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PREFACE 
Charles M Correia, distinguished Indian architect and winner of the 1984 GOLD 
MEDAL of the Royal Institute of British Architects (RIBA) has said: 

"To live in the Third World is to respond to climate". 

The above statement encapsulates the philosophy and practice of traditional 
vernacular architecture in which dwelling types and construction materials 
responded to their natural environment to provide the desired levels of comfort for 
their inhabitants. The rounded mud huts of the Ashanti of Ghana built into well-laid 
out compounds; the heavy, shaded buildings of the hot dry Middle East with their 
fountains and courtyards, and the curved windowless igloos of the Eskimos are but 
three contrasting examples of building types which serve the same basic function; 
that of providing human comfort in the prevailing environment. 

One of the more unfortunate aspects of modern global development has been the 
introduction and widespread acceptance of the use of mechanical means for 
providing desired comfort levels for human habitation. Modern building techniques 
employing materials such as concrete, steel and glass have equated 'comfort' to the 
standards achieved by a closed-box whose internal environment can be manipulated 
by mechanical means. As many developing countries have sought to 'develop', an 
obvious manifestation of the process has been the building of new capitals and 
redevelopment of existing cities to form a series of glass and concrete office blocks, 
houses, tower blocks and airports, all of which commonly neglect the context of 
climate, culture and land variations. The utilisation of modern building practices in 
developing countries has had a number of adverse effects, including: 

— A growing acceptance of the notion that the most appropriate and comfortable 
forms of shelter are those constructed from concrete, with steel and aluminium 
roofing; 

— An increasing demand and cost of energy to power the mechanical comfort 
devices. 

In a world where in most developing countries, fossil fuel resources are no longer 
abundant nor affordable it it difficult to justify a continuing dependency on modern 
building practices to sustain improvements in shelter and human comfort. However, 
this is not to say that there should be no improvements to the traditional structures 
which still dominate shelter provision in the rural areas of developing countries. It 
would seem unrealistic to expect rural people to lower their expectations or 
perceptions of 'Development', as represented by modern buildings, in the face of the 
glittering examples of their more 'enlightened' urban colleagues. So, it is extremely 
important that new approaches and innovations in architecture and building practices 
are explored to provide better and more comfortable shelter in developing countries 
and combine the developmental aspirations of the people whilst reducing or 
removing entirely the requirement for mechanically-driven comfort devices. 

The two main characteristics of a building are that: 

— It must perform the function for which it is designed, i.e. provide adequate 
shelter for its intended occupiers; 

— Provide adequate comfort for the occupants, both to the immediate environment 
as well as for services such as lighting, cooking, hot water, etc. 

Thus the energy needs for buildings could be classified into three broad categories: 

— That required for construction; encompassing the inputs into materials, labour, 
transportation, etc, 

— That required to maintain the comfort of the internal environment; 

— That required to provide services to aid comfortable living. 

All three energy requirements can be kept to a minimum with the application of 
building design and construction principles that exploit the indigenous materials and 
local climate. 

 



 

 
 

Concern for this growth in energy demand to provide cooling for buildings in 
developing countries prompted the setting up of a workshop by the Commonwealth 
Science Council (CSC) in Barbados in May 1983 for architects and engineers in both 
public and private practice from Caribbean countries. 

The workshop formed part of the activities of the CSC's Energy Project in Climate 
and Energy, whose principle objectives are: 

— To promote the application of climate-responsive building design principles to 
eliminate or reduce building energy needs in developing countries. 

— To effect improvements in the use of meteorological data for the assessment 
and design of solar and wind energy systems in developing countries. 

The primary aim of the Barbados workshop was to provide the participants with the 
analytical and design skills of modern low energy and passive architectural principles, 
and to show how these could be applied to the specific tropical islands of the 
Caribbean. 

Amongst the recommendations of the workshop was the preparation of a design 
handbook tailored specifically to the needs of tropical island climates, with a special 
emphasis on the Caribbean. The CSC commissioned the ECD Partnership of the UK, 
specifically Mr David Turrent and Dr Nick Baker who had been the principle resource 
people at the Barbados workshop, to produce the handbook in consultation with the 
workshop participants and other Caribbean architects and engineers. 

This handbook is the first in a series that aims to introduce the basic principles of 
modern passive architecture and low energy building design to practitioners in 
different climatic zones of the Commonwealth. 

The scope of the handbook covers: 

— Details of climate and building practice information for different climatic 
zones. 

— The design of daylighting in conjunction with shading devices. 

— Development of simplified methods of calculating cooling energy loads. 

Much of the burden for the preparation of this book has been shouldered by Dr Nick 
Baker now at the Martin Centre, University of Cambridge, UK who has been the 
principal author of the manuscript and the CSC wishes to place on record its sincere 
appreciation to Dr Baker and his diligence and meticulous attention to a very onerous 
task. The Commonwealth Science Council is also grateful to David Turrent and the 
ECD Partnership for its assistance and support in developing the Council's Climate 
and Energy Project which has culminated in the production of this handbook. 

The financial support of the Commonwealth Fund for Technical Co-operation in 
sponsoring the preparation of this book is gratefully acknowledged. Finally, sincere 
thanks must go to all the authors and publishers who have agreed to the 
reproduction of their copyright material in this book. 

The Commonwealth Science Council hopes that the principles and concepts 
elaborated in this handbook will enable the architects and engineers of the Caribbean 
and other tropical climates to offer the comfort and enjoyment of modern buildings 
that meet the perceived developmental aspirations of various user groups without 
the need for energy-intensive and highly expensive mechanisms for achieving the 
desired comfort levels. 

Dr Charles Y Wereko-Brobby 
Project Officer 
Energy and Environmental Planning 
Commonwealth Science Council 
May 1987 
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INTRODUCTON 
In 1983 the Commonwealth Science Council, with support funding from the United 
Nations Centre for Human Settlements (HABITAT), organized a training workshop on 
Passive Cooling in Tropical Architecture in Bridgetown, Barbados. The workshop was 
specifically aimed at the problems of building in the Caribbean and was attended by 
architects and engineers from eight of the Caribbean states. 

The workshop included lectures on topics ranging from the context of energy 
conservation in buildings in the Caribbean, to specific techniques such as the design 
of shading devices and the use of sunpath diagrams. An important part of the 
workshop was a series of exercises, where the participants were able to test their 
understanding of the material presented in the lectures. Visits to buildings of 
particular interest and presentations from local architects, formed a further 
component of the workshop. 

To accompany the main teaching lectures and exercises, a set of lecture notes was 
prepared and issued to all participants. These were well received and interest was 
expressed in presenting them as a handbook for general circulation. However during 
their use in the workshop exercises some shortcomings and limitations became 
apparent. 

Firstly there was a need to add further material on certain specific topics such as 
daylighting, and in particular the interaction between daylighting and shading. 
Secondly there was a need to clarify the structure of the handbook; to make the 
steps of design and analysis more distinct. For example in the Climate and Comfort 
section it became apparent that there was no need to include a very generalized 
discussion of world climate and methods of analysis. Rather, because the handbook 
could be tailored to the particular Caribbean climate, the analysis and conclusions 
could be distilled down to a few simple design strategies. The "customising" of the 
handbook to a particular context could be further extended to take account of current 
building practice and prevailing building materials in the Caribbean. 

The other major component which was seen to be lacking was the facility to assess 
the energy saving performance of the various passive measures advocated. The two 
important distinctions between avoiding air-conditioning altogether and reducing 
the air-conditioning load to a minimum had already been established. It was evident 
that a way of evaluating the energy consumption avoided or reduced was necessary 
in both cases. 

In 1985 the Commonwealth Science Council commissioned the ECD Partnership 
(formerly Energy Conscious Design) to carry out this work with a view to producing a 
handbook for the Caribbean. It was also to include case studies and as part of this, 
participants of the workshop were circulated with questionnaires requesting 
information on case study buildings, building materials and practice, and energy 
consumption in air-conditioned buildings. We would like to express our thanks to 
those who responded. 

A draft handbook was produced in April 1986 which was circulated to a number of 
Caribbean architects for comment. This is now the "final" version, although we quite 
expect that discovered errors and suggestions for improvements will demand at 
least a supplement in the near future. We will now outline the contents and structure 
of the handbook. 

Section 1 THE CONTEXT, looks very briefly at the background to energy use and 
conservation in the Caribbean. We have included it in an attempt to justify the 
concern for energy conservation by showing that the present growth of demand for 
electrical power will impose an ever increasing burden on the Caribbean states. We 
also make the point here that, energy apart, good climate-responsive design should 
be a basic aim for the architect, and this is just as valid as aesthetic, economic and 
functional criteria. 

 



 

 
 

Section 2 CLIMATE & COMFORT, after a brief review of historic and traditional 
precedents in climatic design, introduces the background to climatic and comfort 
analysis. Although we have shown the theoretical justification for our conclusions, 
it is not necessary for you, the designer, to carry out further climatic analysis. We 
have done this for two Caribbean sites, and we feel fairly confident that our 
conclusions will apply to most situations. Thus the "bottom line" is the Climatic 
Design Strategy for the Caribbean as shown in fig 2/24. However you may wish to 
carry out analysis of your own, if you feel that there are significant departures from 
the climatic data presented for our sample sites. In that event the tools are there 
for you to use. 

Section 3 PREVENTION OF OVERHEATING, becomes more design oriented and, 
in a nutshell, deals with the problem of letting daylight and the breeze in and 
keeping the sun out! We have put most effort in resolving the conflict between sun 
shading and daylighting. We have introduced the BRS Daylight Protractor 
method of calculating Daylight Factors, and we have produced computed tables 
which enable the effect of louvre shading devices on daylighting to be predicted. 

Daylighting in general, and the effect of louvres in particular, are not simple poblems. 
Our tables are produced from relatively simplistic theoretical analysis and as yet are 
untested by field or laboratory tests. We hope to carry out some validation work in 
the near future and make any revisions deemed necessary. The material on 
ventilation in section 3 draws heavily upon the work of others, namely Evans, 
Szokolay, Koenigsberger and Givoni, and we fully acknowledge the inclusion of some 
of their diagrams and tables. 

Section 4 PASSIVE COOLING deals with more sophisticated approaches to the 
problem. Generally these involve technologies which are far less well tried and 
tested, and in the main we could not advocate them as cost effective solutions. This 
area needs research and any designer considering these techniques should refer to 
original papers and more specialised sources. It is certainly not our policy to 
discourage any designer from this course since practical experience with these 
systems is vital to their development. However the designer must realize that he is 
operating in a field of research and development, rather than established practice. 

Section 5 PASSIVE COOLING EVALUATION METHOD (PACE► offers a manual 
calculation method to calculate the effect of passive measures in energy (and hence 
cost) terms. The handbook establishes two strategies. Firstly AVOIDANCE, where 
the need for air-conditioning is eliminated by careful passive design, and secondly 
REDUCTION, where passive measures are used to reduce air-conditioning cost to a 
minimum. In the case of avoidance the energy performance can only be judged by 
considering the running cost of the equivalent air-conditioned building. We present 
Equivalent Air-conditioned Cost Yardsticks drawn from energy costs returned in 
response to our questionnaires. However these were established from a very small 
sample and we urge you to send us any further information available. 

The calculation of reduction of air-conditioning energy is unfortunately rather more 
complex, even when based on quite simple physical principles. Ideally it would be 
solved by a thermal simulation model run on a computer. Our non-simulation method 
would run very nicely on a micro-computer based Spreadsheet Program, but this also 
may not be readily available. So we have resorted to a manual (calculator and pencil!) 
method and have produced a number of worksheets which we hope will assist in 
this. 

The accuracy of this method is dependent to some extent on certain correction 
factors. These have not yet been derived rigorously but it is hoped that we shall carry 
out computer simulation work to improve these. Thus the basic framework of the 
method can remain but its accuracy can be improved. 

There is a brief section on case studies, which includes the description of how the 
handbook in draft form was used to assist in the design of a non air-conditioned 
house in Antigua. Finally there is an Appendix which includes some revision notes on 
basic building physics. 

 



 

 
 

Our original aim was to offer a book of analytical tools which were simplified 
sufficiently to be used by the non-technically specialised architect. We now realize 
this was rather too ambitious. Some of the analytical methods are quite complex and 
we realize that it will require the expertise of an engineer, building scientist or 
specialist architect to carry them out. Furthermore we would not really expect the 
analyses to be carried out on each building. Rather the use of the analytical methods 
on occasional projects of special relevance will improve the designer's intuitive 
understanding of the problem. This will then obviate the need for detailed analysis on 
every occasion. 

We are currently engaged in further design studies and analysis with a view to 
producing a companion volume to this handbook. This will distil the conclusions of 
our design studies and real case studies to form a Design Guide. It will be much 
slimmer than the handbook and will present prescriptive guidance in a visual form, 
rather than analytical tools. 

Finally, we would be very pleased to enter into correspondence with anyone who 
uses the handbook and uncovers errors or suggests improvements. 

Nick Baker 
May 1987 

Current address: The Martin Centre, Dept of Architecture, 6 Chaucer Road, 
University of Cambridge, UK. 
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1.0 ENERGY IN CONTEXT 

Before the industrial revolution the great majority of the world's energy 
requirement was met by fuel wood. In the late 19th century Western 
industrialized nations were largely dependent on coal. The use of coal as a 
primary energy source peaked in the 1920s and then diminished rapidly as 
more and more cheap oil flowed in from the Middle Eastern countries. 
During the 1950s and 60s world energy consumption grew at a staggering 
rate. By 1978 it had reached around 7000 million tonnes of oil equivalent, 
four times as much as in 1950 and forty times as much as in 1900. A 
breakdown of this figure reveals that the majority of the world's primary 
energy is consumed by the minority of the world's population, constituting 
the so-called developed nations. 

The most developed 25% of the world's population with a yearly Gross 
National Product greater than US$3000 per capita, uses 78% of the world's 
commercial energy; Whilst the quarter of the world's population with a 
GNP of less than US$200 per capita, accounts for only 2% of the global 
energy consumption. 

The first oil crisis in 1974 created a shockwave that affected the whole 
world's economic and monetary system from which we have still not 
recovered. It demonstrated all too clearly how dependent we all are on a 
stable and adequate supply of energy at a price that can be afforded. 

For the majority of developing countries imported oil still represents 
75-100% of total energy consumption. In the whole Caribbean region oil 
imports have increased from 9% of total imports to 25% in 1980. For 
example, in Barbados, oil provided 91% of primary energy requirements in 
1977, most of it being imported. 

Since 1974 most countries of the world have been re-appraising their 
energy policies. On the demand side there has been an increasing 
recognition of the role of energy conservation and better energy manage-
ment. On the supply side there have been intensified searches for new 
sources of energy, including nuclear energy and renewable energy sources 
such as solar, wind and biomass. 

Energy forecasting is however notoriously difficult, especially since energy 
supplies originate from a range of sources and cannot be easily planned or 
co-ordinated. Each source of supply tends to have its own individual 
ownership pattern and institutional structure. Energy prices also tend to be 
heavily influenced by the political climate. There are a great many uncer-
tainties, not least of which is the production policy of OPEC member 
states. 

