 13.4 13.8
h02 14.2 14.4 12.7 11.1 8.1 5.2 4.8 7.5 11.0 11.7 13.1 13.5
h03 13.9 14.2 12.4 10.8 7.8 4.9 4.7 7.1 10.8 11.3 12.9 13.2
h04 13.7 14.1 12.2 10.6 7.6 4.8 4.5 6.9 10.5 11.1 12.6 13.0
h05 13.6 13.9 11.9 10.2 7.3 4.5 4.3 6.7 10.3 10.9 12.6 12.9
h06 13.9 13.8 11.8 9.9 7.0 4.2 4.0 6.4 10.2 11.2 13.1 13.5
h07 15.2 14.7 12.7 10.5 7.3 4.2 4.0 6.9 11.4 12.6 14.5 14.9
h08 16.9 16.3 14.4 12.4 9.5 6.3 5.9 9.1 13.9 14.6 16.3 16.5
h09 18.7 18.1 16.5 14.5 12.0 9.0 8.2 11.6 16.5 16.4 17.9 18.2
MO 20.2 19.7 18.4 16.6 14.5 11.4 10.7 14.2 18.5 18.3 19.3 19.5
h11 21.5 21.0 19.8 18.3 16.3 13.3 12.8 16.1 20.1 19.7 20.5 20.6
h12 22.5 22.0 21.0 19.4 17.4 14.7 14.1 17.3 21.2 20.8 21.3 21.5
h13 23.2 22.7 21.7 20.0 18.2 15.7 15.1 18.3 22.0 21.4 21.5 22.1
h14 23.5 23.0 22.0 20.4 18.6 16.1 15.7 18.7 22.3 21.6 21.6 22.4
h15 23.3 22.9 21.9 20.3 18.5 16.0 15.7 18.6 22.2 21.4 21.6 22.0
h16 22.4 22.4 21.6 19.5 17.7 15.4 15.1 18.1 21.7 20.8 20.9 21.5
h17 21.3 21.4 20.5 18.2 15.7 13.3 13.5 16.7 20.1 19.4 20.0 20.3
M8 20.1 20.0 18.3 15.8 13.2 10.8 10.8 13.9 17.6 17.4 18.3 18.9
h19 18.1 18.1 16.4 14.5 11.9 9.3 9.1 12.1 15.7 15.7 16.6 17.2
h20 16.9 17.0 15.3 13.4 11.0 8.2 8.0 10.8 14.4 14.5 15.6 16.1
h21 16.2 16.3 14.5 12.8 10.2 7.4 7.1 9.9 13.5 13.7 14.9 15.4
h22 15.6 15.7 13.9 12.1 9.6 6.7 6.5 9.2 12.8 12.9 14.4 15.1
h23 15.1 15.2 13.5 11.8 9.0 6.2 5.9 8.6 12.3 12.5 13.9 14.6
h24 14.8 14.9 13.2 11.5 8.7 5.8 5.6 8.2 11.9 12.2 13.6 14.3
MAX 24.8 24.5 23.4 21.6 19.4 17.0 16.4 19.6 23.8 23.4 23.6 23.8
MIN 13.0 13.2 11.2 9.2 6.3 3.4 2.9 5.5 9.3 10.2 11.8 12.2

HOURLY TEMPERATURE DATA FOR ERMELO IN DEGREE FAHRENHEIT
Average for 1992,1993,1994,1995,1996

MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 58.1 58.4 55.4 52.3 47.1 41.8 41.3 45.9 52.6 53.6 56.0 56.8
h02 57.5 58.0 54.9 52.0 46.7 41.3 40.7 45.5 51.8 53.0 55.5 56.3
h03 57.1 57.6 54.4 51.5 46.1 40.9 40.5 44.8 51.5 52.4 55.1 55.7
h04 56.7 57.3 53.9 51.0 45.6 40.7 40.1 44.4 50.9 52.1 54.8 55.4
h05 56.5 56.9 53.5 50.4 45.1 40.2 39.7 44.1 50.5 51.7 54.6 55.1
h06 57.1 56.8 53.3 49.8 44.6 39.6 39.1 43.6 50.3 52.1 55.6 56.2
h07 59.4 58.4 54.8 50.9 45.2 39.5 39.3 44.5 52.5 54.7 58.1 58.7
h08 62.5 61.3 58.0 54.2 49.1 43.4 42.7 48.3 57.1 58.2 61.3 61.7
h09 65.6 64.5 61.7 58.0 53.6 48.2 46.7 52.9 61.7 61.5 64.2 64.7
MO 68.4 67.4 65.1 61.8 58.1 52.6 51.2 57.5 65.4 64.9 66.8 67.0
h11 70.6 69.8 67.7 65.0 61.4 56.0 55.0 60.9 68.3 67.4 68.9 69.1
h12 72.5 71.7 69.8 66.8 63.4 58.5 57.5 63.2 70.2 69.4 70.3 70.7
h13 73.8 72.9 71.1 68.1 64.7 60.2 59.1 64.9 71.6 70.6 70.7 71.7
h14 74.2 73.4 71.5 68.6 65.4 60.9 60.2 65.7 72.1 70.9 70.8 72.3
h15 73.9 73.3 71.5 68.5 65.3 60.9 60.3 65.4 72.0 70.6 70.9 71.6
h16 72.3 72.2 70.8 67:2 63.9 59.7 59.2 64.5 71.0 69.5 69.6 70.6
h17 70.4 70.6 68.9 64.7 60.3 55.9 56.3 62.1 68.1 66.9 68.0 68,5
h18 68.1 68.0 64.9 60.4 55.8 51.4 51.4 57.0 63.6 63.4 65.0 66.1
h19 64.5 64.5 61.6 58.1 53.3 48.7 48.5 53.8 60.2 60.2 61.9 62.9
h20 62.3 62.6 59.5 56.2 51.8 46.8 46.4 51.5 58.0 58.1 60.0 60.9
h21 61.2 61.3 58.1 55.0 50.4 45.4 44.9 49.9 56.4 56.6 58.8 59.6
h22 60.1 60.2 57.1 53.9 49.2 44.0 43.8 48.5 55.1 55.3 57.8 59.1
h23 59.2 59.4 56.3 53.3 48.3 43.2 42.6 47.6 54.1 54.5 57.1 58.3
h24 58.7 58.7 55.8 52.7 47.6 42.4 42.0 46,8 53.5 54.0 56.5 57.7
MAX 76.6 76.1 74.1 70.9 67.0 62.5 61.6 67.2 74.8 74.1 74.5 74.8
XJBN 55.4 55.7 52.2 48.6 43.3 Pag&d 37.3 41.9 48.8 50.4 53.2 54.0