Whilst accurate forecasting of future demand is unlikely there are one or 
two key points on which most researchers are agreed. First, there does not 
appear to be any likelihood that energy consumption growth rates will 
return to the high levels of the 1950s and 60s. Sensibly implemented 
policies of energy conservation mean that economic growth can still be 
achieved without massive increases in energy consumption. The second 
point is less reassuring and concerns the future energy demand of the 
developing countries. Of the 133 developing countries 90 have no oil at all 
and another 13 have to rely on imports for as much as half of their oil needs. 
The World Bank estimates that energy demand in the developing countries 
will grow at around 6% p.a. in the next decade, compared to 3% p.a. in the 
developed countries. This will re-shape the pattern of world energy 
demand in general and world oil demand in particular. Three factors are 
contributing to this: population growth, urbanization and industrial develop-
ment. 
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To a certain extent this re-shaping is already happening. For example 
energy consumption in SE Asia grew by 7% p.a. in 1974-79, compared to 
1.8% in Western Europe. In the future therefore, as the developing 
countries become more industrialised they will begin to compete more and 
more with the developed nations for increasingly scarce energy supplies. 

Since the early 1980s the most dramatic development has been the decline 
of world oil prices, and it is tempting to allow this to deflect concern away 
from long-term energy policy. However, the reduction in energy cost has 
followed a world decline in industrial development which has hit the 
developing countries just as hard as the developed countries. Thus cheaper 
energy has not led to an energy bonanza allowing increased production and 
living standards. 

Furthermore, the reduction in world energy cost indicators such as crude 
oil, which has more than halved in the last five years, has not been reflected 
to a great extent in the cost to the consumer. What has happened, 
however, is that both governments and energy producers have shifted their 
attention away from alternative energy strategies exploiting renewable 
resources and conservation. As often happens, response has been to short 
term economic criteria, leaving the longer term just as uncertain as ever. 

We would like to believe, of course, that the present downturn of world 
energy prices possesses some kind of lasting quality, which was not a 
characteristic of the upturn in the early 1970s. But why should we believe 
this? History simply shows that energy prices are very unstable due in part 
to the political, economic and strategic significance of energy; due also to 
the fact that, unlike gold, energy is a commodity which cannot be 
stockpiled sufficiently to meet long-term demands. 

We do believe then, that crippling rises in energy costs are just as likely as 
ever, and the long timescale of the implementation of alternative and 
conservation strategies makes these just as urgent and important as ever. 

Turning now to the specific context of energy in buildings in the Carribbean. 
For a start this category represents the largest single user — other users 
being transport and industry. Energy is consumed in buildings for cooking, 
water heating, lighting, air-conditioning and miscellaneous equipment. 
Cooking and water heating both require heat sources and this has been 
traditionally provided by kerosene. In the past decade there has been a 
steady shift to liquid petroleum gas and in some States, piped natural gas. 
Most of the kerosene and LPG is derived from imported oil. Recently there 
has been significant use of solar collectors for water heating, particularly in 
buildings such as hotels, where hot water use is high. 

The remaining uses of energy, however, require electricity. Approximately 
half of the energy delivered to buildings is electricity. Most of the Caribbean 
states produce electricity by diesel-driven generators and, to a lesser 
extent, fuel oil burning steam-driven generators. The only other significant 
contribution is from hydro, but overall this is small. For example, in the 
OECS it constitutes only about 6% of the installed generating capacity. 
Thus electricity is heavily reliant upon oil, and as already stated more than 
90% of this oil is imported. 

It is important too to consider the low efficiency with which electricity is 
produced. The greatest loss of energy is at the power station where the 
conversion of thermal energy from the fuel to electrical power (via 
mechanical energy) takes place at only about 27% efficiency. This is not 
due to any shortcomings of the equipment (or the workers!), but is a result 
of fundamental thermodynamic laws relating to the conversion of thermal 
energy to mechanical energy. It is estimated that there is a further loss of 
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about 20% in the distribution network, giving an overall efficiency of little 
more than 20%. So although only half of the energy delivered to buildings is 
electricity, this accounts for more than 80% of the primary energy. Thus for 
every kWhr of electrical energy that is saved in a building, up to five times 
that energy value in imported oil is being saved at the power station. 

Further to reductions in total consumption, there is great benefit in 
reducing the peak demand, since it is the peak demand which sets the level 
of investment in expensive imported generating plant. 

Thus, at a national level, there seems to be a strong case for energy 
conservation in buildings. Reducing the demand side of the supply and 
demand equation, will always be a wiser course than increasing capacity by 
investment in costly imports and commitment to high and uncertain 
operational costs. But at a personal level also, there seems to be a strong 
incentive. In our preliminary survey of air-conditioning costs we found that 
to air-condition a bedroom for two people could cost about US$900 per 
year, and typical office costs were around US$1000 per person per year for 
air-conditioning and lighting. This compares unfavourably with typical 
energy costs for offices in the UK of around US$300 per person per year. 

If buildings are not well designed in terms of climatic response, then the 
resulting conditions will make the demand for air-conditioning perfectly 
reasonable. Similarly, if buildings are designed to be air-conditioned and 
artificially lit, based perhaps on design types more suitable to cooler 
climates, then again the commitment to energy consumption will have 
been made. Currently, there seems to be a trend in this direction. 

This handbook is an attempt to offer Designers, Engineers and Architects 
some tools to assist in exploring other options. 
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2.1 CLIMATE 

2.1.1 Climate and traditional buildings 

Although buildings have many functions and purposes, it is uncontroversial 
to say that one of the roles of a building is to provide shelter from the 
natural elements. Only in a very few parts of the world is the climate such 
that people could survive with no shelter at all — and even if survival were 
possible, it would not be comfortable. 

The growth of population over the earth's surface, has reflected man's 
growing ability to populate less clement climates as his technological skills 
have advanced. The earliest traces of man and his early civilizations are to 
be found in sub-tropical regions where there is a balanced presence of 
sunlight and rainfall. In contrast, modern technology now permits man to 
live in the most extreme climates the earth has to offer, including the polar 
regions, deep in the oceans, and even beyond the earth's atmosphere in 
space. 

It is wrong to suggest, however, that it is only through contemporary 
technology that man has been able to survive and prosper in climates other 
than those which are ideal. All over the world we can see many examples 
where traditional building has responded to the local climatic conditions in a 
most elegant and effective way. 

The most simple role of a building is that of a survival shelter. Here the 
building provides shelter against usually a single critical environmental 
factor. For example the sun-break of the nomadic Kalahari tribesman 
(fig 2/1) offer shelter only from the scorching sun. A remarkably similar 
form of most elemental design provided shelter from the bitter winds of 
Tierra del Fuego (fig 2/2). Here the function of wind-sheltering was even 
more vital than exclusion of rain or provision of thermal insulation, 

Shelters as primitive as those above are usually associated with nomadic 
people. Permanent settlements allow more substantial shelters to be 
developed, often reflecting cultural as well as climatic requirements. A 
further important factor is the availability of building materials. 

An example of this more sophisticated type is the Pueblo Indian buildings 
of Central America (fig 2/3). These respond to the hot arid climate by their 
small windows preventing the ingress of solar radiation and minimising 
ventilation, with massive stone walls to smooth out the large diurnal 
temperature swings. 

In contrast, the Indonesian Long Houses (fig 2/4), located in the hot humid 
tropics are not subject to large temperature swings. Temperatures remain 
close to or above comfort levels day and night. The only way to provide 
comfort is to maximize the effect of breezes and, of course, to protect from 
the direct sun. Thus we see the characteristic lightweight porous structure 
with lofty roof space and deeply overhanging eaves. 

Greater levels of sophistication in traditional environmental control can be 
found. Houses of Hyderabad (fig 2/5) have wind catchers which direct the 
breeze down a shaft, to be introduced into the lower rooms of the house 
via an opening containing a porous pot of water. This system not only 
provides ventilation air in a crowded urban locality, but also provides 
evaporative cooling. Similar devices have been identified in Egyptian tomb 
paintings dating back to 1300 BC. 
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fig 2/3 Pueblo Indian village, Central America 

f ig 2/4 Indonesian house fig 2/5 Wind catchers of Hyderabad, 
Pakistan 
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fig 2/6 The Georgian style adapted for the tropics, Barbados 

Colonization has, of course, brought architectural styles, mainly from the European countries, to 
many tropical countries. It is interesting to note that although most originated in temperate 
climates, the designs soon became adapted to their new climatic context. The Caribbean is rich 
in examples of this. Here amongst many other responses to climate, we see the 
wonderful adaptation of that very Georgian feature, the vertical sash window (fig 2/6). 
Traditional West Indian houses also show response to climate. The plan of the "two-roofer" 
chattel house of Barbados permits cross-ventilation of both rooms (fig 2/7). 

 

fig 2/7 "Two roofer" chattel house, Barbados 
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So what can we learn from primitive and traditional architecture? It is 
sometimes argued that the lifestyles and expectations of the developing 
countries are now so different from those that produced the traditional 
architecture, that it is irrelevant. Certainly the growth of urbanization and 
the increased cost of labour has rendered many traditional building types 
inappropriate. 

But although life-styles have changed, the climate has not, and many of the 
simple and elegant climatically responsive solutions which were evolved by 
traditional architecture, before the invention of energy consuming air-
conditioning, are transferable to modern materials. Furthermore, 
knowledge of building science assists us in adapting climatically responsive 
design far more rapidly than the slow evolutionary approach of our 
forefathers. 

We have only to look around a modern city in any developing country to see 
the fallacy of adopting "international style" architecture (fig 2/8). These 
buildings, often produced for reasons of civic pride and prestige, soon 
become an embarrassment, with huge energy bills and serious 
maintenance problems. We have got to be able to convince our clients that 
architecture which responds to tradition, culture and climate is a far more 
suitable object of prestige. 
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 2.1.2 World climate 

At a global scale, the climate is mainly influenced by the density of solar 
radiation at the Earth's surface, giving rise to the gross differences 
between the polar and equatorial zones. The major global wind patterns are 
set up by a convective flow of energy from the equatorial zone to the polar 
zone, distorted by the Earth's rotation, as illustrated in fig 2/9. 

At a regional scale, the climate is influenced by the differing thermal 
behaviour of land masses and water masses. This effect ranges from the 
well known phenomenon of the sea breeze, on-shore in the day time and 
off-shore at night, to the continental scale of the monsoons. 

Fig 2/10 illustrates the broad classifications of global climate into zones: 

1 )  P o l a r  

2 )  C o o l  

3 )  T e m p e r a t e  

4 )  H o t  a r i d  

5 )  H o t  h u m i d  

 2.1.3 Climatic parameters 

Climatic classification is made by the analysis of a number of climatic 
parameters. Each of these parameters may be presented in a different 
way, e.g. annual averages, monthly averages, average maximum, etc, and 
the most common of these are summarized in table 2/1. 
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2.1.4 Tropical climates 

Tropical climates are those where heat (too much of it) is the dominant 
factor of comfort. Tropical climates can be classified generally into the six 
groups described briefly below. The classification uses the combination 
and seasonal pattern of the climatic parameters described in the previous 
paragraph. 

Most of these parameters are represented on the Climate Graphs 
developed by Koenigsberger et al (4). These graphs are useful in that they 
illustrate the simultaneous value of most of the key climatic parameters 
and help one to develop "a feel" for the kind of climate under 
consideration. 

Warm humid 

Warm humid equatorial climates are found in the region extending 15° N 
and S of the equator. The climates are characterized by very little seasonal 
variation through the year. Air temperatures range between 27°C-32°C 
during the day and 21°C-27°C at night. Relative humidity remains high at 
about 75% throughout the year. Solar radiation is partly scattered by cloud 
cover but remains strong. Wind is generally low and from the east or 
north-east, although strong gusts can occur at times. Precipitation is high 
throughout the year. An example, Mombasa, is shown in fig 2/11. 

Hot dry desert 

This climate occurs from 15° to 30° N and S of the equator. The climate is 
characterized by two seasons: a hot and a cooler period. Air temperature 
reaches 43°C-49°C during the day, dropping to 24°C-30°C at night. In the 
cool season the range is from 27°C-32°C during the day to 10°C-18°C at 
night. The diurnal range is from 17°C-22°C. Humidity is low, ranging from 
10% to 55%. Solar radiation is direct and strong and the night sky is clear. 
Winds tend to be hot and local, often carrying dust and sand. Precipitation 
is very slight, only 50-155 mm pa. An example, Phoenix, Arizona is shown 
in fig 2/12. 

Hot dry maritime desert 

These climates are in the same latitude belts as above but occur where the 
sea is adjoining a large land mass. Air temperatures range from 38°C during 
the day to 24°C-30°C at night and 21°C-26°C during the day in the cool 
season to 10°C-18°C at night. The diurnal range is between 9°C-12°C. 
Humidity is high, from 50 to 90% as strong solar radiation causes 
evaporation from the sea. Winds are local and coastal caused by the 
unequal heating and cooling to the land during the day and in the reverse 
direction at night. 

Composite/monsoon 

These climates occur in the large land masses near the tropics of Cancer 
and Capricorn at 23.5°N and S. Two seasons occur, a hot dry period for 
two-thirds of the year and a warm humid period for the remainder. Air 
temperatures range from 32°C-43°C during the day to 21°C-27°C at night in 
the hot dry period. In the warm humid period they range from 27°C-32°C 
during the day to 24°C-27°C at night. The diurnal range is only 3°C-6°C in the 
warm humid period and 11°C-22°C in the hot dry period. Humidity is low, 
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20%-55%, during the day period rising to 55%-95% in the wet season. 
Solar radiation is strong and alternates between the conditions in the two 
periods. Winds are strong and steady during the monsoon period and 
precipitation reaches 200-250mm in the wettest month. An example, New 
Delhi, India, is shown in fig 2/13. 

Tropical upland 

These include mountain regions around 900m above sea level. Seasonal 
variations are small near the equator but tend to follow nearby lowlands, 
further away. At an altitude of 1800m, air temperature in the day is 
24°C-30°C dropping to 10°C-13°C at night, or even below 4°C in some 
locations. The diurnal range is therefore very great. Humidity varies 
between 45% and 99%. Solar radiation is strong and direct and skies are 
normally clear. Winds are variable and moderate. Precipitation is variable, 
around 1000mm pa. 

Warm humid island 

This occurs on islands within the equatorial belt and in the Trade Wind 
zones. Examples include the Caribbean, Indonesia and the Pacific islands. 
Seasonal variations are almost negligible. Air temperature ranges from 
29°C-32°C during the day to 18°C-24°C at night. The diurnal range seldom 
exceeds 8°C. Humidity varies between 55% and 100%. Solar radiation is 
strong and mainly direct, but with some diffuse radiation from occasional 
cloud cover. The predominant east, north-east trade winds blow at a steady 
6-7 m/s. Precipitation is high, between 1250 and 1800 mm pa. Some areas 
come within the hurricane belt which can result in wind velocities of 45-70 
m/s. An example, Barbados, is shown in fig 2/14. 

2.1.5 Micro-climate 

In the previous paragraphs we have considered the variation of climate at 
global and regional levels. Climatic data, as presented in the Climate 
Graphs, for example, are considered to be typical for a region, i.e. an area of 
possibly many thousands of square miles. 

However it is found that within a region, every site has its own unique 
climate which is the result of local features modifying the regional climate. 
It is important to understand these effects since they may render the 
regional climate more or less difficult to moderate in order to attain comfort 
conditions within the building. Indeed, the use of micro-climatic effects to 
improve local conditions is an important aspect of passive design. 

The factors affecting micro-climate include the following: 

Topography (hills, mountains, etc) 
Surface characteristics (vegetation) 
Local obstructions (buildings, etc) 

The height of the site above sea level will influence the average air 
temperatures, a reduction of 3°C per 100m being typical. 

The micro-climate created by hills shows other characteristics. During the 
day the layer of air nearest the ground tends to be warmer than the air 
above. At night, particularly in clear sky conditions, this situation becomes 
reversed with the lower air temperatures near the ground. On sloping 
ground the cool air tends to flow downwards creating a cool breeze, and 
will also settle in "poorly drained" hollows or depressions (fig 2/15). So 
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fig 2/15 Draining of cool air from upland slopes 

marked is this effect that in temperate climates it leads to the occurrence 
of "frost hollows", small areas which have a much higher frequency of 
freezing than their immediate surroundings. 

Hills of more than about 300m in height will also modify the rainfall pattern 
to a considerable degree. The windward slope tends to receive more and 
the leeward slope less rainfall than the regional average. 

The time of sunset or sunrise and thus the daily amount of solar radiation 
may be influenced by the position of the site relative to a hill, or indeed to a 
much more local obstruction such as a building (fig 2/16). 

 

fig 2/16 Effect of hill on rainfall, and sunrise and sunset 
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Wind is strongly influenced by local factors. The windspeed is always 
lowest at ground level, and the rate at which it increases with height is 
dependent upon the nature of the ground surface and type of vegetation. 
The windspeed at a site, not surprisingly, is strongly influenced by the 
nature of the landscape to windward. Sites on the lee side of hills and 
heavily vegetated areas will always have lower mean windspeeds than 
those to windward. Conversely sites on the crest of hills, or facing long 
tracts of open land or sea will receive stronger winds on average. To get an 
idea of their significance, mean windspeeds could be influenced by a factor 
as great as x3 by micro-climatic effects. 

Urban landscape has its own characteristic effect on micro-climate. 
Obstructions such as buildings do not dissipate the wind's energy in the 
same way as vegetation, which is porous and allows the energy to be 
dissipated by viscous flow. Rather, buildings redistribute and redirect 
airflow, often causing higher windspeeds and turbulence at specific 
locations. This can create problems, particularly in temperate climates 
where wind is generally undesirable. 
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Hard surfaces cause rain to drain away rather than penetrate the ground 
directly and be later re-evaporated by transpiration through plants and direct 
evaporation from the ground. This results in urban environments having 
slightly lower humidities than rural (typically between 5% and 10% lower). 

Buildings and hard surfaces also tend to absorb more solar radiation than 
vegetation. This can result in higher temperatures (up to 8°C) than in the 
surrounding countryside. Buildings have higher retention of heat leading to 
higher night-time ambient temperatures as well. 

The differences between rural and urban micro-climate are illustrated 
in fig 2/17. 

2.1.6 Micro-climate and passive design 

The micro-climate of a proposed building can be manipulated in two ways. 
Firstly, there may be a degree of choice of where on the site the building is 
to be put, or even which of alternative sites is chosen. Secondly, having 
chosen the precise site, the micro-climate can be altered mainly by the 
influence of vegetation and to some extent earth contouring. 

The most important micro-climatic factors for the Caribbean climate will be 
the reduction of solar radiation, and if possible the enhancement of wind 
incident upon the building. Other considerations might be the use of cool 
air drained from hill slopes to provide night ventilation. Shading, air 
movement and night ventilation are discussed later in the handbook. 
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2.2 THERMAL COMFORT 

The previous sections discussed climate from a global to a micro or 
site-specific level. Before going into the details of the Caribbean climate, 
which has already been quoted as an example of the tropical island type, 
we will introduce the important topic of thermal comfort. Clearly, it is only 
after having established the environmental conditions required to provide 
thermal comfort, that one can analyse a specific climate, and comment 
upon the actions that the architect and engineer must take. 

2.2.1 Basic principles 

Thermal discomfort is an important response to the environment of the 
warm-blooded mammal. It is, in effect, a message which means that "if the 
present state of thermal imbalance continues, serious damage to the body 
may result", although to the recipient all he is conscious of is that he is 
either "too hot" or "too cold". The important thing is that he does 
something about it, to alleviate the condition cf stress. This reaction has 
evolved in a similar way to the reaction to hunger. Clearly if there were no 
"message" of feelings of hunger, people would forget to eat! 

The thermal balance referred to is the balance between metabolic heat 
gains and heat losses to the environment. Metabolic activity is the 
conversion of carbohydrate and other energy giving foods, to heat and 
mechanical work. Even when one is sleeping, the body produces heat at a 
rate of about 80 Watts, and for all other levels of activity the rate is greater 
and can be as high as about 500 Watts for very short periods. Heat is 
generally produced as a by-product of mechanical work by the body, 
including respiration and blood circulation. The total energy is gained from 
the chemical energy in food (or possibly stored fat) and is known as the 
metabolic rate. Typical values of various metabolic rates are shown in table 
2/2. Note that as well as specifying the metabolic rate in Watts, a relative 
unit, the Met, is used. 1 Met is a rate of 96 Watts and corresponds to the 
metabolic rate of a seated adult. 

The production of heat is not entirely undesirable, since it enables the body 
to operate at a higher temperature than its environment, and as the body 
has devised means of stabilizing this temperature, various biochemical 
processes have been optimized. This has given the land-based warm-
blooded animal a clear advantage over its reptilian brethren, as is typified in 
every schoolbook account of the demise of the dinosaurs. 
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Since metabolic activity results in a heat surplus, there must be, on 
average, a heat loss to the environment. This loss occurs predominantly by 
three mechanisms: 

1) radiation 

2) convection 

3) evaporation 

and to a much lesser extent by : 

4) conduction 

These processes are illustrated in fig 2/18, which also shows the relative 
magnitudes of the components of heat loss for the body in a normal 
comfort situation. 

 

The three main mechanisms of heat loss are controlled by four 
environmental parameters: 

a) mean radiant temperature 

b) air temperature 

c) relative humidity 

d) air movement 

We now examine each of these mechanisms in more detail. 

Radiation — (mean radiant temperature) 

The amount of heat loss by radiation from a body to the surroundings is 
dependent upon the temperature difference between the surface of the 
body and the mean temperatures of all the surfaces surrounding it 
(fig 2/19). These surfaces may be wall or ceiling surfaces which could be 
at a lower or higher temperature than the person, or a surface always at high 
temperature such as the sun. 
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The area weighted average temperature of the surfaces is known as the 
mean radiant temperature (MRT). If the MRT is above that of the surface of 
the person's body, then the heat loss will be negative, i.e. a heat gain. Note 
that the purely radiant component of heat loss (or gain) is not influenced by 
the other environmental parameters. 

In tropical buildings, radiant heat gain has much significance. In almost 
every case we shall be dealing with, direct solar radiation should be kept 
out of the building. Furthermore, efforts must be made to keep surface 
temperatures of the building as low as possible by screening them from the 
sun, and by using insulation. The effect of radiation on a person is shown 
later in fig 3/23. It shows that a radiation intensity typical for sunlight, 
elevates the effective temperature by between 5° and 10°C. 

Convection — (air temperature, air movement) 

Heat loss (or gain) by convection is dependent upon the difference in 
temperature between the person's surface and the air. A layer of air in 
contact with the surface is heated up, and because air is a poor conductor, 
heat loss relies primarily upon the removal of this warm layer of air by air 
currents. These currents may be locally induced by the buoyancy effect of 
the warmed air layer, or externally induced by admitting the breeze, or 
using a mechanical fan. 

Both of these latter methods, particularly the use of the prevailing breeze, 
are of great significance in passive design and are discussed in detail later 
in the handbook. 
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Evaporation — (relative humidity, air movement) 

Heat loss is due to the absorption of heat from the surface of the skin in 
order to evaporate perspiration. The rate of evaporation is influenced by 
relative humidity (RH) — clearly no evaporation can take place when the RH 
is 100%. The rate of evaporation is also affected by air movement in a 
similar way to that of convective heat loss. There is also a loss of heat by 
respiration, i.e. loss of water vapour which carries with it a latent heat loss. 
(See A1.3) 

It is difficult to reduce the relative humidity by passive means, although it is 
often one of the environmental parameters which is controlled in air-
conditioning systems. There are semi-passive methods involving 
dessicants regenerated by solar energy and these are described in 4.2.4. 

2.2.2 Physiological controls 

Having described the physical mechanisms available to the body to lose 
heat, we now describe how its regulatory mechanisms control the heat 
loss in order to balance the metabolic gains. 

Let us start by considering a body in a condition of comfort, i.e. where the 
heat losses balance the metabolic gains, and thus result in a steady state 
condition. We can assume that the body is in its "normal" condition and 
that there are no signals of discomfort by the nervous system. Heat losses 
will be as in fig 2/18. Since we are dealing with tropical buildings, we will 
now consider what conscious and unconscious action will be taken by the 
body as we move to a condition of heat stress. 

First the blood vessels close to the skin dilate allowing a greater supply of 
blood to flow. This increases the thermal conductivity of the layer resulting 
in a higher skin temperature which causes a greater heat loss by both 
radiation and convection. It also accounts for a temporary reddening of the 
skin noticeable in the white-skinned races. 

A second reaction is for the rate of perspiration to increase. When thermally 
neutral, perspiration drops to a base level of about 30ml/hr. In these 
conditions, thermal comfort is not strongly influenced by RH, since only at 
very high RH does the presence of perspiration become evident. (It is 
interesting to note that many air-conditioning systems control RH to 
unnecessarily close limits and waste energy doing so.) However as 
conditions of heat stress approach, perspiration rates increase dramatically, 
to rates as high as 1000ml/hr in extreme conditions. As soon as 
perspiration rates exceed evaporation rates, free moisture is produced on 
the skin and this is usually registered as discomfort. 

The above reactions are by reflex. Other reactions can be described as 
behavioural — i.e. they are within the conscious control of the person. These 
include obvious reactions such as reducing clothing level. Less obvious, is 
that people adopt a different posture, tending to extend their limbs, seeking 
to provide maximum surface area for both evaporative and convective loss. 

Another behavioural reaction is to reduce thermal imbalance by reducing 
metabolic rate. However, this would not be seen as an acceptable 
solution by an employer if productivity was closely related to the 
employees' level of activity. Only when activity is unnecessary, such as that 
created by bad circulation planning in a building, can we consider reducing 
activity as an acceptable strategy for improving thermal comfort. 
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The body has a number of actions to deal with approaching cold stress. 
These include contraction of blood vessels and the resultant lowering of 
skin temperature, and the tensioning of muscles and ultimately the 
oscillation of muscles to produce extra metabolic heat (shivering). 

 2.2.3 Comfort zones 

Having discussed the mechanisms of heat loss from the body, the 
parameters which affect these mechanisms, and the way in which the 
body reacts to conditions of stress, we are now closer to being able to 
prescribe the conditions in which a person will be comfortable for a 
particular activity. This is obviously desirable for the architect and engineer 
both in the case of an air-conditioned building, where it establishes the set 
point (or target conditions), and in a passive building where free-running 
conditions have to be compared with comfort criteria. 

When considering comfort conditions, two important points must be made. 
The first, evident from the discussions above, is that comfort may be 
attained by different combinations of values of radiant temperature, air 
temperature, humidity and air movement. The second is that there is no 
single combination of values which satisfies everybody. Rather there is a 
range of values between which most people will be comfortable. 

 2.2.4 Comfort indices 

There have been various attempts to combine the four comfort parameters 
into a single index of comfort, including the concept discussed here, that of 
the Corrected Effective Temperature. This is an index which was obtained 
experimentally by varying the comfort parameters in test rooms and 
determining those conditions which test subjects considered comfortable. 
Fig 2/20 illustrates the nomogram from which the Corrected Effective 
Temperture can be calculated. 

The Corrected Effective Temperature (CET) is not calculated from mean 
radiant temperature (MRT) and relative humidity (RH) directly. MRT is 
combined with air temperature as the Globe Temperature (GT), as defined 
in fig 2/21. The GT lies between the MRT and the air temperature. The 
relative differences are a function of the globe's dimensions and air 
velocity. The RH is represented by the Wet Bulb Temperature (WBT). 
These quantities relate to measurements that can be made. (For more 
information see A1.3.) 

The relative components of heat loss are dependent upon the clothing 
level. In particular, the lower levels of clothing show a greater dependence 
upon air movement. The nomogram shown in fig 2/20 is for people dressed 
in light tropical clothing, e.g. cotton dress or light trousers and sleeveless 
shirt. This level of dress is given a value of 1/2 Clo units, defined later in the 
text. 

The following steps are taken to calculate a CET: 

1) Locate GT on the left hand scale 

2) Locate WBT on the right hand scale 

3) Connect two points with straight line 

4) Select curve of appropriate air velocity 

5) Mark the intersection of temperature line and air velocity curve 

6) Read off the value on the short inclined scale passing through the 
intersection point. This is the CET. 
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For example, if the GT is 32°C and the RH is 70%, what air velocity is 
required to bring the CET to below 27°C? 

On fig 2/20 we plot the point A at 32°C on the left hand scale. From the 
Psychometric chart (para A1.3) an RH of 72% at a Dry Bulb Temperature of 
32°C, corresponds to a Wet Bulb Temperature (WBT) of 28°C and this is 
plotted as point B. A line from A to B intersects the diagonal CET line for 
27°C at the 2m/sec air velocity curve. Note that in the absence of strong 
radiation, we can assume that the air temperature is the same as the GT. 

Note that the higher the WBT, i.e. the higher the relative humidity, the 
higher the CET for a given GT. Also note that for higher air velocities, the 
CET is lowered, except for temperatures above 37°C (body temperature) 
where air movement actually increases the CET. 

The CET offers a way of combining the four comfort parameters into a 
single index of comfort. This index is given the units of "effective 
temperature" and an examination of the CET nomogram shows that 
"effective temperature" could be defined a ..." the temperature where 
mean radiant, air, and wet bulb temperatures are all the same, and air 
movement is zero, which gives the same comfort sensation as the 
combined effect of the prevailing comfort parameters". 
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2.2.5 Neutral temperature 

Having established a way of combining the effects of the comfort 
parameters into one single index represented by the CET, the next step is 
to establish what the target value of the CET should be. 

For this, we use the concept of Neutral Temperature. This can be loosely 
defined as "the temperature at which most people are comfortable". 
Several researchers have derived expressions for this. Humphreys' 
expression (1) has been adopted here. This defines the neutral temperature 
as: 

Tn = 11.9 + 0.534 X Tamb+/- 2.5°C 

where Tr, is the neutral temperature and Tamb is the mean monthly outdoor 
temperature. The 2.5°C band indicates the temperature zone over which 
80% of people judge to be between "comfortably cool" to "comfortably 
warm". 

It is normally calculated on a monthly basis — for example, the mean 
monthly temperature in Kingston, Jamaica, for August is 27.5°C. If we 
substitute this into Humphreys' equation we get: 

Tn = 11.9 + 0.534 x 27.5 = 26.6°C 

The standard neutral temperature is calculated for a person at rest. It has 
already been established that the rate of heat production by the body is 
dependent upon the level of the person's activity and is called the 
metabolic rate (table 2/2). As would be expected the level of activity also 
affects the neutral temperature. The higher the activity, the lower the 
neutral temperature. 
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The heat loss rate, and hence the thermal balance, is also affected by the 
level of clothing. Clothing acts as thermal insulation and is measured in Clo 
units, one Clo being equivalent to the insulation provided by a lounge suit 
with normal under-wear. In the tropics people tend to wear less clothing 
and a more common level would be 0.5 Clo, corresponding to light trousers 
and sleeveless shirt or a light dress. Table 2/3 shows Clo values for various 
types of clothing. 

 

The graph shown in fig 2/22 shows the influence of metabolic rate and Clo 
level on the neutral temperature. Note that at 0.5 Clo for normal activity 
level, 1 Met, the neutral temperature rises about 3°C. However an increase 
in activity to 1.35 Mets, roughly equivalent to light office activity, reduces 
the neutral temperature by about 1°C. 