HOURLY TEMPERATURE DATA FOR PRETORIA IN DEGREE CELCIUS 
Average for 1992,1993,1994,1995,1996

MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 20.2 20.1 18.3 15.4 11.5 7.2 7.4 10.8 16.1 17.5 17.8 19.2
h02 19.8 19.6 17.9 14.9 11.0 6.6 6.7 10.2 15.4 17.0 17.3 18.8
h03 19.4 19.3 17.4 14.5 10.4 6.1 6.2 9.5 14.7 16.4 16.8 18.3
h04 19.0 19.0 17.1 13.9 9.9 5.6 5.7 9.0 14.1 15.9 16.5 18.0
h05 18.7 18.8 16.7 13.5 9.4 5.2 5.2 8.5 13.4 15.6 16.2 17.7
h06 18.5 18.6 16.4 13.2 9.1 4.8 5.0 8.1 13.0 15.3 16.2 17.6
h07 19.4 19.0 16.9 13.4 9.1 4.8 4.9 8.3 13.9 16.3 17.5 18.8
h08 21.0 20.6 18.7 15.7 11.4 7.0 7.3 10.6 16.7 18.5 19.4 20.5
h09 22.4 21.9 20.4 18.0 14.7 10.5 10:7 13.3 19.3 20.4 20.8 21.9
h10 23.8 23.3 22.0 19.9 17.5 13.7 13.7 15.8 21.6 22.1 22.1 23.3
h11 25.0 24.5 23.5 21.6 19.6 16.2 16.1 17.7 23.5 23.6 23.2 24.5
h12 26.2 25.6 24.6 22.8 21.0 17.7 17.6 19.3 25.0 24.7 24.2 25.6
h13 27.2 26.5 25.6 23.6 22.0 18.8 18.6 20.4 26.2 25.7 25.1 26.5
h14 27.9 27.2 26.2 24.2 22.4 19.3 19.2 21.2 27.0 26.4 25.4 27.2
h15 28.3 27.4 26.4 24.4 22.4 19.4 19.5 21.6 27.2 26.9 25.7 27.4
h16 28.0 27.4 26.2 24.1 22.2 19.1 19.3 21.4 27.0 26.7 25.6 27.3
h17 27.2 26.6 25.7 23.3 21.0 17.8 18.2 20.6 26.3 26.1 24.9 26.5
h18 26.2 25.6 24.5 21.8 18.9 15.4 15.9 18.8 24.8 24.8 24.0 25.2
h19 24.9 24.3 22.9 20.3 17.2 13.7 13.9 17.0 22.8 23.1 22.3 23.9
h20 23.8 23.2 21.9 19.0 15.6 11.8 12.3 15.6 21.3 21.7 21.3 22.7
h21 22.9 22.3 20.9 17.9 14.4 10.4 10.8 14.2 19.8 20.5 20.4 21.7
h22 22.2 21.7 20.1 17.1 13.4 9.3 9.8 13.1 18.6 19.5 19.7 21.0
h23 21.4 21.0 19.3 16.4 12.6 8.5 8.9 12.2 17.7 18.7 18.9 20.4
h24 20.7 20.5 18.7 15.7 11.9 7.8 8.1 11.5 16.9 18.2 18.3 19.8
MAX 29.4 28.5 27.3 25.0 23.1 20.0 20.0 22.1 27.8 27.6 26.9 28.4
MIN 18.2 18.2 16.0 12.8 8.6 4.3 4.3 7.7 12.7 14.9 15.6 17.2

«?

HOURLY TEMPERATURE DATA FOR PRETORIA IN DEGREE FAHRENHEIT 
Average for 1992,1993,1994,1995,1996

MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 68.4 68.1 65.0 59.7 52.6 45.0 45.3 51.4 61.0 63.5 64.0 66.6
h02 67.6 67.4 64.2 58.9 51.7 43.9 44.1 50.3 59.7 62.6 63.2 65.8
h03 67.0 66.7 63.4 58.1 50.6 43.0 43.2 49.2 58.5 61.6 62.3 65.0
H04 66.3 66.2 62.7 57.1 49.7 42.1 42.2 48.2 57:3 60.7 61.7 64.4
h05 65.6 65.8 62.1 56.3 48.9 41.3 41.4 47.3 56.1 60.0 61.2 63.8
h06 65.3 65.5 61.4 55.8 48.3 40.7 40.9 46.7 55.4 59.6 61.1 63.8
h07 66.8 66.3 62.3 56.1 48.4 40.7 40.9 46.9 57:0 61.4 63.5 65.9
h08 69.8 69.0 65.6 60.3 52.6 44.6 45.1 51.0 62.1 65.4 66.9 69.0
h09 72.4 71.5 68.7 64.4 58.4 50.8 51.2 56.0 66.7 68.6 69.5 71.4
h10 74.8 73.9 71.6 67.8 63.4 56.6 56.7 60.4 70.8 71.7 71.7 74.0
h11 77.0 76.2 74.3 70.8 67.2 61.1 61.0 63.9 74.2 74.4 73.8 76.1
h12 79.2 78.1 76.3 73.0 69.8 63.9 63.6 66.7 77.0 76.5 75.5 78.0
h13 80.9 79.7 78.0 74.6 71.5 65.8 65.5 68.7 79.1 78.3 77.1 79.6
h14 82.3 80.9 79,1 75.6 72.4 66.7 66.6 70.2 80.6 79.5 77.7 80.9
h15 82.9 81.4 79.6 75.9 72.4 66.9 67.0 70.9 81.0 80.3 78.3 81.3
h16 82.4 81.2 79.2 75.3 71.9 66.4 66.7 70.5 80.6 80.1 78.0 81.2
h17 80.9 79.9 78.3 74.0 69.9 64.1 64.8 69.1 79.4 79.0 76.8 79.8
h18 79.2 78.0 76.1 71.2 66.1 59.8 60.5 65.8 76.6 76.6 75.1 77.4
h19 76.9 75.7 73.2 68.5 63.0 56.6 57.1 62.6 73.1 73.7 72.2 75.1
h20 74.8 73.8 71.4 66.2 60.2 53.2 54.1 60.0 70.3 71.1 70.4 72.8
h21 73.3 72.2 69.7 64.3 58.0 50.8 51.5 57.6 67.7 68.9 68.7 71.0
h22 71.9 71.1 68.2 62.8 56.2 48.8 49.6 55.5 65.5 67.1 67.4 69.8
h23 70.5 69.9 66.8 61.4 54.6 47.3 47.9 54.0 63.9 65.7 66.1 68.7
h24 69.3 68.9 65.7 60.3 53.5 46.0 46.7 52.6 62.4 64.7 65.0 67.7
MAX 84.9 83.4 81.1 77.0 73.7 67.9 68.0 71.8 82.0 81.8 80.5 83.2
M|N 64.7 64.8 60.9 55.0 47.4 a m 39.7 45.8 54.8 58.8 60.2 62.9



Addendum 4 The annual hourly relative humidity for Bethlehem, Ermelo, 
and Pretoria.