It is important to note that metabolic rates represent long-term averages. 
Instantaneous activity levels vary considerably. For example, carrying a 
pile of books across a room and replacing them on shelves may involve 
instantaneous metabolic rates as high as 2 Mets. However, due to the 
considerable thermal capacity of the body, the effect of these peaks is 
spread into periods of low activity, and thus the long-term average is the 
most relevant in assessing thermal comfort. 
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2.2.6 Night conditions 

The neutral temperature used to define the centre of the comfort zone, 
should be slightly modified for night-time comfort. This is because when 
people are lying down, heat losses are generally reduced compared to a 
person standing or sitting. Furthermore, discomfort is probably more 
noticeable to a person whilst trying to fall asleep than when they are active 
in the daytime. It can be seen from table 2/2 that the non-resting daytime 
activities generate their own relative air movement. This is absent, of 
course, in night-time resting. 

From the work of Evans (2) it can be deduced that for night comfort the 
neutral temperature should be reduced by about 1°C from the daytime 
value. We assume that this also takes account of the reduction in activity 
level that we would expect during sleep. 

Generally, this reduction should be attainable due to the diurnal variation 
bringing the temperature below the target neutral temperature. Indeed in 
some tropical climates night-time temperatures will drop below the lower 
comfort limit, but this occurs only rarely in the Caribbean. More commonly, 
night-time discomfort is experienced due to the heat retained in the 
structure from the daytime. We shall discuss ways of avoiding this in later 
sections. 

 



 

31 
 

2.2.7 The Bioclimatic chart 

No discussion of climatic/comfort analysis is complete without some 
reference to the Bioclimatic Chart. The concept, to illustrate the comfort 
zone on a graph of climatic parameters, was originated by Olgay (3) and 
later developed by other workers. Fig 2/23 shows Olgay's original 
representation on a graph whose axes are the Dry Bulb Temperature and 
Relative Humidity. Note that the upper family of curves show the 
elevation to the upper comfort limit by air movement. The lower curves 
show the reduction of both upper and lower limits by the presence of 
radiation. Note also that for a constant RH value of 70% the "depth" of 
the zone is about 5°C, agreeing with the +/-2.5°C of the Humphreys 
neutral temperature. 

In using the bioclimatic chart, the implication is that when climatic 
parameters plotted on the chart lie outside the shaded area, suitably 
modified by windspeed and radiation, some kind of action must be taken. 
As an example, we have plotted the mean monthly maximum temperature 
and the mean monthly minimum RH for Bridgetown, Barbados. 

Note that all the plots lie outside the zone for still air, but are brought within 
the zone by air movements from 0.1 to 1 m/s. We shall now discuss the 
comfort analysis of the Caribbean in more detail. 
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2.3 CLIMATIC COMFORT ANALYSIS FOR THE CARIBBEAN 

The concepts of Neutral Temperature and CET, described in the previous 
section are now used to analyse the Caribbean climate in terms of comfort. 
However we must make one or two important points of qualification. 

Firstly, there is the limitation of using long-term average data to assess 
comfort conditions which vary continuously. Ideally we would calculate the 
comfort conditions for small time intervals (at least as small as 1 hour) and 
then carry out a statistical analysis to give information concerning the 
number of hours that conditions lay within or without the target comfort 
zone. However this kind of treatment is not possible to carry out without 
the aid of a computer, and requires hourly data for the main comfort 
parameters which are usually unavailable. 

In the analysis presented here, we use monthly averages for maximum 
daytime and night-time temperatures. It has to be accepted that an average 
value does not indicate the extent of departures from that average. 
Whilst in some very varied climates this would be a serious problem (e.g. 
in the UK), in the tropical island climate, distinguished for its consistency, 
this treatment is acceptable. 

Secondly, the usual practice of associating maximum temperatures with 
minimum values of humidity is adopted. This is based on the assumption 
that the overall moisture content remains fairly constant (i.e. RH is mainly 
affected by temperature). The notable exception to this is during or 
immediately after rainfall when RH values will be very high. If this is in the 
afternoon, then a maximum value of temperature will coincide with a high 
value of humidity, and this will result in a worse CET than predicted from a 
monthly analysis. 

For night-time conditions minimum temperatures are not used since clearly 
these do not exist for the whole night. Since the investigation is concerned 
only with the upper limit of comfort, a night-time maximum should be used. 
This is not directly available but a reasonable compromise is to use the 
24-hour mean value, together with the 24-hour mean humidity value. 

2.3.1 Results of climatic comfort analysis 

Climatic data for Kingston, Jamaica and Bridgetown, Barbados, are shown 
in tables 2/4 and 2/5. Climatic comfort charts for daytime conditions are 
shown for Kingston and Bridgetown in tables 2/6 and 2/7. CET°, CET, and 
CET2 are the Corrected Effective Temperatures at zero, 1m/sec and 2m/sec 
airspeeds respectively. 

The neutral temperature is the normal value — but assumes a clothing level 
of 0.5 Clo and a metabolic rate of 120 Watts corresponding to light activity—
these two qualifications effectively cancelling one and other out. Note also 
that the neutral temperature lies in the middle of the comfort zone — 80% 
of people would tolerate up to 2.5°C higher. 

The charts also shows the conditions for night-time. The neutral 
temperature has been lowered (as discussed in section 2.2.6).The CETs are 
calculated from 24-hour mean temperatures and mean RH values as 
discussed above. 
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2.3.2 Interpretation and recommendations 

The first impression is that in both examples shown the natural climate is 
very acceptable. For daytime conditions, in almost all cases the CET() lies 
within the 2.5°C tolerance band above the neutral temperature and the 
target neutral temperature can be attained with air velocities between 
1 m/s and 2 m/s. 

At night-time the target neutral temperature is attained at zero air 
movement. This is fortunate since air movement is more difficult to attain 
at night-time. 

Thus it appears that the climate of the Caribbean is so clement that the 
building is not required to provide any thermal improvements whatsoever. 
However three important qualifications must be borne in mind. 

The comfort conditions, i.e. CET values, have been calculated making a 
number of assumptions: 

a) Mean monthly values of temperature and humidity are used. 
Conditions will occur on either side of these mean values. 

b) In calculating CET the globe temperature has been assumed to be the 
same as the air temperature — this is the equivalent of assuming that 
no solar or low temperature radiant sources are present. 

c) Conditions analysed are external conditions, unmodified by local site 
conditions or the building itself. 

However, the overall conclusion is clear, that buildings should be coupled 
as much as possible to external conditions of air temperature, humidity and 
air movement, but as little as possible to solar radiation. 

The requirement for air movement, i.e. the requirement for the prevailing 
breeze to enter the building, will normally result in such a high air change 
rate that the requirements for temperature and humidity coupling with 
ambient conditions will be satisfied. However in certain cases the degree 
to which high rates of natural ventilation can be attained, or for practical 
reasons tolerated, may be insufficient. For example, considerations for 
noise control, privacy or security, or planning constraints, may make it 
difficult to provide naturally induced air movement all the time. 
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The problem of reducing the effects of solar radiation is less 
straightforward. Firstly, heat which results from solar radiation which is 
absorbed on the outer surface of the building must be prevented from 
penetrating into the interior by conduction. This may take place almost 
instantaneously with lightweight structures, or after a time delay in 
heavyweight structures, leading to comfort problems in buildings 
occupied at night. 

Secondly, solar radiation must be prevented from entering buildings 
through openings. In this instance there is a conflict with daylighting 
requirements — we have probably all seen tropical buildings where the 
shading devices are so effective that the lights have to be on all day. 

To summarize, from the comfort analysis of the prevailing Caribbean 
conditions, we can conclude that the main objective is to design the 
building in such a way that it influences the external thermal environment 
as little as possible except in the reduction of solar radiation (fig 2/24). The 
means of attaining this, in terms of building design, is dealt with in the next 
section. 
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3.0 PREVENTION OF OVERHEATING 

The major objective is to provide comfortable internal conditions at 
minimum capital and running costs. The prevention of overheating and 
passive cooling clearly both have that aim and there is not a sharp 
distinction between them. However the material which follows has been 
divided into those two areas. Broadly, the prevention of overheating is 
concerned with minimizing the amount of heat which gets into a building, 
whilst passive cooling is concerned with getting the heat out. Ventilation 
and air movement tend to fall into both categories. 

The approach is illustrated in fig 3/1. 

 

The minimizing of overheating is a part of good design and many designers 
would apply sound principles intuitively. Certainly in the vernacular 
buildings shown earlier we saw the elegant climatic solutions by people 
who clearly had not analysed the problem to the extent that we are doing 
here. Even in modern building design practice, modern traditions (or habits) 
are established very quickly. Designers soon decide upon their "favourite 
material" or "favourite way of doing it". However, their original reasons 
for its choice may have long since ceased to apply and new criteria may 
show it not to be such a good idea. Thus as new materials and 
building techniques emerge, it is essential to lookat a more analytical 
level, and we may find that small (or even large) improvements can be 
made. 

3.1 SOLAR RADIATION AND GEOMETRY 

The main source of unwanted heat gain in tropical buildings is the sun. To 
understand fully the techniques for minimizing solar gain requires a little 
knowledge of the physics of solar radiation. And since many of the 
techniques rely upon the geometry of the sun's position relative to the 
building, there is also a need to understand solar geometry. 
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 3.1.1 The solar spectrum 

The sun radiates a broad spectrum of electromagnetic radiation ranging from 
microwaves or far infra-red in the long wave region to ultra-violet in the short 
wave region. The radiation falls on to the surface of the atmosphere with an 
intensity of about 1.4 kW/sq m. A proportion of this energy is absorbed by the 
atmosphere before reaching the ground. The proportion varies according to the 
atmospheric conditions but is typically around 45%, i.e. the intensity normal to the 
sun's rays at ground level is around 800 W/sq m. 

Fortunately much of the radiation filtered out by the atmosphere is in the ultra-
violet region. UV is harmul to human skin, and indeed almost all life forms. At high 
altitudes the sun's rays are significantly richer in UV —mountain climbers have to 
take precautions against this. 

The reduction of intensity of the solar radiation as it passes through the 
atmosphere is due primarily to two physical processes, absorption and scattering 
(fig 3/2). The major reduction of the UV intensity occurs in the ionosphere, at the 
outer edge of the atmosphere, by absorption by ozone 03 molecules. This causes 
considerable heating and some of the long wave radiation that is received from the 
sky comes from this hot layer. 

In the lower layers of the atmopsphere absorption of long wave radiation, infra-
red, takes place due to the presence of water vapour. This results in convection 
currents, which together with the absorption of solar radiation at ground level, 
are responsible for the global weather patterns across the world's surface. 
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 3.1.2 Direct and diffuse radiation 

Also in the lower layers, the middle wavelengths, i.e. the visible light, are 
scattered. In clear sky conditions the only scattering objects are the 
molecules of air itself: nitrogen, oxygen and water vapour. These are very 
small and only scatter in the short wavelengths. When we look at the sky 
rather than the sun, we see this scattered radiation and because it is 
predominantly the short wave radiation, it looks blue. This radiation is called 
diffuse as distinct from the radiation direct from the sun which is called 
direct. 

When there are large condensed water droplets in the air, i.e. clouds, or 
larger dust particles, then all visible wavelengths are scattered and the sky 
looks white. Much more light is scattered and usually the sun is completely 
obscured. In these conditions all radiation is diffuse. 

It is often when there is a combination of clear sky and white clouds that 
the greatest intensity of solar radiation falls on the ground or buildings. In 
this case the building receives the full direct intensity from the unobscured 
sun plus the reflected component from the white clouds. 

A further component of radiation is received reflected from the ground. 
Where ground surfaces are light coloured, such as light sand etc, the 
ground-reflected component can be as great as the diffuse component 
from the sky. It is particularly of concern in tropical buildings where not only 
does it constitute an unwanted thermal gain, but may also create glare 
problems. 

 3.1.3 Solar geometry 

In considering the effect of sunlight on buildings there are two main 
reasons for calculating the position of the sun in the sky: 

1) to calculate the intensity of radiation falling on a surface or opening; 

2) to predict the direction of the direct beam in order to shade 
openings. 

For diffuse radiation, the intensity of radiation falling on a surface is 
independent of orientation since, in principle, radiation is coming from all 
directions. For direct radiation however, the intensity on a surfce is 
dependent upon the orientation of the surface with respect to the sun's 
position in the sky. 

Fig 3/3 shows the intensities for surfaces of different orientation at latitude 
15°N. Note that the roof has the highest intensity for most of the day whilst 
the south wall has very little. The east and west walls however, receive a 
substantial amount of radiation in the morning and evening respectively. 

The orientation of building surfaces is of course fixed by the design and 
siting of the building. The position of the sun however varies with both the 
time of day and time of season. Fortunately, for building designers, the 
sun's position in the sky is entirely predictable, unlike the weather! 

The earth revolves around its own axis every 24 hours so its angular 
velocity is 15° per hour. It rotates around the sun once every year and the 
axis of daily revolution is titled at 23.5° to the plane of the earth's rotation 
around the sun (fig 3/4). 

In December, the northern winter solstice, the northern hemisphere is 
inclined away from the sun, whilst in June, the northern summer solstice, 
it is inclined towards the sun. It follows from the geometry that at the 
northern winter solstice the sun at noon will be immediately overhead as 
far south as 23.5° lat. South, whilst at the northern summer solstice the sun 
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will be immediately overhead at noon at 23.5° lat. North. This defines the 
limits of the Tropics, the lines of latitude being the Tropic of Capricorn 
(south) and the Tropic of Cancer (north), respectively. 

In March and September the equinoxes occur, when the sun is overhead at 
noon on the equator. From the symmetry of the geometry it is clear that 
every point on the earth receives the same length day and night, i.e. 12 
hours — hence "equinox" or "equal night". 

It follows also that buildings between the tropics will receive sunlight from 
both the north and the south, at different times of the year. 
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3.1.4 Gnomic and stereographic projections 

It is possible to predict the position of the sun in the sky using 
mathematical equations involving time of year, time of day, and latitude. 
However a simpler and more graphic way is to use solar protractors or 
sunpath diagrams, which have been derived from the solar equations. First 
however, we must define the following terms by reference to fig 3/5: 

(i) solar altitude angle (alt) 

(ii) solar azimuth angle (azm) 

(iii) wall/solar azimuth (wsa) 

(iv) angle of incidence (inc) 

The first two are self-explanatory. Note that the wall/solar azimuth is 
measured in the horizontal plane only, whereas the angle of incidence is 
the real angle between a ray from the sun and the normal of the surface. (A 
normal to a surface is a line drawn at right angles to the plane of the 
surface.) 
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For representing the sun's position in the sky, two projections are 
commonly used: 

a) the stereographic projection 
and 

b) the gnomic projection 

The stereographic projects a view of the sky onto a horizontal plane. 
Radiating lines indicate azimuth and the concentric circles show angular 
altitude. It can be likened to a photograph where the photographer uses a 
180° "fish eye" lens and takes the picture lying on his back looking 
vertically upwards. 

The gnomic projection is a panoramic view of the sky projected onto the 
inside of a vertical cylinder which is subsequently "unrolled" and laid out 
flat. The vertical lines represent azimuth and the horizontal lines altitude 
(fig 3/6). The photographic analogy is the old school photographs taken 
with a special camera which rotated on its tripod whilst the film moved past 
the lens, and took a panoramic view of the assembled masses who had 
been set out in an arc centred about the camera. 

In this handbook the gnomic projection is used. Sunpath diagrams for 5°, 
10°, 15°, 20° and 25°N are included, which provide an adequate cover for 
the Caribbean area (figs 3/7 — 3/11). 

Note that all of the sunpath diagrams except the one for latitude 25°N show 
the sun appearing in the northern sky in the summer months. Note also 
that this increases for lower latitudes and becomes symmetric for the 
equator. 