HO URLY RELATIVE H UM ID ITY DATA FO R BETHLEHEM AS PERCENTAGE
Average for 1992,1993,1994,1995,1996

MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 '8.7.2, 86.4 86.0 84.6 75.6 70.4 69.8 74.0 68.8 82.2 86.4 86.4
h02 89.2 88.4 88.2 86.2 77.8 72.0 71.8 76.2 71.0 84.6 88.0 87.8
h03 90.8 90.0 89.8 87.8 79.6 74.2 73.6 78.0 73.6 86.0 90.0 89.0
h04 91.8 91.4 91.4 89.0 81.0 75.6 74.8 79.6 75.8 86.8 91.2 89.8
h05 92.6 92.2 92.2 90.2 82.0 76.4 76.4 80.8 77.6 87.4 91.8 90.4
h06 93.0 92.8 92.6 91.6 83.4 77.8 77.2 82.0 79.8 87.8 91.6 89.6
h07 87.2 91.0 92.8 92.0 84.0 78.4 78.4 82.6 79.0 84.0 85.2 83.0
h08 78.2 82.0 84.2 85.6 80.0 76.8 75.6 77.2 67.8 75.4 77.4 75.2
h09 71.2 74.2 73.8 74.4 67.4 64.0 63.2 66.0 56.2 67.4 71.0 69.6
MO 64.2 66.6 65.4 63.8 56.2 52.2 52.6 56.4 46.8 59.6 65.6 63.8
h11 59.0 61.0 58.6 57.6 48.0 43.6 45.6 49.0 39.4 53.2 59.8 59.2
M2 54.6 56.4 53.4 51.6 42.2 37.6 40.2 42.4 34.0 48.6 55.4 54.6
M3 51.2 52.8 50.0 47.4 38.8 33.6 36.0 38.2 30.0 45.0 51.8 51.0
h14 48.8 51.4 48.4 44.8 36.8 30.8 33.8 35.6 27.4 43.2 49.4 47:8
h15 48.2 52.0 47.0 44.4 35.4 30.2 33.0 34.4 26.2 42.4 49.2 47.0
h16 49.4 53.0 47.4 45.4 36.4 31.2 33.2 34.4 26.2 42.2 48.8 49.4
h17 51.6 55.6 49.6 49.0 39.8 35.0 36.0 36.6 27.8 44.4 50.6 51.4
h18 .55.8 59.6 55.6 56.8 48.2 42.8 43.2 44.2 33.6 50.4 55.4 56.0
h19 63.0 66.4 63.8 64.2 53.8 48.4 48.6 51.4 41.0 59.0 64.0 63.8
h20 70.2 72.4 69.6 69.2 58.8 53.4 53.4 57.0 46.0 64.6 69.4 71.8
h21 75.2 76.2 74.2 73.4 63.2 58.0 58.0 61.4 51.6 69.4 74.2 76.4
h22 ) 79.8 79.4 77.6 76.6 67.2 61.8 61.4 65.2 56.8 73.6 77.6 80.2
h23 83.4 81.8 81.0 79.8 70.4 64.6 64.8 68.6 61.2 77.2 81.4 83.0
h24 84.8 84.6 83.4 82.4 72.8 67.8 67.0 71.2 65.0 79.6 84.0 85.0



HO URLY RELATIVE H U M ID ITY  DATA FOR ERM ELO AS PERCENTAGE

Average for 1992,1993,1994,1995,1996
MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 90.6 90.8 90.6 86.8 74.4 71.6 70.2 71.8 70.8 84.4 87.6 88.0
h02 91.8 91.2 91.0 87.8 75.6 73.2 71.4 73.2 72.0 85.0 88.0 88.3
h03 92.2 91.6 91.4 88.4 76.6 73.8 72.4 74.4 73.2 86.4 88.4 88.5
h04 92.2 92.6 91.8 88.8 76.6 74.2 72.6 74.6 73.6 86.4 89.2 89.3
h05 92.4 92.8 92.0 88.6 78.8 74.6 73.2 75.4 73.8 86.4 89.4 89.5
h06 91.8 92.6 92.2 89.0 79.0 75.8 73.6 76.6 73.4 86.2 87.8 87.8
h07 87.4 90.2 89.8 88.0 79.0 75.6 73.8 76.0 70.2 81.6 83.2 83.5
h08 80.2 83.8 83.6 82.6 74.0 71.4 69.8 70.2 63.0 73.8 77.0 76.8
h09 72.4 74.6 73.4 73.2 65.6 62.2 62.6 60.6 54.4 65.8 70.0 70.8
h10 65.4 67.4 64.2 62.6 55.0 52.8 54.2 50.2 46.2 58.8 64.6 66.0
h11 59.8 62.2 57.4 54.2 45.4 44.4 45.8 41.2 40.8 52.6 60.4 61.5
h12 56.4 58.0 52.6 47.8 40.4 38.2 39.6 36.2 36.8 48.0 56.6 58.3
h13 53.4 54.4 49.4 45.2 37.4 34.6 36.2 32.2 34.2 45.4 54.8 56.0
h14 52.0 53.2 47.8 43.4 36.2 33.4 34.2 30.6 33.8 44.2 54.0 54.3
h15 52.4 53.4 48.0 43.8 36.4 32.4 33.6 30.6 33.6 44.8 53.8 55.0
h16 55.4 56.2 49.2 45.8 38.4 33.4 34.6 31.8 35.2 47.0 55.2 56.8
h17 59.4 60.0 53.8 50.8 44.8 40.2 39.0 36.0 39.6 52.4 58.2 60.3
h18 64.8 65.8 62.8 60.0 53.2 46.6 46.6 44.4 47.8 60.8 66.0 65.8
h19 74.4 75.0 71.6 66.4 58.6 53.0 53.0 53.0 53.2 68.2 73.8 73.3
h20 80.2 80.8 78.0 73.0 63.4 58.2 58.4 58.8 58.8 73.2 78.4 79.0
h21 83.4 84.2 82.2 77.6 66.6 62.0 62.8 63.6 63.0 77.4 81.2 82.5
h22 85.8 87.0 85.8 81.2 70.2 65.0 65.8 67.0 65.6 81.6 83.6 83.5
h23 88.4 89.2 87.6 83.6 72.6 67.0 68.4 69.2 67.4 83.2 85.8 85.5
h24 88.8 90.4 88.8 85.4 73.2 69.2 69.2 70.4 68.8 83.8 86.2 86.8