 

 



 

44 
 

 

 



 

45 
 

 

 



 

46 
 

 

 



 

47 
 

3.1.5 Use of overlays 

The intensity of direct solar radiation, i.e. for clear sky conditions, is mainly 
dependent upon geometry. The intensity falling on to a surface is 
affected by the distance that the direct rays have travelled through the 
atmosphere, and the angle of incidence of the ray to the surface. 

This enables overlays to be used with the sunpath diagrams which indicate 
solar intensities for various combinations of time and date, latitude, and 
surface orientation. Three overlays are shown in fig 3/12. The Vertical 
Surface overlay has to be set at the correct azimuth angle (i.e. N, E, S or W) 
since, obviously, the amount of radiation falling on a vertical surface is 
dependent upon the orientation of the surface. 

The other two overlays are for surfaces where the radiation intensity is not 
sensitive to azimuth. The Normal Surface, i.e. at right angles to the sun's 
ray, is always oriented itself to the sun, by definition. The Horizontal 
Surface clearly has no orientation in the horizontal (azimuth) plane. 

The overlays can be traced on to tracing paper or, better, photo-copied on 
to acetate. It must be stressed that these overlays give direct intensity 
only, i.e. they do not include ground-reflected radiation. Also they cannot be 
used directly to give average or monthly totals of radiation, where the direct 
intensity will often be reduced due to cloud cover. Note that the use of the 
sunpath diagram is described in para 3.3.3. There is a fourth overlay, the 
Shadow Angle overlay, the use of which is described in the next section. 
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3.2 REDUCTION OF SOLAR GAINS THROUGH FABRIC 

Gains through the fabric occur due to the heating effect of absorbed solar 
radiation being conducted to the interior (fig 3/13). This can be minimized 
by: 

1) Use of shading to reduce the amount of radiation falling on the building 
(e.g. by vegetation or by other buildings); 

2) Reducing the absorbed radiation by the use of highly reflective 
finishes; 

3) Increasing the insulation value of the roof and walls. 

 

3.2.1 Solar Heat gain Factor (SHF) 

When considering the degree to which solar gain is transmitted by the 
fabric of the building, it is helpful to use the concept of Solar Heat gain 
Factor (SHF). This is defined by Koenigsberger et al (4) as the heat flow rate 
though the construction due to solar radiation expressed as a fraction of the 
incident solar radiation. In constructions involving massive elements such 
as brick and concrete, the passage of heat is delayed, i.e. a time lag is 
introduced. In these constructions, the SHF applies to an integrated 
24-hour total, rather than an instantaneous value. The concept is 
illustrated in fig 3/14. 

The factors affecting the value of SHF are: 

(i) the absorbtivity of the external surface 

(ii) the insulation value of the envelope 

(iii) the mass of the envelope. 
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In the case of (ii) and (iii) it is found that the relative position of insulating 
and mass layers in the construction has a significant effect on the SHF. The 
24-hour integrated value of SHF may also be influenced by the infra-red 
emissivity of the external surface, since this will affect the loss of heat 
(from daytime solar gains) to the cool night sky. 

SHF is normally expressed as a percentage. Values for typical constructions 
are shown in table 3/1 (given by Evans (2)). The table also shows the 
U-values of the constructions and the time lag, described in the next 
paragraph. 

Gains through the fabric also occur when the outside air temperature is 
greater than the inside temperature. The heat gain is calculated using the 
U-value. It will be of concern in air-conditioned buildings when the internal 
temperature is consistently lower than the external temperature. It may 
also apply to thermally massive buildings which have been cooled down at 
night — this is discussed later under "Passive Cooling". 

3.2.2 The effect of thermal mass 

The effect of thermal mass on the flow of heat from the outside of the 
envelope to the interior of the building is illustrated in fig 3/15. Note that the 
large temperature increase on the outside surface is both diminished and 
delayed as it is conducted to the inside surface. This is of particular value in 
climates which have large diurnal temperature fluctuations e.g. the hot arid 
climate. In these climates there may even be a need for heating at night 
and the delay of about 10-12 hours can result in the heat input from the 
structure to the interior exactly coinciding with the need for heating. Time 
lags for various constructions and materials are shown in table 3/1. 

In warm, humid climates diurnal swings tend to be small and for buildings 
occupied at night thermal mass is generally considered to be a 
disadvantage since the heat stored in the structure will contribute to the 
discomfort of overheating during sleeping. There may, however, be a 
distinct advantage in buildings which are only occupied during the day, if 
large amounts of ventilation can be provided at night to cool the structure. 
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In any event, it is important when mass is used in a predominantly 
overheated climate to ensure that the thermal mass is weakly coupled with 
external heat sources (e.g. solar radiation) but strongly coupled with the 
interior in order to be able to absorb internal gains easily. This principle is 
illustrated in fig 3/16. 

 

3.2.3 Requirements for external walls and roofs 

From the result of several studies ref (5), the following recommendations 
can be made for external walls and roofs: 

1) the solar heat gain factor (SHF) should be less than 4%; 

2) the time lag should be less than 4 hours. 

The first condition is to limit the inner surface temperature of the ceiling 
to no more than 4.5°C above air temperature. This acts to limit radiant 
temperature and also, indirectly, air temperature. Fig 3/17 illustrates some 
suitable constructions. 

The second condition generally calls for a lightweight building envelope, 
and is to avoid gains made during the day reaching the occupants at night. 
Clearly this condition would not apply to buildings unoccupied at 
nighttime. lndeed for a building occupied only in the daytime some amount 
of thermal mass may be appropriate if there were the provision for high 
rates of night-time ventilation. This will be discussed in more detail later in 
para 4.2.1. 

These recommendations are made for non air-conditioned buildings. In 
air-conditioned buildings, where temperatures are kept consistently below 
ambient temperature, much higher levels of insulation, especially in roofs, 
will be economic. The inclusion of such levels of insulation will result in 
Solar Heat gain Factors of considerably less than 4%. 
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3.2.4 The effect of attic spaces and radiative insulation 

For the reduction of solar gains through roofs, it has been found by 
everyday experience that there is great benefit in incorporating a ceiling 
void or attic space. Furthermore, the performance is improved if the void is 
ventilated. This experience is backed up by carefully conducted experi-
ments and theoretical analysis. 

Harris-Bass (7) reports on the testing of a simple lean-to roof in St Vincent, 
where a ceiling of hardboard was added 250mm below a roof of natural 
corrugated Onduline. Fig 3/18 shows a comparison between measured 
surface temperatures on the underside of the bare roof and on the 
underside of the ceiling. Note that the ceiling lowers the surface tem-
perature from 43°C to 37°C. By looking at constructions in table 3/1 we can 
see a similar case of rusty iron sheeting with an SHF of 34.0 being reduced 
to 7.6 by the addition of a thin sheet ceiling. Thus we can infer that the 
addition of a ceiling will reduce the surface temperature by about 6°C, 
highly significant in a non air-conditioned building for the reduction of mean 
radiant temperature. When considering the case of an air-conditioned 
building, the effect is indicated by a fourfold reduction in SHF or a 
reduction in U-value from 8.5 to 1.9. This would give a significant 
reduction in air-conditioning costs (as could be calculated using the PACE 
method — see section 5.0). 

To explain this dramatic benefit, and to investigate the effect of ventilation 
in the roof space we must consider the physics of the downward heat 
transfer from the external surface to the interior. Fig 3/19a shows the case 
for a normal cavity. 

Heat is transmitted across the cavity by convection and radiation. The 
cavity represents a resistance (in the same way as insulating material does) 
and experimental measurements show that a normal cavity has a resist-
ance of about 0.21 m2°C/W for heat flow downwards. For heat flow 
upwards, the convective component increases, since a warm surface sets 
up convection currents above it much more easily than below, and 
resistance drops to 0.14 m2°C/W.However, for the purpose of roof design 
in the tropics, we are rarely concerned with the latter situation. 
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If the space is freely ventilated, then we might expect a reduction of heat 
transfer, simply because as heat is transferred to the air, it is exhausted 
from the cavity and replaced by air from outside. If this ventilation is very 
efficient, easy to attain in a large attic space with large ventilation openings, 
the air temperature in the void will remain at or close to external air 
temperature, thereby reducing the convective component effectively to 
zero (fig 3/19b). 

 

However, in a normal cavity the convective component is not the major part 
of the heat transfer across the cavity. The major component is that of 
radiative heat transfer. This mechanism is described in A1.4. "Radiation 
insulation" is also described. This effect is to reduce the radiant transfer 
across a cavity by either reducing the emissivity of the hot inner surface 
(the underside of the roof covering) or by increasing the reflectance of the 
cool inner surface (the ceiling). Bear in mind that we are dealing with 
long-wave or IR radiation, and the required effects are attained with shiny 
metal surfaces (fig 3/19c). The resistance for downward heat flow now 
increases to about 0.7, more than a threefold improvement. 

In practical terms it is easy to apply a reflective surface to the ceiling in the 
form of aluminium foil or aluminized plastic sheet.* 
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Slight further improvements can be attained by treating both inward-facing 
surfaces. (It must be pointed out, however, that the reflecting films only 
operate as insulating elements when they form a free surface. A film 
sandwiched between two layers of plasterboard would have no effect at 
all.) 

Now that the radiation transfer has been reduced, the convection com-
ponent assumes a greater proportion, thus ventilation of the cavity 
becomes even more effective. 

To summarize we must stress the importance of roof performance in 
reducing solar gain penetration. Roof voids, ventilation, and reflecting 
surfaces are simple and highly effective means of attaining this. The 
addition of insulating material (on the ceiling under the reflective film) will 
make further improvement. These measures will lead to major improve-
ments in comfort in non air-conditioned buildings, and significant savings in 
running costs in air-conditioned buildings. 

*Mr Rosheuvel reports the very effective use of an aluminized plastic 
film called PARSEC Thermosol Brite. 

 3.2.5 Additional factors affecting roof design 

The heavy rainfall of the humid tropics (including island climates) have 
traditionally demanded pitched roofs, i.e. the roofs have been water 
shedding rather than water proof. Pitched roofs offer the advantages that 
(1) there is not a waterproof membrane which is vulnerable to damage and 
degradation and (2) the void above a horizontal ceiling offers good 
possibilities for ventilation as described above. 

When flat roofs are used, great care should be taken to protect the 
waterproof membrane from the direct effects of solar radiation. This can be 
done by reflective mineral chippings at least 50mm thick held with a 
bonding agent if subjected to high winds, or by a double roof. 

There is the possibility of using the "upside down roof" where a water-
proof insulant is placed above the waterproof membrane, thus protecting 
the membrane from extremes of temperature caused by direct solar 
radiation by day being followed by radiation loss to the cold night sky. 

Proper consideration must be given to the exclusion of insects. Also 
gutters must be designed to drain freely to avoid standing water which 
offers breeding grounds for insects. Generally it is probably better to opt for 
large overhangs and no gutters. 

Some roofing materials. e.g. corrugated iron and aluminium, produce 
considerable noise during rain storms. Noise can be reduced by reducing 
the span of the sheeting between purlins, using resilient pads under 
fastenings, having an air-tight ceiling or spraying the underside of the 
sheeting with a sound-deadening material (e.g. a mixture of fibres and 
latex). Corrugated asbestos produces less noise, and tiles or shingles are 
better still. 

 3.2.6 Additional requirements for walls 

Unshaded vertical surfaces are not exposed to such high radiant intensity  
as roofs. In some cases it may be important not to use highly reflective  
finishes since this will lead to increased visual discomfort of glare and 
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externally reflected radiation which could ultimately increase solar gains to 
another building. In order to attain a low solar heat gain factor without high 
reflectivity, greater amounts of insulation would have to be included in the 
construction. 

Generally, unshaded N and S walls can have solar heat gain factors of 
between 7.5 and 10, but west walls (afternoon and evening sunlight) 
should be no greater than 5. 

For fully shaded walls, no special provision is needed (unless the building is 
air-conditioned), and because the sun does not fall on these walls at high 
intensities, reflectances have little effect. 

 3.2.7 Calculation of SHF 

Since the use of new and innovative fabric constructions may be one of the 
passive measures adopted, it may be necessary to calculate SHFs for 
constructions not listed in table 3.1. Calculation of SHF integrated over 24 
hours for massive elements cannot be carried out by "manual" calculation. 
However for relatively lightweight elements where the time lag effects are 
not significant, the SHF can be calculated on an instantaneous basis. 
Evans (2) presents a graphical method for such a calculation, reproduced in 
fig 3/20. An example of its use is shown in fig 3/21 where the additional 
insulation to counteract the darkening of asbestos sheeting is calculated. 
(Definitions of absorptivity, U-value and thermal resistance are given in 
paras A1.4, A1.5). 

 3.2.8 Building materials 

When considering the choice of materials from the criterion of thermal 
performance, we must recognize that other factors may also influence 
choice. These factors include the availability of materials, building for 
hurricane resistance, for fire resistance and in some cases termite 
resistance. Other factors include trends to reduce maintenance. And we 
must not ignore the influence of fashion. 

In table 3/2 the result of a survey of materials currently used in the 
Caribbean is shown. 
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This, together with discussions with architects from Antigua, Barbados, the 
Dominican Republic, Grenada, Guyana, St Lucia, Jamaica, St Vincent and 
the Netherland Antilles has led to the following conclusions. 

The current trend is towards the use of concrete, mainly in the form of 
in-situ cast reinforced frames together with blockwork. In some areas 
without the risk of hurricanes load-bearing blockwork alone is used. 
Brickwork, which has similar thermal properties to blockwork, seems to be 
on the decline due to the cost of imported fuel for firing. Imported 
cement or home produced cement seems to be more economic. 

The use of heavyweight structural and wall materials does not comply with 
the ideal solutions for the humid island climate, as advocated in previous 
sections. However, we have to be realistic and accept this trend, and 
indeed if precautions are taken, these structures may be just as 
satisfactory as the ideal lightweight structures. Listed below are a 
number of recommendations. 

A) Prevent solar heat build up in massive structure by one or more of: 

1) shading the massive elements 

2) using high reflectance finishes 

3) insulating from the outside 

B) In non air-conditioned buildings do not allow the use of concrete to 
reduce the number of openings in the building. 

C) Encourage night-time ventilation to cool massive elements down as 
much as possible. 

Thermal mass is a potential problem in houses, since a massive building 
will retain heat from the daytime and cause discomfort during the early 
part of the night. This demands extra care to provide shading of the 
massive elements and provision of night ventilation. The latter may create 
problems of security, ingress of insects and noise. These problems can 
be lessened by the use of security grills, insect screens, and careful 
planning, respectively. 

In a building (or part of a building) occupied during the day there is some 
advantage in coupling thermal mass with the interior. For bedrooms, 
however, the reverse is true. Ideally, the bedroom would be isolated from 
the massive structure with a lightweight lining between which ventilation 
can flow. Economic considerations may preclude this, but where it is not 
possible to shade a particular wall, partial lining could be considered. These 
principles are illustrated in fig 3/22. 

3.2.9 Materials for roofs 

The traditional roofing material for the hot-humid tropics has always been 
thatch of some kind or other. Materials have included banana, reed, palm, 
etc, and all have possessed the near ideal properties of being lightweight 
and porous to air movement. This resulted in avoidance of heat storage, 
whilst allowing air to actually pass through the roof. Most thatching 
materials also remained fairly light in colour, reflecting away a large 
proportion of solar radiation. 

Thatch did, however, possess certain disadvantages. Being organic, it was 
subject to decay. It was also ideal for harbouring vermin and unwanted 
insects. It was very vulnerable to damage from hurricanes and fire. All this 
added up to being very labour intensive. 
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By the middle of the last century, the advantages of corrugated iron were 
beginning to be recognized. It was imported to the Caribbean in large 
quantities and quickly became a much sought after commodity. Indeed its 
use is now so widespread throughout developing countries that it has been 
estimated by Oliver (8) that more people in the Third World live under 
corrugated iron than any other material. This and other corrugated sheet 
metals are still in widespread use throughout the Caribbean, particularly in 
smaller buildings. 

Corrugated iron on its own, however, is not ideal for any tropical climate. 
For the Caribbean climate its main disadvantages are very low thermal 
resistance, low reflectance (after rusting), and imperviousness to air flow. 

Some of the improvements that can be made to corrugated sheet metal 
roofs have already been discussed in para 3.2.4. If high reflectance paints*, 
ventilated voids, and ceiling insulation are adopted, there is no doubt that 
corrugated sheet metal, and mineral fibre/cement composites, can provide 
a satisfactory roof. Its sheet form renders it very suitable for hurricane 
regions provided proper anchorage is adopted. Failure to do this results in 
very dangerous flying debris. 

One further point, as explained in para A1.4; metal finishes such as fresh 
galvanizing, or polished aluminium may be moderately good reflectors of 
visible radiation, but they are poor emitters of infra-red. This means that 
shiny metallic roofs are poor at losing heat by radiation at night, unlike 
painted or non-metallic roofs. 

The survey showed, for small buildings, a growing use of asphalt shingles. 
These are coated with a mineral finish and can have fairly high reflectance, 
and do not darken with age. They also allow a certain amount of air to 
circulate between them, but it is not clear if this is significant. A ventilated 
roof space will still be necessary. 

Clay and concrete tiles are also used, and these show good durability. 
Although heavier than sheet roofs, their thermal mass is not great enough 
to store heat over into the night-time if a ventilated void is provided. 

*Ironically corrugated iron roofs are often painted with red oxide paint, 
which is quite dark. Whenever possible, light coloured paint should be 
used. 
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3.3 REDUCTION OF SOLAR GAINS THROUGH OPENINGS — SHADING 

Where ambient temperatures are generally within or above the comfort 
zone, such as the tropical island climate, any ingress of solar radiation will 
contribute to discomfort. This contrasts with some tropical climates where 
at certain times in the year some solar gain is desirable. 

Solar radiation entering a room can have two, closely related thermal 
effects: 

(i) Radiation absorbed on to room surfaces will lead to an increase in 
air temperature, and mean radiant temperature. 

(ii) Solar radiation falling directly on to an occupant will lead to an 
increase in the mean radiant temperature experienced (fig 3/23). 

 

A third important effect which is not strictly thermal is that high intensities 
of radiation from direct sun or even the diffuse sky can cause discomfort 
glare, or disability glare where an occupant's visual performance will 
actually be impaired. 

The function of shading is to eliminate these three effects but it is itself 
subject to certain other constraints (fig 3/24): 

(i) Maintenance of air flow through the building is of paramount 
importance in non air-conditioned buildings, and will be discussed 
in detail later, para 3.6.5. 

(ii) In most cases there will be a requirement for views out of the 
window. 

(iii) There will be a need for admitting controlled levels of diffused 
daylight. This is dealt with in more detail in 3.4.5. 
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To carry out the shading function one or more of a number of shading 
devices can be employed. The devices can be classified into three types 
(fig 3/25): 

1) Movable opaque, e.g. roller blind, curtain, etc. Can be highly 
effective in reducing solar gains but eliminates view and impedes 
air movement. 

2) Louvres. May be adjustable or fixed — affect view and air 
movement to some degree. Can also provide security. 

3) Fixed overhangs. Easy to attain on single storey buildings with 
overhanging roof. Also gives protection to walls and openings from 
rain. Little or no effect on views and air movement. 

In practice, shading devices are very varied and sometimes consist of 
combinations of the above types. 
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3.3.1 Movable blinds or curtains 

These have limited application in non air-conditioned buildings since they 
seriously impede air flow. In air-conditioned buildings, where the outside air 
temperature will be above room temperature, windows will be glazed and 
the question of air flow does not arise. In this case, an opaque (or 
translucent) blind could be considered as a means to reduce cooling load, 
effects of direct radiation on occupants, and glare. 

The more reflective the fabric, i.e. lighter in colour, the more the radiant 
energy will be reflected back out of the building. However many light 
coloured fabrics also transmit quite a high proportion of radiation (about 
20%). Because of this the blinds will look quite bright when insolated. This 
has prompted designers to specify blinds of dark colours, which is a 
mistake because this will lead to absorption rather than reflection and will 
generate heat inside the building. 
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Fabrics are now available which have aluminiumized finishes on one side 
and are preferable to ordinary fabrics. These are highly opaque but still look 
light coloured from the inside of the building when illuminated from inside 
(fig 3/26). Alternatively, reflective plastic films could be considered. These 
could be permanently integrated with the glazing systems and in new 
buildings would be replaced by the use of reflective glass. However, all of 
these measures tend to redirect solar radiation in such a way that they 
increase glare to external spaces. 

 

 3.3.2 Geometric shading — overhangs and louvres 

In both these cases, obstructions are used to block only that part of the sky 
through which the sun passes (or that part of the sky which is sufficiently 
bright to cause problems). In principle this leaves the low angle view and 
the ingress of air, unimpeded. The traditional method of shading in the 
tropics is by the use of fixed overhangs together with careful 
consideration for orientation. The principles are illustrated in fig 3/27. 

It follows that the preferred orientation of the building would be with the 
long axis E-W. The roof provides sufficient overhang to protect the entire N 
and S walls and also provides a verandah for access to the rooms protected 
(to some extent) from rain. For the same amount of overhang, the E and W 
gable ends would not be so protected since the sun will strike these at a 
much lower angle. Thus openings on these walls should be kept to a 
minimum and insulation standards (Solar Heat gain Factor) would have to 
be better than on the N and S walls. However, these end walls may be able 
to be shaded to some extent from low angle morning and evening sun, by 
vegetation or by other buildings. 

There could be a conflict between orientation for shading and orientation 
for ventilation and air movement. For low rise buildings where prevailing 
wind direction is closer to the E-W axis than the N-S axis, then orientation 
for ventilation should take precedence. It is possible to some extent to 
manipulate wind direction by walls and other buildings, etc, and thus 
usually a satisfactory compromise can be reached. This is discussed in para 
3.6.5. 

In the case of high rise buildings, which have less likelihood of mutual 
shading, but much better access to unimpeded breezes, then orientation 
should be governed by shading considerations. 
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The simple geometry of shading by overhangs is shown in fig 3/28. 

The geometry of louvres is in fact the same — the louvres can be considered 
to divide the window into a number of wide but very low windows, each 
with its own overhang. 

 

Horizontal overhangs are appropriate for shading N and S facades. For 
shading facades of more than 45° from N-S vertical projections (fins) are 
better. The principles are the same, but this time we are concerned with 
the angles of the obstruction relative to the sun in a horizontal plane. 

 

Sometimes a combination of horizontal and vertical projections are used —
known as the "brise soleil". A number of geometric shading devices are 
shown by Evans (2) in fig 3/29. 

In order to be able to specify the correct dimensions of an overhang or fin 
for shading, we need to know the area of the sky through which the sun 
will pass at the particular time of the season, or day, for which we want 
shading. We have already established that for the Caribbean climate we 
wish to exclude all sun, and this simplifies our task, and often makes fixed 
shading devices adequate. 
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3.3.3 Use of shadow angle overlay 

We have already introduced the gnomic projection of the sun's path where 
the sun's altitude angle and azimuth angle are represented graphically as a 
function of time of day and season. Since shading devices do not follow the 
sun, the "shadow angle" only coincides with the altitude angle when the 
sun is at right angles to the facade being shaded. The shadow angle is 
illustrated in fig 3/30. 

Thus to determine the area of sky that a horizontal overhang obscures, we 
cannot simply draw a horizontal line across the sunpath diagram. Instead 
we use a curved line, from the shadow angle protractor (fig 3/31). We can 
consider a line of the shadow angle overlay to represent the view of the 
underside of a long fixed overhang. As the observer looks further away 
from right angles to the building, he sees a point on the overhang further 
and further away from him, and thus the angle of elevation drops. Finally it 
becomes zero at the horizon. 
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The procedure for use is as follows: 

Step 1 Determine the shadow angle for the shading device, i.e. the angle 
of elevation of the underside of the overhang from the reference 
point, in the plane at right angles to the building facade. 

Step 2 Place the shadow angle overlay over the sunpath diagram of the 
appropriate latitude, with the central arrow coinciding with the 
orientation of the wall on the sunpath diagram, scale i.e. N, E, S, 
etc. 

Step 3 Anywhere the sunpath appears below the appropriate shadow 
angle line, complete shading will not occur. (It may be necessary to 
interpolate between lines.) 
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It must be stressed that if the shadow angle is determined from the bottom 
of the window or opening, then this is the point at which the shading will be 
determined. Even if shading at this point is not attained, the window will of 
course be partially shaded. 

For vertical shading, or a combination of the two, the procedure is similar 
except that we use the vertical shadow angle lines. These are straight 
since the horizontal shadow angle and the azimuth angle is always 
measured in the horizontal plane. Examples of the use of the shadow 
protractor for both horizontal louvres and vertical fins are shown in figs 
3/32 and 3/33. 

The shadow angle protractor may also be used to indicate the shading 
due to other buildings or obstructions such as walls, etc. For example, 
the curved lines of the protractor can be considered to represent 
a "perspective" view of a wall running parallel to the building facade. In 
this case if the sunpath falls below the line, then the wall shades the 
reference point. For more complex obstructions in non-parallel 
orientations it is probably better to construct the shading lines from first 
principles direct on to the sunpath diagram as shown in fig 3/34. 

3.3.4 Examples of use of Sunpath Diagrams 

Example (1) 

It is proposed to protect a south-east orientated window with an overhang 
1.3 metres deep and 1.8 metres above the cill. The latitude is 15° North. 
Investigate the effectiveness of the shading by determining how many 
hours per day any part of the window will receive direct sunlight for 
i) December, ii) March and iii) June. 

1) Determine vertical shadow angle 

2) Trace (by interpolation) a line corresponding to 56°, the base line and 
the central arrow, from the Shadow Angle Protractor (fig 3/31) 

3) Position the traced shadow line on the 15° N Sunpath Diagram with the 
arrow coinciding with south-east on the scale. 

The Protractor now spans from NE through SE to SW. Any direction outside 
these limits will be masked by the facade itself. Between these limits, 
anywhere that the monthly sunpath appears below the shadow line, the 
window will not be completely shaded. 

RESULTS — the window is not completely shaded for the following hours : 

i) December 6.30 to 11.15 

ii) March 6.00 to 10.00 

iii) June 5.30 to 7.30 

Note that for June the shading fails only at the coolest part of the day and 
this might be considered acceptable. Furthermore the sun altitude is low 
(below 30°), and shading is easier to provide by vegetation or other 
obstructions — see example (3). 
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Example (2) 

Investigate the effectiveness of shading the same facade by vertical fins of 
1.2m depth with a spacing of 1.2m. 

1) Determine the horizontal shadow angle (450) 

2) Draw vertical lines (on tracing paper) over the 15° N Sunpath 
Diagram at the facade orientation azimuth, + and — 45° 

The area of the Sunpath Diagram between the vertical lines (which 
represent the limiting horizontal shadow angle) indicates when the sun will 
be visible through the shading fins from points X or Y between the fins. 
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RESULTS — the window is not completely shaded for the following hours : 

i) December 6.30 to 12.00 

ii) March 6.00 to 12.00 

iii) June zero 

Note that neither configurations, nor even a combination of the shading 
systems, provides total shading. 

Example (3) 

The sketch plan shows three buildings A, B and C. Investigate the shading 
effect of buildings A and B and the overhang upon a reference point X on 
building C, at 1m above ground level. 

1) Consider three points A1, A2 and A3 on building A and establish their 
azimuth angles (45°, 105°, 117°) 

2) Establish the altitude angles of A1, A2 and A3 by drawing the sections 
X-A1, X-A2 and X-A3, as shown. (23°, 31°, 29°) 

3) Plot these points on the Sunpath Diagram 

4) Determine the azimuth and altitude of points B1 and B2 in the same 
way and plot on Sunpath Diagram. 

5) Determine the limiting azimuth angle of the overhang at C1 (150°). 

6) Determine the vertical shadow angle of the overhang (53°). 

7) Using the appropriate curve from the Shadow Angle Protractor trace 
the overhang line onto the Sunpath Diagram. 

The shaded areas represent the buildings A and B or the underside of the 
overhang and the hours of incomplete shading can easily be seen. 

Note that the curved line representing the eaves of building A could be 
drawn from the Shadow Angle Protractor, choosing a vertical shadow 
angle of 31°. This is because the building A is at right angles to the line X-
A2. The line B1-B2 has also been drawn as a curve on the Sunpath 
Diagram. This may also be determined from the Shadow Angle Protractor 
since the line B1-B2 is at right angles to X-B1. Thus set the protractor with 
its orientation arrow at 180° and trace off the line that corresponds to the 
altitude of B1 from X. Using the Shadow Angle Protractor in this way avoids 
the need to draw the sketch sections to determine the altitudes of the "off 
axis" points — e.g. A1, A3 and B2. 

The diagram shows that due to the .steep angle with which the sun climbs 
after sunrise, the obstructions are not very effective and the deep overhang 
is necessary. This is in contrast with higher latitudes where buildings or 
other obstructions usually provide significant shading to the East and 
West. 

Finally, don't forget that the intensity of the unshaded radiation, for clear 
k  di i  ld b  d i d i  h  l  h  i  fi  3/12  
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3.4 REDUCTION OF LIGHTING GAINS 

Since light is part of the radiant energy spectrum, its presence in a 
building or rather the absorption of that light by surfaces, constitutes a 
heat input. This is so not only for direct sunlight, but also for diffuse 
daylight. 

In the case of artificial light, a further heat gain derives from the way in 
which the light energy is produced. In a lamp, only a fraction of the 
electrical energy is converted into light energy, the rest being converted 
into heat. If the lamp is located within the room being considered, which is 
usually the case, the heat gain from the lamp constitutes a further and 
important cooling load. 

3.4.1 The use of daylight 

The most efficient way, in principle, of lighting a building, is to admit 
daylight. This is for two reasons. Firstly, the "luminous efficacy", i.e. the 
useful visible light in relation to the total energy of the radiation, is high, it is 
better than any artificial source and causes less heating effect. The heating 
effect of daylight is about 1 Watt per 100 lumens. This is between 1/2 and 
1/10 of typical artificial lighting alternatives. 

Secondly, daylight is free. Artificial lighting consumes electricity, usually 
"on-peak"electricity, and could, in certain buildings, constitute a 
considerable energy cost. 

However, daylighting carries two main disadvantages. Firstly, artificial 
lighting has to be provided (in the majority of building types) for occupation 
during the hours of darkness. Thus the use of daylighting does not remove 
the need for the capital expenditure on the lighting system itself. The 
second problem is that the source of light, i.e. the sky, varies in its 
brightness over a wide range. 

The quantitative parameter which describes a building's daylighting is the 
Daylight Factor (DF) — defined as the ratio of the daylight illuminance in the 
building to that outside. Normally the Daylight Factor of a building is 
fixed by the geometry of the building. Unless the building employs 
movable devices which can vary the Daylight Factor in response to the 
varying sky luminance, then internal daylight illuminance will also vary 
widely. It follows that if maximum levels are sufficient, then lower 
levels must be inadequate, and vice versa. 