HO URLY RELATIVE H UM ID ITY DATA FOR PRETO RIA AS PERCENTAG E
Average fpr 1992,1993,1994,1995,1996

MND 1 2 3 4 5 6 7 8 9 10 11 12
h01 73.8 76.4 74.4 74.4 70.2 67.2 64 59.6 50.2 64.4 74 74.2
h02 75 77.8 75.6 76 73 69.4 66.4 61.8 . 53 66 76 76
h03 76.2 79.2 77.8 77.2 75.4 71 68.2 64.2 55.2 68.6 78.2 77.6
h04 78.2 80 80 79.8 77 73 69.6 66 57.8 70.6 80 79.2
h05 79.4 80.6 81 81.4 78.6 74.4 71 68 60.6 72.4 81.2 80.6
h06 80.6 81.4 81.2 82.2 79.8 75.6 71.8 69.4 62.2 73.8 81.8 81.4
h07 78.6 80.2 79.8 82.2 80 76.2 72.2 70 60.2 71.4 76.8 77.8
h08 73.2 75.8 73.6 75 73.2 69.8 65.4 63 53 64.2 70.4 71.8
h09 68.2 71.2 68 68 64 59.6 56.4 55 47 58.2 65.2 67.4
h10 62.2 65.8 61.6 61 54.6 50.2 48.8 48.4 40.6 52.8 61.2 62.4
h11 58.2 61.4 56.4 54.8 47 42.4 41.8 42.6 35.2 48.4 57.2 58.6
h12 54.6 57.8 52.6 50.2 41.4 36.8 36.6 38 30.6 44.2 54.6 55.2
h13 51 54.2 49.4 46.6 37.8 33.2 32.8 33.8 26.8 41 51.6 51.8
h14 48.2 52.2 47.8 43.8 35.6 31 30.6 30.8 23.8 38.2 50.2 49.6
h15 46.2 50.2 47.2 42.4 34.6 30 29 28.8 22 36.8 47.8 48
h16 46.2 51 47.4 43 34.4 30 28.6 28.2 21.4 35.8 48 47.4
h17 48.8 53 49.4 45 37 32.8 30.6 29.6 22 36.4 48.6 49
h18 51.6 56.8 53 49.8 42.8 38.6 35.8 34 25.2 39.8 51.4 53.4
h19 55.8 61 57.8 55 48.2 44 40.8 38.2 29.4 44.2 57.2 57.2
h20 59.6 65 61.4 59.6 54.4 50.2 46.4 42.2 33.4 49.2 60 61.8
h21 62.8 68 64.6 64.6 59.2 55.2 51.6 46.2 38.4 53.6 64.2 65.8
h22 65.6 70.2 67 67.8 62.8 59.4 55.8 50.6 41.6 56.6 67 68.6
h23 68.6 73 70 71.4 65.8 62.2 59.4 54.2 44.8 60 70.2 71
h24 71.4 74.6 72 73.2 68 64.2 62 57.6 47.6 62 72.2 73.2



Addendum 5 Two hourly dry bulb temperature and relative humidity for 
Bethlehem and Pretoria



I

Two hourly temperature and relative humiditydata for Bethlehem Hottest and coldest year
Hottest months of 1992 Coldest months of 1994

Hour Jan Feb Dec Hour Jun Jul Aug
1 15.5 15.8 14.7 Dbt in deg C 1 0.3 -2.5 2.9

82 71 80 Relative humidity % 73 68 72
3 14.2 14.3 14 3 -0.5 -3.9 1.5

86 78 83 76 73 77
5 13.3 13.2 13.2 5 -1.3 -4.6 0.7

89 84 84 79 75 80

7 15.7 14.4 16.8 7 -2.1 -5.3 0.6
80 83 75 82 77 82

9 20.7 20.9 21.1 9 5.8 4.7 8.7

56 54 60 66 57 63

11 24.5 25.3 24.2 11 11.6 12.2 14.4

40 37 49 46 37 45

13 27.3 27.8 26 13 13.7 14.7 16.9

32 30 41 38 27 33

15 28.6 28.6 26 15 13.9 15.3 17.8

28 28 37 35 24 29

17 27.3 26.9 24.5 17 11.5 12.8 16.1

31 31 . 43 39 29 32

19 23.1 23.1 20.5 19 5.8 5.6 9.6

41 39 54 52 43 47

21 18.8 19.6 17.3 21 3 2.3 6.8

64 53 70 61 53 56

23 16.4 17.3 15.7 23 1.3 -0.6 4.3
80 63 77 67 61 64

Two hourly temperature and relative humiditydata for Pretoria Hottest and coldest year

Hottest months of 1992 Coldest months of 1994

Hour . Jan Feb Dec Hour Jun Jul Aug

1 21 . 21.5 21.6 Dbt in deg C 1 6.2 4.8 10.2

62 62 61 Relative humidity % 64 58 58

3 20.1 20.2 20.7 3 5.3 3.4 9.2

65 68 66 67 62 62

5 19.3 19.6 19.8 5 4.5 2.5 8

70 70 69 70 65 67

7 19.8 19.7 21 7 4.3 2.2 7.7

72 72 66 71 66 68

9 23.1 23.3 23.9 9 10.3 9 13.3

63 . 63 56 53 48 53

11 26 26.5 26.1 11 15.7 15 18.1

47 47 51 37 35 38

13 28.6 29.2 27.8 13 . 17.9 17.9 20.8

40 39 46 30 25 29

15 29.9 30.7 29.1 15 18.2 18.8 22

35 34 . 42 28 21 25

17 29.2 30.4 28.3 17 16.6 17.2 20.9

36 34 42 31 23 26

19 27 27.7 25.6 19 12.4 12.6 17

42 41 49 42 32 34

21 24.6 25.2 23.6 21 9.4 8.9 14.1

49 48 57 53 44 44

23 22.6 23.5 22.4 23 7.4 6.5 12

55 54 61 60 . 52 51



Climate statistics for Bethlehem, Ermelo, and PretoriaAddendum 6



BETHLEHEM Lat 28:15 8 Lon 28 deg. 20 min. E
Height______ 1680m______ Period____________________________________________________________ ___________ i

Table 1 CLIMATE OF SOUTH AFRICA CLIMATE STATISTICS 1961-1990

Maximum TX P= 10 Years Minimum (tn) P=10 Years

TX TN lTX+TN/2 Highest (TXX) Average number of days Lowest TXN | Highest TNX Average number of days Lowest

▼  TX-TN withTX with TN TNN
Max Min Mean Range Max Yr/dd Mean >=35 >=30 >25 >20 >15 <10 Mean Min Y/d Max Y/d Mean >20 <15 <10 <5 <0 <-5 Mean Min Yr/dd

J 27,2 13,2 20,2 14,0 32,8 87/28 31,2 0,0 4,7 25,2 30,4 31,0 0,0 21,0 17,3 81/24 18,0 87/18 16,3 0,0 25,7 1,3 0,0 0,0 0,0 9,6 7.1 90/11

F 25,9 12,7 19,3 13,2 33,4 83/26 30,6 0,0 2,7 18,8 26,9 28,0 0,0 19,8 14,2 89/16 17,6 89/02 16,2 0,0 23,6 2,8 0,1 0,0 0,0 8,1 3,3 90/23
M 24,4 10,7 17,5 13,7 31,2 87/14 28,9 0,0 0,2 14,5 28,1 30,6 0,0 16,3 13,3 84/23 16,5 84/04 15,4 0,0 29,4 11,2 1,1 0,0 0,0 5,0 1,6 86/26
A 21,6 7,1 14,2 14,8 29,4 87/04 26,9 0,0 0,0 5,0 21,2 28,7 0,1 15,0 9,2 82/18 14,8 88/06 12,6 0,0 30,0 23,6 7,2 0,8 0,0 1,5 -2,7 82/30
M 19,3 2,1 10,7 17,2 26,5 83/01 23,4 0,0 0,0 0.4 14,0 29,0 0,2 12,9 9.2 81/30 10,5 84/05 8,2 0,0 31,0 30,8 26,9 5,9 0,4 -2,8 -5,9 84/19
J 15,9 -1,5 7,2 17,4 22,0 88/05 21,1 0,0 0,0 0,0 1,7 20,6 1,4 9,4 7,1 88/08 7,0 85/24 5,0 0,0 29,9 29,9 29,0 20,4 3,3 -6,9 -9,3 87/19
J 16,4 -2,0 7,2 18,4 23,6 88/17 21,0 0,0 0,0 0,0 1,5 24,1 1,0 8,0 4,3 89/18 8,2 82/26 5,3 0,0 31,0 31,0 30,0 23,7 4,9 -7,6 -9,4 85/13
A 19,0 0,7 9,8 18,3 27,0 86/27 24,6 0,0 0,0 0,6 13,8 27,3 0,7 12,3 8,5 84/30 10,4 88/28 7,4 0,0 30,9 30,8 27,2 13,3 0,7 -5,8 -9,2 85/04
S 21,7 4,6 13,1 17,1 32,4 83/30 28,2 0,0 0,4 8,3 20,2 27,0 0,3 11.4 4,8 81/10 14,3 82/28 10,7 0,0 30,0 28,7 16,5 2,1 0,2 -1,5 -6,8 89/07
O 22,5 7,8 15,2 14,8 32,0. 83/02 29,0 0.0 0,7 9,4 24,0 29,1 0,2 12,7 8,8 89/10 15,1 85/04 12,8 0,0 30,9 22,2 6,1 0,4 0,0 1.8 -2,1 89/04
N 24,5 10,1 17,3 14,5 32,7 81/07 29,9 0,0 1.7 14,5 26,1 29,7 0,0 16,2 12,7 88/17 15,6 82/29 14,2 0,0 29,6 12,5 0,9 0,0 0,0 4,9 1,4 80/15
D 26,0 11,9 18,9 14,1 31,5 90/24 30,7 0,0 2,4 20,3 29,8 31,0 0,0 19,6 17,4 84/05 17,0 87/25 15,5 0,0 29,0 5,3 0,2 0,0 0,0 7,0 1,1 84/06

YR 22,0 6,4 14,2 15,6 33,4 83/26 32,2 0 13 117 238 336 4 6.5 4,3 89/18 18,0 87/18 16,8 0 351 230 145 67 10 -7,8 -9,4 85/13

BETHLEHEM 
Table 2

LATTITUDE 28:15 S 
Precipitation (and Fog)

LONGITUDE 28:20 E
Dry- and Wetbulb Temperatures Relative Humidity and Cloud Cover

Precipitation (R mm) P= 9 years Temperature (Deg C) Rel Hum (%) Cloud
Mo

Tot

24 hour. 
Max
RXX Y/D Max

Total per morith/yr 

Y Min YR

Average no. of days with R(mm .= 
1 5 10 30

Average days with 
TH HA SN FOG

Drybulb 
8 14 20

Wetbulb 
8 14 20

P=9 yr 
8 14 20 Max Min

P=9
8 14 20

Aver Max min
J 96 46 81/24 182 1981 60 1984 14,2 20 10 9,8 6,2 3.5 0,6 15,6 0,1 0,0 0,7 18,2 25,8 19,1 15,5 17,2 15,3 74 39 65 93 18 4,0 4,7 4,4
F 77 58 81/28 223 1989 8 1982 12,3 20 4 9,9 4,9 2,9 0,6 12,4 0,3 0.0 1,1 17,0 24,6 18,3 14,8 16,8 14,9 79 43 70 95 22 4,0 4,8 4,1
M 94 103 88/11 211 1988 50 1985 10,8 13 7 7,9 5,0 3,0 0,6 7.5 0,5 0,0 2,1 15,0 23,2 16,8 13,3 15,5 13,4 83 42 66 97 18 3,8 4,5 3,2
A 58 43 90/13 118 1990 19 1985 8,2 15 1 6,4 3,1 2,0 0,3 5,4 0,0 0,1 2,6 11,5 20,5 13,3 10,0 13,2 10,2 84 40 63 97 18 3,0 3.6 2.1
M 9 16 83/14 25 1983 0 1986 3,3 8 0 1,6 0,6 0,1 0,0 2,0 0.0 0,0 1,9 6,7 18,7 9,9 5,2 10,2 6,3 81 29 52 97 12 1,9 2,2 1.1
J 12 21 86/04 32 1986 0 1987 2,8 8 1 1,8 0,8 0,5 0,0 1,0 0,0 0,1 1,2 2,2 15,3 6,4 1,0 7,8 3.2 81 29 51 96 11 1.6 1,6 0,8
J 7 20 83/25 21 1983 0 1985 2,5 6 0 1,5 0,4 0,1 0,0 0,5 0,0 , 0,5 2,1 1,7 15,8 6,7 0,9 7,6 3,0 79 26 43 96 8 1.5 1,5 0,8
A 27 49 86/29 79 1984 0 1985 2,3 7 0 1,6 1,2 0,8 0,2 2,0 0,3 0,0 1,6 5,5. 18,3 9,6 3,5 9,1 5,1 72 25 40 96 7 1,6 1,6 0,8
S 35 43 87/28 191 1987 0 1989 4,4 13 1 3,0 1,8 1,5 0,1 4,0 0,6 0,1 0,7 10,6 20,8 12,9 7,9 11,3 8,4 70 28 49 93 10 2,4 2,8 2,1
O 83 53 83/07 130 1983 21 1981 11,9 17 6 8,9 4,7 3,3 0,3 10,0 0,7 0,0 1,2 13,7 21,4 14,1 10,8 13,1 10,5 69 37 62 94 12 3,6 4.3 3,2
N 96 61 83/28 199 1983 21 1990 12,5 18 7 9,5 5,5 3,2 0,5 10,6 1,0 0,1 0,5 16,1 23,2 16,0 13,0 14,8 12,5 69 38 65 94 16 4,0 4.5 3,8
D 86 42 85/03 149 1985 38 1982 14.1 18 9 10,7 5,9 2,8 0,3 13,9 0,8 0,0 0,2 17,5 24,6 17,6 14,5 16,2 13,9 70 39 65 93 18 3,8 4,7 3,9