In temperate climates, where occupants rarely approach conditions of heat 
stress, the over-provision of daylight is not considered a disadvantage —
thus the problem centres around the provision of minimum daylight levels 
for a reasonable proportion of the occupied day. This leads typically to 
Daylight Factors ranging between 0.5% and 5% according to building 
types. In tropical climates the sky brightness is higher and less variable 
seasonally. The result of over-illumination is more serious. Thus daylight 
factors tend to be somewhat lower. This is discussed in 3.4.3. 

In tropical climates the need to control direct sun, which is between 5 and 
10 times more intense than the diffuse component, increases the problem. 
We have probably all seen tropical buildings with heavy shading devices 
successfully excluding direct sunlight, but reducing daylight levels so much 
that artificial lighting is required all day. However, a design procedure to 
avoid this is suggested in 3.4.6. Furthermore, if movable shades are 
employed, these can be used to vary the daylight factor also, to suit 
conditions, thus making the original design less critical. 

 



 

73 
 

3.4.2 Daylighting design 

The light entering a building may be considered as comprising of three 
separate components fig 3/35: 

1)  Direct sunl ight  

2)  Light from the diffuse sky 

3)  Diffusely reflected light from the ground and other buildings. 

In the tropical climate component (1) must almost always be excluded. This 
is carried out by basic building geometry, fixed shading devices, and/or 
movable shading devices. 

Most of the usable daylight is from components (2) and (3). (2) varies widely 
between clear sky and clouded conditions. (3) may present glare problems 
due to its low angle. 

 

In the case of light falling on to a point within the building, this can also be 
broken down into three components (fig 3/36): 

a) The sky component (SC) 

b) The externally reflected component (ERC) 

c) The internally reflected component (I RC) 

In the following paragraphs design tools which can be used to calculate 
these components are described. First, we must express some qualitative 
considerations. 

The sky conditions, in relation to daylighting, vary for different climatic 
zones. Temperate zones have predominantly cloudy skies and daylighting 
design is based upon this assumed condition. Hot arid climates have 
predominantly clear blue skies, often Of low luminance but with very bright 
ground surfaces. Warm humid climates have predominantly overcast skies 
of very high luminance. The tropical island climate is difficult in that it has 
variable sky conditions lying between those of hot arid and hot humid. 
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The success of daylighting design is not just a matter of the quantity of 
light. There is the important aspect of visual comfort. In tropical climates 
where occupants are near to conditions of heat stress, there may be 
psychological association between glare and thermal discomfort — hence 
glare control becomes doubly important. Three guidelines offered by 
Koenigsberger et al (4) are quoted below: 

1) Permit view of sky and ground near to horizon only — within 15° 
above and below horizon; 

2) Exclude view of bright ground and sunlit louvres or surfaces of 
shading devices. 

3) Daylight should preferably be reflected from the ground and louvre 
surfaces onto the ceiling which itself should be of light colour. 

Fig 3/37 shows an arrangement suggested by Koenigsberger which 
satisfies these requirements without impeding ventilation. 
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Domestic rooms tend to be shallow, and this simplifies the problem of 
daylighting since the range of DF across the room is relatively small. In 
rooms deeper than about 5m (for a 'normal' floor to ceiling height of 2.5m) 
when lit from one side (or 10m for rooms lit from two opposite sides), it 
becomes increasingly difficult to provide sufficient light in the deepest 
zones without creating unacceptable glare in the perimeter zones. 

Various attempts have been made by designers to overcome this problem. 
Obviously, in the case of single storey buildings, one solution is to use 
roof-lights. In tropical buildings these will need careful shading to prevent 
the ingress of direct sunlight. 

In multi-storey buildings, or as an alternative to roof-lights, carefully 
designed side openings can improve the situation. The provision of 
daylight to the perimeter zone, and the provision for the deeper zones can 
be split between two sets of openings. These openings may be separated 
by a "light shelf" which projects back into the room, as shown in fig 3/38. 
Note that the earlier example (fig 3/37) performs this function to some extent 
but remains outside the opening. 

 

3.4.3 Target daylight factors 

In temperate climates, the choice of a value for the Daylight Factor can 
have a crucial effect on the energy efficiency of a "daylit" building. This is 
for two reasons. Firstly, the low thermal insulation of glazing carries a heavy 
penalty in heating energy — thus a minimum of glazed area sufficient to 
provide adequate daylighting is an important target. Secondly, the short 
daylit hours of the winter mean that the transition to artificial lighting will 
occur during the working day and this transition point will be sensitive to 
the DF and the light level required for functional purposes. 

In tropical buildings the situation is slightly different, generally less 
critical. In non air-conditioned buildings there is not an energy penalty for 
the area of openings (usually unglazed) but there may be a penalty in 
comfort. We have. already referred to the discomfort due to glare and 
thermal effects associated with high levels of diffuse radiation, as well as 
direct radiation. 
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The second difference is that the day length and sky brightness over the 
day is rather more uniform than in high latitudes, and the sky brightness is 
significantly higher. Evans (2) recommends that for latitudes 100-200 an 
overcast Design Sky brightness of 10,000 lux is used, twice the value 
used in temperate regions. 

Evans makes detailed recommendations of DFs for housing and we 
reproduce some of those in table 3/3. For non-domestic buildings there is 
an absence of recommended values. We have taken values recommended 
for the UK climate, where the "design sky" is 5,000 lux and reduced these 
by a factor of 0.5 which takes account of "design sky" luminance of 10,000 
lux. 

Table 3/3 Recommended Daylight Factors 

Building/function ave DF min DF  

Housing 
kitchen, general 1.0 
kitchen, main work tops 1.5 
living room, general 0.5 
living room, desk for writing 1.5 source — Evans 
bedroom, general 0.25 
bedroom, dressing table 1.0 
circulation 0.2 

Entrance halls and reception area 1.0 0.3 
General offices 2.5 1.0 
School assembly halls 0.6 0.2 
School classrooms 2.5 1.0 

Note "min DF" corresponds to the value of DF which is exceeded for 
80% of the room, i.e. 20% of the area may drop below that level (see 
para 3.4.8). 

3.4.4 Daylight calculation method 

As already explained the daylighting performance of a building is normally 
specified by the Daylight Factor. This will be influenced primarily by the 
areas and geometry of openings together with other factors such as ground 
reflectance, internal room reflectance, influence of shading devices, etc. 

For tropical climates in particular, an idealized approach is to use a "design 
sky" which includes the effects of direct and diffuse radiation. 
Unfortunately a simple daylight calculation method for clear sky conditions 
does not exist and so we shall use an overcast design sky. However, we 
shall use the "Uniform Sky" which to some extent includes the effect of 
ground reflected direct radiation by having a constant brightness right down 
to the horizon. (This is different from the Standard Overcast Sky used for 
daylight design in temperate climates where the brightness at the 
horizon is 1/3 of that immediately overhead.) 

This method has been devised by the UK Building Research Station and 
employs so-called Daylight Protractors to calculate the Sky Component 
(SC) and the Externally Reflected Component (ERC). A nomogram is 
subsequently used to determine the Internally Reflected Component (IRC). 
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Uniform Sky Protractors are available for the following window 
configurations: 

1. Vertical glazing 

2. Horizontal glazing 

3. Glazing sloped 30° to horizontal 

4. Glazing sloped 60° to horizontal 

5. Unglazed vertical openings 

Their use is described in detail in "BRS Daylight Protractors" (7) but a brief 
outline is given below. The relevant Protractors are reproduced here and 
may be photocopied on to acetate or traced for use. 
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Sky component (SC) 

The steps to be taken in establishing the sky component are described with 
reference to fig 3/44, using a 4 x 4 m room lit by one window, as an 
example: 

1. Take a section of the room, draw the working plane and on it the point 
to be considered (0) 

2. Connect the limits of aperture (or edges of obstruction) to point 0, i.e. 
lines PO and RO 

3. Place the protractor with scale A uppermost, base line on the working 
plane with the centre on point 0 

4. Read the values where lines PO and RO intersect the perimeter scale: 
the difference of the two values is the Initial Sky Component 

 

 



 

83 
 

 

 



 

84 
 

5. Read the altitude angles where lines PO and RO intersect the "angle of 
elevation" scale and take the average of the two readings 

6. Take the room plan and mark position of the point to be considered (0) 

7. Connect the limits of aperture with point 0, i.e. lines MO and NO. 

8. Place the protractor with scale B towards the window, base line parallel 
to the window with the centre on point 0 

9. Four concentric semi-circles are marked on the protractor 0°, 30°, 60° 
and 90°. Select the one according to the corresponding elevation angle 
obtained in step 5, if necessary interpolating an imaginary semi-circle 

10. Where lines MO and NO intersect this semi-circle read the values 
along the short curves on the scale of the inner semi-circle 

11. If the two intersection points are on either side of the centre line, add 
the two values obtained; if they are on the same side, take the 
difference of the two values. This will be the correction factor 

12. Multiply the initial sky component (step 4) by the correction factor to 
obtain the Sky Component 

If there are no obstructions outside the window, there will be no ERC. If, 
however, there are objects higher than the line RO, the light reflected from 
these objects will reach the point considered, and will contribute to the 
lighting at that point. The magnitude of this contribution is expressed by the 
ERC, which can be found as follows: 

a) Find the equivalent sky component, which would be obtained from the 
same area of sky were it not obstructed, following the steps described 
above 

b) Multiply this value by 0.5 times the average reflectance of opposing 
surfaces, or if this is unknown, by a factor of 0.1 

Internally reflected components (IRC) 

Much of the light entering through the window will reach the point 
considered only after reflection from the walls, ceiling and other surfaces 
inside the room. The magnitude of this contribution to the lighting of the 
point considered is expressed by the IRC. This will normally be fairly 
uniform throughout the room, thus for most problems it is sufficient to find 
the average IRC value. The simplest method uses the nomogram given in 
figure 3/45. Steps to be taken in using this nomogram are as follows: 

 

 



 

85 
 

1. Find the window area and find the total room surface area (floor, ceiling 
and walls, including windows) and calculate the ratio of window: total 
surface area. Locate this value on scale A of the nomogram. 

2. Find the area of all the walls and calculate the wall: total surface area. 
Locate this value in the first column of the small table (alongside the 
nomogram) 

3. Locate the wall reflectance value across the top of this table and read 
the average reflectance at the intersection of column and line 
(interpolating, if necessary, both vertically and horizontally) 

4. Locate the average reflectance value on scale B and lay a straight-edge 
from this point across to scale A (to value obtained in step 1) 

5. Where this intersects scale C, read the value which gives the average 
IRC if there is no external obstruction 

6. If there is an external obstruction, locate its angle from the horizontal, 
measured at the centre of window, on scale D 

7. Lay the straight-edge from this point on scale D through the point on 
scale C and read the average IRC value on scale E 

The nomogram evaluates the IRC assuming a ground reflectance of 0.1. 
For higher ground reflectances the IRC is increased, but since the ground 
reflected light strikes the ceiling first, the increment is also dependent upon 
ceiling reflectivity. The correction graph is used to evaluate a correction 
factor with which to multiply the IRC from the nomogram. 

Due to the deterioration of internal finishes, a maintenance factor should be 
applied to the IRC value thus obtained, either an average of 0.75 or one of 
the following: 

type of location type of work maintenance factor 
Clean clean 0.9 
Dirty clean 0.8 
Clean dirty 0.7 
Dirty dirty 0.6 
 

The intensity of the internally reflected light will vary across the room, being 
greatest close to the window and least furthest away from the window. 
The nomogram gives the average value. Where it is necessary to calculate 
the minimum DF to compare with a target minimum value, the minimum 
IRC should be used. 

The minimum IRC can be obtained by multiplying the average IRC value 
thus obtained, by a conversion factor, depending on the average 
reflectance: 

average reflectance conversion factor 

 0.3 0.54 
 0.4 0.67 
 0.5 0.78 
 0.6 0.85 

 

 

The DF will be obtained as a sum of SC + ERC + IRC, but it may be 
necessary to multiply this by the product of three further correction factors 
for glazed apertures only: GF, FF and D: 

1. Glazing (GF) — if this is other than clear glass, the appropriate one of the 
following factors: 

 



 

86 
 

wired plate glass 0.95 
patterned or diffusing glasses 0.90-0.95 
heat absorbing glasses* 0.60-0.75 
translucent fibreglass (GRP) or acrylic plastic 0.65-0.90 

*see manufacturer's details 
2. Framing (FF) — this could be calculated as the ratio of net glass area to 

window aperture, but an average value of 0.75 may generally be used 

3. Dirt on glass (D) — a factor depending on the type of location and 
frequency of cleaning. A horizontal or sloping glass is more 
susceptible to deposition of dirt than a vertical one, thus the following 
D factors should be used: 

  
location vertical sloping horizontal 

Clean 0.9 0.8 0.7 
Industrial 0.7 0.6 0.5 
Very dirty 0.6 0.5 0.4 

 

3.4.5 The influence of shading devices 

The presence of a shading device cuts out some of the view of the sky 
from the reference point in the room and thus reduces the sky component. 
In the case of a simple overhang, this effect could be allowed for in the 
initial use of the protractor, as illustrated in fig 3/46. However for other 
shading devices involving multiple louvres or translucent screens etc it 
would not be convenient or even possible to do this. 

Here we introduce the concept of a Diffuse Transmission Factor (DTF). This 
is simply the ratio of diffuse light passing through the shaded opening as a 
fraction of that passing through the unshaded opening. This factor is 
applied to the Daylight Factor as calculated for the unshaded opening or 
window. 

For perforated screens, where the obscuring elements lie in the plane of 
the opening, then the DTF can be calculated simply by taking the fraction of 
unobscured opening, as illustrated in fig 3/47. 

For horizontal louvres, the angle of the louvre below horizontal will 
influence the proportion of the view of the sky to that of the ground, as well 
as the effective aperture (fig 3/48). We have calculated these DTF factors 
for various ground reflectances, louvre angles, and depth to spacing ratios 
of the louvres and they are given in table 3/4. 

For vertical louvres, the proportion of sky to ground viewed remains the 
same for any louvre angle and the effect is due to reduction of the view of 
the sky and ground in the horizontal plane. Thus ground reflectance does 
not influence the values given in table 3/5. 

Note that in the case of the louvres for depth to spacing ratios greater than 
1, variation of the louvre angle gives a steady variation of DTF down to zero. 
This suggests a way of controlling Daylight Factor to prevent over-
illumination as discussed earlier, i.e. the movable shading device is used to 
eliminate direct sun and to control diffuse daylight. 
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However, a number of important simplifying assumptions have been 
made in the derivation of these values: 

1) The sky has uniform luminance 

2) Reflected light from the louvres is neglected 

3) The louvres are so long that light entering from the ends may be 
neglected 

The most important assumption is 2) which applies only when the louvres 
are of dark finish. For reflectivities above about 10%, the inward-facing 
louvre surface can become strongly illuminated by multiple reflected 
diffuse light. Whereas louvres at low height relative to a horizontal sight 
line, should generally be dark to reduce the likelihood of glare, louvres at 
high level may be light. Indeed the performance of the "ideal" louvre 
facade illustrated in fig 3/37 relies upon reflected light from the louvre 
surfaces. 

Thus if the DTF values calculated as above are used for anything other than 
dark louvres, the value will tend to be too low. 

We have derived a set of correction terms from a simplified mathematical 
treatment of interreflection. 

The correction term represents the fraction of diffuse light transmitted by 
interreflection between the louvres as illustrated in fig 3/48. The term is 
itself a function of the DTF since if there were no louvres, i.e. DTF = 1, then 
there would be no correction term. 
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The table 3/6 gives values of Diffuse Interreflection Factor (DIF) for various 
combinations of louvre geometry and reflectance. After choosing a value, 
by interpolation if necessary, the corrected value of DTF is calculated from 
the following equation: 

DTF (corrected) = [DTF + (1 — DTF) x DIF] x t/(t+h)) 

The last term, tilt + h) takes account of there being virtually no 
interreflected light from the back edge of a thick louvre. 