YR 680 103 88/11 923 1988 466 1982 98 110 79 73 40 24 4 85 4 1 16 11,3 21,0 13,4 9,2 12,7 9,7 76 35 58 98 6 2,9 3,4 2,5

Period =Years covering the data for all columns of both tables. P= Average no. of years covering the data in the columns concerned. TX= Average maximum. TN= The average minimum air temperature
TXX= Highest maximum, Max =highest in P years. TXN= Lowest maximum. Min Lowest In P years. TNX= Highest minimum, Max= highest in p years TXN= lowest minimum, Min= lowest In P years
Mean= Aver= Average eg. 08,14,20 = Means of observations which were made on these hours (SAST) Yy/dd= Year & day occurance of extreme in the previous columns.
Number of days (NOD) with TX >=10= NOD in the month- NOD with TX< (O) Th= Thunder Ha= Hail Sn= Snow F=Fog. > greater than >= signifies greater than or equal to. 
Number of days (NOD) with TN<20= NOD in the month- NOD with TN>=20 < signifies less than<= signifies less than or equal to.



Table 1 CLIMATE OF SOUTH AFRICA - CLIMATE STATISTICS 1961-1990

ERMELO LATTITUDE 26:31 S . LONGITUDE 29:58 E
Height______ 1694m Period______

Maximum TX P= 10 Years Minimum (tn) P=10 Years

TX TN rTX+TN/2 Highest (TXX) Average number of days Lowest TXN | Highest TNX Average number of days Lowest
▼  TX-TN withTX withTN TNN

Max Min Mean Range Max Yr/dd Mean >=35 >=30 >25 >20 >15 <10 Mean Min Y/d Max Y/d Mean >20 <15 <10 <5 <0 <-5 Mean Min Yr/dd
J 24,7 13,1 18,9 11,6 32,8 83/11 29,1 0,0 0,7 16,4 28,7 30,7 0,0 17,8 12,5 73/31 17,5 88/13 16,1 0,0 25,4 1.9 0,0 0,0 0,0 9,0 4,8 77/02
F 24,2 12,7 18,5 11,5 33,6 83/27 28,8 0,0 0,4 13,3 25,4 28,1 0,0 17,2 12,5 76/12 18,6 66/01 16,0 0,0 24,2 3,1 0,0 ' 0,0 0,0 8,0 5,0 72/13
M 23,6 11,3 17,5 12,4 31,5 83/06 27,9 0,0 0,2 11,1 27,4 30,5 0,0 16,0 11,8 82/05 17,3 76/02 15,3 0,0 29,6 7,9 0,5 0,0 0,0 5,3 -0,2 83/12
A 21,2 8,0 14,6 13,2 29,5 87/04 25,9 0,0 0,0 3,4 21,3 28,7 0,1 13,8 7,8 72/30 16,2 87/05 13,0 0,0 30,0 20,2 5,5 0,5 0,0 1,1 -3,2 82/20
M 19,0 3,6 11,3 15,4 27,0 83/01 23,3 0,0 0,0 0,2 13,7 28,0 0,1 12,0 4,4 72/12 13,5 83/04 9,3 0,0 31,0 30,2 19,6 4,2 0,0 -2,2 -4,5 84/19
J 16,3 0,0 8,2 16,3 23,6 88/05 20,9 0,0 0,0 0,0 3,2 22,3 1.4 9.5 3,0 84/14 8,5 89/29 6,2 0,0 30,0 30,0 27,0 15,7 1,6 -5,7 -9,0 79/16
J 17,0 0,0 8,5 17,0 26,5 88/17 21,6 0,0 0,0 0,0 4,6 25,4 1,1 9,5 2,0 63/03 8,5 80/04 6,0 0,0 31,6 31,0 29,0 15,3 1,8 -5,7-10,0 80/05
A 19,6 2,8 11.2 16,7 27,0 86/25 25,2 0,0 0,0 1,7 16,8 27,4 0,9 10,0 4,6 62/28 11.7 88/31 9,0 0,0 31,0 30,7 21,3 6,4 0,5 -3,8 -8,9 72/02
S 22,8 6.8 14,8 15,9 32,0 83/29 28,8 0,0 0,2 12,4 23,0 27,8 0,5 11,3 5,0 81/10 13,7 61/21 12,0 0,0 30,0 24,7 7,7 1,4 0,0 -1,0 -6,5 74/09
0 23,0 9,3 16,1 13,7 33,0 65/31 29,7 0,0 1.1 12,0 24,3 28,5 0,5 11,2 6,2 65/19 16,6 77/02 14,1 0,0 30,5 16,3 3,0 0,2 0,0 2,5 -2,4 87/04
N 23,2 111 17,1 12,1 32,2 81/05 28,9 0,0 0.6 11,5 24,8 28,6 0,2 13,3 6,4 68/11 16,5 81/08 14,9 0,0 29,0 8,4 0,7 0,0 0,0 5,6 2,1 68/11
D 24,4 12A 18,4 12,0 32,0 63/29 29,0 0,0 0,6 15,8 28,1 30,7 0,0 16,7 10,8 73/10 17,6 87/21 15,6 0,0 28,6 3.2 0,2 0,0 0,0 7,4 2,4 70/07
YR 21,6 14,6 14,0 33,6 83/27 30,8 0 4 98 241 337 5 6,3 2,0 63/03 18,6 66/01 16,7 0 350 208 114 44 4 -7,2-10,0 80/05

ERMELO 
Table 2

Lat 26:31 S LONGITUDE 29:58 E
Relative Humidity and Cloud Cover

Precipitation (R mm) P= 9 years Temperature (Deg C) Rel Hum (%) Cloud
Mo 24 hour Total per month/yr Average no. of days with R(mm .= Average days with Drybulb Wetbulb P=9 yr . P=9

Max 1 5 10 30 TH HA SN FOG 8 14 20 8 14 20 8 14 20 Max Min 8 14 20
Tot RXX Y/D Max Y Min YR Aver Max min -

J 126 53 82/13 224 1964 47 1961 12.9 18 5 10,8 6,7 4,8 1,0 6,7 0,8 0,0 1.2 17,2 23,4 15,1 17,0 78 53 94 28 4,5 4,9
F 72 72 79/12 146 1990 5 1971 9,5 17 1 7,1 4,0 2,5 0,4 4,1 0,2 0,0 1,9 16,2 23,1 14,6 16,6 82 52 ' 95 27 4,6 4,7
M 65 66 61/24 170 1961 6 1966 8,7 18 3 6,9 3,9 2,3 0,3 4,1 0,1 0,0 3,4 15,0 22,6 13,6 15,6 84 48 94 25 4,2 4,5
A 39 45 63/03 85 1990 3 1985 6,4 11 2 4,6 2,7 1.3 0,1 2,0 0,1 0,1 4,8 11,9 20,3 10,6 13,1 85 42 95 20 3,6 3,8
M 13 37. 71/02 51 1969 0 1988 2,8 10 0 1,9 0,9 0,4 0,1 0,9 0,1 0,1 7,3 7,9 18,3 6,5 10,6 83 37 96 18 2,3 2,3
J 10 49 89/04 66 1963 0 1990 2,0 6 0 1,5 0,6 0,2 0,0 0,4 0,1 0,2 6,4 3,5 15,7 2,4 8,2 85 34 98 16 1,8 1.6
J 6 22 63/03 46 1963 0 1989 1.3 5 0 1,0 0,4 0,2 0,0 0,3 0,0 0,2 4,7 3,7 16,3 2,4 8,2 83 33 97 15 1.5 1.3
A 13 35 83/08 63 1987 0 1982 1,8 7 0 1,6 1,0 0,4 0,1 0,8 0,1 0,1 2,5 7,6 18,9 5,5 9,7 79 33 97 13 2,0 1,7
S 34 64 67/05 157 1987 2 1983 4,3 12 1 2,9 2,0 1.2 0,1 2,3 0,4 0,1 1,0 12,4 21,9 9,2 12,0 74 35 95 15 2,3 2,9
O 96 69 71/28 278 1964 35 1968 10,7 18 5 8,8 5,4 3,4 0,5 6,0 0,6 0,1 0,9 14,6 21,9 11,6 13,6 72 44 95 18 3,5 4,5
N 124 95 87/01 283 1987 40 1985 14,4 22 8 12,0 7,2 3,9 0,7 8,1 0,8 0,1 0,7 16,0 21,8 13,4 15,1 74 50 93 23 4,2 5,1
D 119 78 77/31 187 1975 22 1963 12,9 18 5 11,2 6,8 4,2 0,7 7,7 0,5 0,0 0,5 17.1 23,1 14,6 16,3 75 51 92 28 4,1 4,7

YR 717 95 87/01 1016 1987 526 1982 88 112 65 70 42 25 4 43 • -4 v 1 35 11,9 20,6 9,9 13,0 80 43 99 9 3,2 3,5

Period =Years covering the data for all columns of both tables. P= Average no. of years covering the data In the columns concerned. TX= Average maximum. TN= The average minimum air temperature
TXX= Highest maximum, Max =highest in P years. TXN= Lowest maximum. Min Lowest in P years. TNX= Highest minimum, Max= highest in p years TXN= lowest minimum, Min= lowest in P years
Mean= Aver= Average eg. 08,14,20 = Means of observations which were made on these hours (SAST) Yy/dd= Year & day occurance of extreme in the previous columns.
Number of days (NOD) with TX >=10= NOD in the month- NOD with TX< (O) Th= Thunder Ha= Hail Sn= Snow F=Fog. > greater than >= signifies greater than or equal to.
Number of days (NOD) with TN<20= NOD in the month- NOD with TN>=20 < signifies less than<= signifies less than or equal to.



PRETORIA *.at26L31S LONGITUDE«£956 E
Height______ 1694m______ Period ____________________________

Table 1 CLIMATE OF SOUTH AFRICA CLIMATE STATISTICS 1961-1990

Maximum TX P= 10 Years Minimum (tn) P=10 Years

TX TN lTX+TN/2 Highest (TXX) Average number of days Lowest TXN |1 Highest TNX Average number of days Lowest

V  TX-TN with TX with TN TNN
Max Min Mean Range Max Yr/dd Mean >=35 >=30 >25 >20 >15 <10 Mean Min Y/d Max Y/d Mean >20 <15 <10 <5 <0 <-5 Mean Min Yr/dd

J 28,6 17,5 23,0 11,0 36,2 73/19 33,1 0,2 10,9 27,3 30,8 31,0 0,0 22,0 16,2 72/23 22,9 83/12 20,8 3,2 2,4 0,0 0,0 0.0 0,0 13,9 7,5 61/30
F 28,0 17,2 22,6 10,8 36,3 83/27 32,0 0,1 7,3 24,7 27,7 28,2 0,0 21,9 17,5 88/10 22,5 83/26 20,1 1,9 3,5 0,0 0,0 0,0 0,0 13,6 11,0 76/13
M 27,0 16,0 21,5 11,0 34,6 84/03 31,3 0.0 4.5 24,8 30,0 31,0 0,0 20,3 14,2 75/18 22,7 70/01 19.5 0,6 8,5 0,2 0,0 0,0 0,0 11,6 5,5 74/19
A 24,1 12,2 18,2 11,9 32,5 87/04 28,7 0,0 0,6 12,0 27,1 29,7 0,0 17,9 11,3 72/30 19,6 86/09 16,7 0,0 25,0 5,7 0,4 0 ,Q 0,0 7.6 3.3 63/29
M 21,9 7,8 14,9 13,9 29,4 79/04 26,0 0.0 0,0 3,8 24,2 30,5 0,0 16,2 11,6 69/21 15,6 83/20 12,6 0,0 30,7 24,3 4,2 0,1 0,0 3,4 -0,6 63/17
J 19,1 4,5 11,8 14,5 25,4 79/06 23,3 0,0 0.0 0,1 12,5 27,8 0,1 13,2 7,7 63/12 13,7 86/03 9,8 0,0 30,0 29,0 17,6 1,3 0,0 0,3 -5,5 64/28
J 19,6 4,5 12,0 15,1 25,5 85/31 23,6 0,0 0.0 0,0 14,5 29,9 0,0 13,6 10,1 85/12 13,0 79/19 9,5 0,0 31,0 30,4 18,1 1,1 0,0 0,7 -3,5 64/07
A 22,2 7,6 14,9 14,6 31,0 61/31 27,2 0,0 0,0 5,6 24,9 30,1 0,0 15,2 10,0 83/08 17,1 86/28 12,7 0,0 30,7 24,5 5,6 0,2 0,0 2,7 -1.2 72/03
S 25,5 11,7 18,6 13,8 33,5 83/29 31,1 0 ,0 . 3,0 19,0 26,9 29,5 0,1 16,1 8,2 74/04 19,6 85/30 17,5 0,0 25,3 8,4 0,8 0,0 0,0 5,6 2,3 74/09
0 26,6 14,2 20,4 12,5 35,6 61/24 32,2 0,1 6,8 21,4 29,1 30,7 0,0 17,5 12,0 81/04 91,6 90/06 19,7 0,9 18,1 2,3 0,1 0,0 0,0 8,8 3,6 65/20
N 27,1 15,7 21,4 11,4 35,7 81/06 32,6 0,1 6,7 22,8 28,6 29,8 0,0 18,6 10,0 68/11 22,7 90/14 20,1 1,4 11,2 0,5 0,0 0,0 0,0 10.7 6,6 68/11

D 28,0 16,8 22,4 11,3 35,2 63/29 32,7 0,1 9,1 26,7 30,4 31,0 0,0 20,5 14,8 66/17 23,7 72/30 20,3 1,8 5,6 0,1 0,0 0,0 0.0 12,7 6,5 70/07
YR 24,8 12,1 18,5 12,6 36,3 83/27 34,2 1 49 188 307 359 0 11,3 7,7 63/12 23,7 72/30 21,6 10 222 125 47 3 0 0,1 -5,5 64/28

PRETORIA 
Table 2

LATITUDE 25:44 S 
Precipitation (and Fog)

LONGITUDE 28:11 E
Dry- and Wetbulb Temperatures Relative Humidity and Cloud Cover

Precipitation (R mm) P= 9 years Temperature (Deg|C) Rel Hum (%) Cloud
Mo

Tot

24 hour 
Max
RXX Y/D Max

Total per month/yr 

Y Min YR

Average no. of days with R(mm .= 
1 5 10 30

Average days with 
TH HA SN FOG

Drybulb 
8 14 20

Wetbulb 
8 14 20

P=9yr 
8 14 20 Max Min

P=9
8 14 20

Aver Max min
J 136 160 78/27 490 1978 39 1965 13,5 19 8 10,4 6,6 4,4 1,1 8,8 0,2 0,0 0,2 20,6 26,8 23,8 17,1 18,5 18,0 72 44 54 93 19 4.5 4,9 4,5
F 75 95 76/11 218 1976 25 1979 10,5 17 6 7,5 4,3 2,5 0,3 5,5 0,0 0,0 0,1 19,8 26,3 23,3 16,6 18,4 17,7 74 45 55 93 23 4,1 5,0 3,9
M 82 84 69/11 173 1977 17 1965 10,4 16 3 7,9 4,3 2,4 0,5 5,1 0,0 0,0 0,5 18,4 25,4 22,1 15,5 17,5 16,7 76 44 55 94 22 3,6 4,7 * 3,4
A 51 72 65/13 145 1971 0 1980 7,3 14 1 5,2 2,7 1,8 0,4 3,3 0,3 0,0 0,2 15,0 22,9 19,0 12,5 15,1 14,2 78 41 53 95 19 3,1 4,1 2,5
M 13 40 76/03 60 1976 0 1987 2,8 10 0 1,9 0,8 0,5 0,0 0,8 0,0 0,0 0,3 10,5 20,9 15,9 6,2 12,5 10,9 76 34 46 . 94 16 1,6 2,3 1,2

J 7 32 63/12 56 1963 0 1990 1,4 7 0 0,9 0.4 0,3 0,0 0,2 0,0 0,0 0,3 6,7 18,0 12,9 4,6 10,1 8,0 75 31 41 92 13 1,3 1,5 0,9
J 3 18 82/26 20 1982 0 1989 0,8 4 0 0,5 0,2 0,0 0,0 0,7 0,0 0,0 0,3 6,7 18,6 13,7 4,4 10,2 8,2 71 29 36 93 11 1.0 1,3 0,7
A 6 15 67/15 30 1967 0 1988 2,0 9 0 1,2 0,4 0,2 0,0 1,4 0,0 0,0 0,1 10,2 21,0 16,9 7,0 11,5 10,0 64 28 32 90 10 1,4 1,6 1.1
S 22 43 73/27 75 1973 0 1989 3,2 10 0 2,4 1,3 0,7 0,1 2,2 0,2 0,6 0,3 14,9 24,0 20,6 10,6 13,6 12,5 61 29 32 91 9 2,0 2,2 1.8

O 71 108 86/28 159 1986 10 1965 8,5 13 3 6,2 3,9 2,2 0,4 5,8 0,2 0,0 0,2 17,6 25,0 21,6 13,2 15,4 14,4 64 35 42 94 11 3.4 4,0 3,2
N 98 67 63/13 188 1980 19 1964 12,1 18 5 9,0 5,2 3,5 0,6 8,2 0,2 0,0 0,1 19,1 25,5 22,0 15,1 16,9 15,9 68 40 51 94 16 4,2 4,8 4,2
D 110 50 69/07 199 1966 34 1978 14,6 22 10 10,7 6,3 3,7 0,7 9,3 0,2 0,0 0,0 20,1 26,2 23,0 16,3 17,9 17,1 70 43 53 93 19 4,3 4,8 4,3

YR 674 160 78/27 913 1976 372 1965 87 106 69 64 36 22 4 51 1 0 3 15,0 23,4 19,6 11,8 14,8 13,6 71 37 46 98 7 2,9 3,4 2,6

Period =Years covering the data for all columns of both tables. P= Average no. of years covering the data in the columns concerned. TX= Average maximum. TN= The average minimum air temperature
TXX= Highest maximum, Max =highest in P years. TXN= Lowest maximum. Min Lowest in P years. TNX= Highest minimum, Max= highest in p years TXN= lowest minimum, Min= lowest In P years
Mean= Aver= Average eg. 08,14,20 = Means of observations which were made on these hours (SAST) Yy/dd= Year & day occurance of extreme In the previous columns.
Number of days (NOD) with TX >=10= NOD in the month- NOD with TX< (0) Th= Thunder Ha= Hail Sn= Snow F=Fog. > greater than >= signifies greater than or equal to. 
Number of days (NOD) with TN<20= NOD in the month- NOD with TN>=20 < signifies less than<= signifies less than or equal to.