 

3.4.6 Step by step procedure 

In case you have become slightly lost amongst the louvres and 
transmittance factors, we now list the steps required to design for 
daylighting: 

1) Establish a target Daylight Factor by consulting recommended values 
(see table 3/3, para 3.4.3). 

2) Decide in which faces of the building the openings will be placed with 
due regard for orientation, etc (para 3.3.2) 

3) Select suitable shading device, if required. If adjustable, consider when 
set to minimum shading sufficient to eliminate direct sunlight, i.e. 
maximum DTF. Make the first approximate evaluation of corrected DTF 
(para 3.4.5) 
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4) Make proposal for area of openings, and using Daylight Protractors, 
IRC Nomogram and value for DTF, calculate DF and compare with 
target value (para 3.4.4) 

5) Adjust opening area to attain target 

6) Check performance of shading devices for exclusion of direct sunlight 
— make adjustments if necessary (paras 3.3.2 and 3.3.3) 

7) Check against qualitative criteria — make adjustments if necessary 

8) Make new calculation of DF with more exact DTF; compare with target 
value and make adjustments to opening area. 

The procedure is illustrated in the flow chart, fig 3/49. 

 

3.4.7 Influence of other types of solar gain reduction 

This is a reference to the use of solar absorbing or reflecting glass, partially 
translucent blinds or shutters, or perforated screens. 

The main characteristic of these devices is that they are not geometrically 
selective, i.e. they reduce both the direct and the diffuse solar radiation in 
the same (or nearly the same) proportion. Thus a perforated screen which 
has 30% openings will reduce solar gains to about 30% (if painted white on 
the outside). It will also reduce the DF to about 30% of its original value. 

Solar reflecting glass behaves in much the same way, the reduction in DF 
keeping roughly in step with the reduction in solar gain. Solar absorbing 
glass performs less well since some of the absorbed radiation is conveyed 
into the room by convection and long wave radiation, i.e. the reduction in 
daylight is generally greater than the reduction in Solar Gain Factor (para 
A1.4). 
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It appears then that the use of tinted or reflective glass has little to offer 
tropical buildings since it inhibits natural air flow and reduces daylight by as 
much or more, as solar gain. However partial tinted glazing might be used 
to reduce glare without limiting vision of the outside, in conjunction with 
light diffusing louvres, as shown in fig 3/50 after an idea put forward by 
Hopkinson, Petherbridge and Longmore (9). 

Movable opaque blinds or shutters are a satisfactory way of controlling 
both solar gain and varying DF. However, two points must be considered: 
firstly, they are not geometrically selective and thus do not preferentially 
select out the direct radiation; secondly, they totally obscure the view and 
may seriously impair ventilation. 

 

3.4.8 Distribution of daylight factor 

It is clear from the use of protractors, as well as everyday experience, that 
the DF is not a constant across the room. In rooms lit from the sides only, 
the DF will fall quite sharply as the reference point is moved from the 
perimeter. How then do we characterize the DF of a room? 

If we simply specified an absolute minimum value, this might not be very 
helpful since it may occur so locally (e.g. behind a column or in a corner) 
that the value would be unduly pessimistic. Instead it is helpful to use the 
80% exceeded value, i.e. we define a "nominal minimum" value which 
only 20% of the floor area is permitted to drop below. This implies that for 
calculation the DF has to be plotted for many points and this would be 
time-consuming. However, for rooms which are symmetrically side-lit we 
suggest that a characteristic reference point is taken 2/5ths of the total 
room depth from a window wall, and for a single-side-lit room, 4/5ths, as in 
fig 3/51. This will give a value roughly equivalent to the 80% criterion and 
will not necessitate calculation for many points. 
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For rooms of more complex shape or with roof lighting it is not so obvious 
where to choose a characteristic reference point. If the distribution is being 
investigated, it may be worthwhile setting out a grid on the plan and 
calculating the DF at every grid point. A contour map can then be drawn, 
which if shaded appropriately can give a very graphic illustration of the 
daylighting design (fig 3/52). 
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3.4.9 Physical model studies 

The behaviour of light is not affected by scale; at least not within practical 
limits. This means that a faithful scale model of a building will behave in the 
same way from a daylighting and sunlighting point of view, as a real 
building. 

For projects where daylighting is crucial, and where because of the more 
complex geometry, analysis with DF Protractors is difficult or impossible, it 
may be worth constructing a scale model and measuring DF values 
experimentally. The DF is calculated from light intensity measurements 
made outside in natural daylight and inside the model, by a photometer. 
The use of a model has one further advantage, that as well as giving 
quantitative information, it can give information about the appearance of 
the daylit interior. If possible, this can be recorded using colour 
photography with a wide angle close-focussing lens and can give the 
designer, and client, information about the appearance of the interior that 
no other form of analysis can do. Or if photographic facilities are not 
available, the model itself can be used outdoors, to illustrate to the client 
the appearance of the daylighting and shading in natural lighting conditions. 

Typically, the model will be of 1:20 or 1:50 scale according to the size of 
the building and the size of the photo cell, and may be of only a 
representative part of the building — say, a classroom or office. The interior 
finishes need not be of the precisely correct colour, but must have the 
correct reflectance value. White card models so favoured by architectural 
students are out! 

A further advantage is that complex shading devices which would be 
impossible to analyse by previous methods can also be modelled and 
evaluated for their effect on daylighting. 

The model may be tested under real sky conditions, or in an artificial sky. 
This is a room where a luminous ceiling is arranged to have the same 
brightness distribution as a Standard Sky, for the tropics the Uniform Sky. 
However, it is unlikely that many practitioners will have access to such a 
facility and they will have to use the real sky. This has two limitations: 
firstly, there is the practical problem of wind and even rain; secondly, the 
real sky illuminance is varying constantly and this may make photometric 
measurements difficult. 

On the other hand, an advantage of outdoor testing is that the real and 
complex conditions of partial direct sun and cloud can be tested — very 
difficult to reproduce in an artificial sky. The actual measurement is simple. 
The illuminance on the horizontal plane due to the unobstructed sky is 
measured first. The photo cell is then placed inside the model at the 
reference point and the illuminance measured again. The ratio of the two 
values is the basic Daylight Factor. If the openings are going to be glazed or 
further screened, then the experimental value of DF must be reduced by 
the transmission factor of the glazing or screening. 

Since photometers may not be readily available, it is possible to use a 
photographic light meter. Some light meters have "incident light" 
attachments, a diffusing screen, and scales calibrated in Lux. However, 
these are unusual. An ordinary meter can be used by making the incident 
light attachment as shown in fig 3/53 and using the photographic scales. 
However, it must be remembered that the photographic scales are 
logarithmic, i.e. the steps going by factors of x 2 and not constant 
increments. Since DF is a ratio of intensities, the actual units used do not 
matter. The physical size of the photographic meter will probably 
necessitate a rather larger scale model. 
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For example, the modified light meter records 1/30 sec at f5.6 inside the 
model and 1/1000 at f8 outside the model. From the table we can see that 
the ratio of light values is then 

30 x 1 : 1000 x 2 

therefore DF = 30/2000 x 100% = 1.5% 

3.4.10 Low energy artificial lighting design 

In almost all cases buildings will require artificial lighting to provide enough 
light for the occupants during hours of darkness or poor daylight, and/or to 
provide light in zones in the building where it is not possible or is 
impracticable to provide daylight. 

Minimizing the energy required for this is important for two reasons. Firstly, 
the energy to run the lighting has to be paid for. Secondly, the lighting 
creates a heat gain which in a non air-conditioned building will possibly 
create discomfort, whilst in an air-conditioned building it will create a 
cooling load which also has to be paid for, thus causing an additional cost to 
the building operator. 

Lighting schemes can vary very much in their energy requirements. An 
out-of-date design using tungsten lamps in inefficient luminaires at 
unnecessarily high lighting levels could consume as much as 80 Watts/m2. 
However, using modern high efficacy discharge sources and modern 
luminaires, a value of 12 Watts/m2 can be quite sufficient. 
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Great progress has been made in the development of fluorescent lighting. 
Table 3/7 indicates the relative outputs of different light sources.Many 
existing buildings may have outdated luminaires and may not be using the 
most efficient sources. 

Table 3/7 — Light Sources — output and applications 

Efficiency 
Lamp Type Range LAN* Typical Applications 

Low Pressure Sodium 70-145 Road lighting, security, area lighting (poor 
colour rendering). 

High Pressure Sodium 50-110 Medium and high bay industrial, road and area 
lighting. 

Modern Fluorescent 35-72 In factories, offices, shops, hotels, restaurants 
and some domestic applications. 

Metal Halide 60-80 Floodlighting of sports stadia and arenas; high 
bay industrial and studio lighting: commercial 
lighting. 

Mercury Fluorescent 30-55 Industrial and road lighting, some commercial 
applications. 

Compact Fluorescent 35-50 Comparable to low wattage tungsten lamps. 
Applications as for tungsten GLS. 

Mercury blended 10-25 Used mainly as a plug-in replacement for 
tungsten GLS where a longer lamp life is 
required. 

Tungsten Halogen 17-22 Floodlighting, display lighting, projectors and 
vehicle lighting. 

Tungsten G.L.S. etc. 9-19 Domestic and many amenity type applications 
in commerce and industry. Display lighting. 

* Efficiency in lumens per wall calculated from Lighting Design Lumens and typical 
total circuit walls, i.e. including control gear losses for fluorescent and discharge 
lamps. 

N.B. The actual efficiencies of specific lamp types and rulings may vary from the 'guide_ 
values quoted, depending upon the control gear losses. 

The maintenance is also important — fluorescent tubes tend to attract dust 
by static electricity. Dusty tubes and diffusers can greatly reduce the light 
output. 

Another factor of importance is that of the design lighting levels for artificial 
light. We have already pointed out that low background lighting plus task 
lighting is a way of attaining very low lighting gains. In some existing 
buildings this may be difficult to provide — but large savings may be made 
by reducing the lighting levels, many of which are much higher than 
necessary. It became fashionable to illuminate offices to levels as high as 
1500 lux under some misguided notion that people would work harder! 
There are very few cases where overall "wall to wall" lighting levels 
should be higher than 600 lux, and in many cases they can be lower. The 
use of modern keyboard and VDU—based office equipment will reduce 
these levels rather than increase them. 

Finally, when in deep plan offices supplementary artificial lighting is needed 
during the hours of daylight, it must be able to be provided only in the areas 
where actually needed, i.e. light switching should be zoned. Furthermore, it 
may be necessary to adopt slightly higher lighting levels in the daytime in 
artificially lit zones to allow for occupants' eye adaptation, but these levels 
can be reduced at night-time. 
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The detailed subject of artificial lighting design is outside the scope of this 
handbook — a number of good texts are given in the bibliography. Here we 
have only produced a checklist which should help the designer at an early 
stage, to avoid committing himself to a lighting scheme which is expensive 
to run and contributes to overheating problems. 

Lighting design checklist 

1) Use light sources of highest possible efficacy, i.e. lumens/Watt output, 
see table 3/7 — avoid GLS filament lamps altogether — subject to colour 
rendering, source output, availability, replacement, power supply, 
circuitry, dimming requirements. 

2) Use luminaires with highest possible light output ratio subject to 
lighting quality and freedom from glare, compatibility with ceiling 
system, aesthetic considerations. 

3) Provide the necessary illuminance at the task, provide lower levels for 
general illumination. 

4) Maximise utilization factor by using light coloured walls and ceilings —
especially the latter for luminaires with high upward light ratio — subject 
to glare control near windows. 

5) Keep lamps, luminaires and room surfaces clean. 

6) Reduce unnecessary use by:  

a) manual controls permitting local switching. 

b) time controls to switch lighting to coincide with occupancy periods 
— manual overide with periodic trip pulses to set switches to "off". 

c) photoelectric controls are particularly valuable in deep plan rooms 
where there is a range of DF or where adjustable blinds may 
- reducelighting level below datum level. 

Example of energy saving lighting schemes 

Office 1-0m x 10m 

Original Scheme 

600 lux wall to wall using recessed tungsten (PAR) downlighters. Installed 
power 8kW 
Scheme 1 — 

600 lux wall to wall using recessed fluorescent diffusers. Installed power 
3kW 

Scheme 2 — 

200 lux background with highest efficacy sources with task lighting to 800 
lux. Installed power 1-2kW. 

3.4.11 Economic evaluation of daylighting 

If a building is permanently artifically lit, then the energy demand for lighting 
is the full installed capacity for the period when the building is occupied. If 
the building is partially daylit, then the lighting energy demand will be 
reduced, now corresponding to the period during occupancy when the sky 
brightness is insufficient to give the required lighting level in the building. 

The actual l ighting level in the building is dependent upon the sky  
illuminance and the DF — thus we would expect that the greater the DF, the  
lower the sky illuminance can be before artificial lighting is needed. 
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However, the daylight must coincide with occupancy if it is to be counted 
as useful. For example, daylighting a school would be much more effective 
than daylighting a nightclub! 

In order to calculate the useful hours of daylight in relation to DF, the 
minimum lighting level required in the building, and occupancy pattern, a 
computer program has been used to produce a table 3/8. The program 
stores hourly average values of sky illuminance for each month. The DF of 
the building is entered and then the occupancy pattern. The computer then 
calculates the internal daylight level for every hour and compares this with 
the required value. If it exceeds the required value, and the building is 
occupied, then this is counted as a useful daylit hour. If the daylight is 
insufficient but the building is occupied, it is counted as an artificially lit 
hour. This is carried out for every month, though in tropical latitudes there is 
little variation throughout the year (fig 3/54). 

 

Using hourly average values for sky illuminance for Barbados, we have 
calculated useful daylit hours and artificial hours for a number of values of a 
DF and internal datum value. Four occupancy patterns — short day, e.g. 
school; long day, e.g. factory or office; day and part night, e.g. hospital; and 
continuous occupation, have been chosen (fig 3/55). 

The long-term averages of sky illuminance do not vary much across the  
Caribbean area and thus there is no need to use data local to the actual site. 
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3.5 REDUCTION OF CASUAL GAINS 

In a climate which is already within or above the comfort zone, any internal 
heat gains are likely to increase the risk of discomfort. Sources of heat 
gains likely to be found in buildings are listed in table 3/9. 

Note that they have a sensible and latent output. The sensible output 
causes a temperature rise whilst the latent output is in the form of water 
vapour. This will increase the humidity of the air, decreasing evaporative 
cooling from the occupants. 

If both effects are to be removed by air-conditioning, then the total cooling 
load is the sum of the two components. The sum of the sensible and latent 
heat content of air is called enthalpy. 

If we compare the size of these gains with those created by solar radiation, 
we realize that in an air-conditioned building the control of internal gains is 
very important. For example, a room 6m x 1Orn which is artificially lit to 
400 lux with tungsten lighting will have a total gain of about 4200 Watts 
which is equivalent to about 6m2 of unshaded window. 

We will now consider different categories of gain and consider steps to 
minimize them. 

3.5.1 Gains from people 

There seems to be little that can be done about this since most buildings 
are primarily for people. However, high densities of occupation should be 
avoided if economically feasible — maybe by careful time-tabling of room 
use to ensure a more uniform density of occupation. 

Furthermore, if careful attention is given to the design of outside spaces, 
many activities can take place there, without influencing conditions for 
those who by necessity must stay in the building. 

3.5.2 Gains from equipment 

Virtually all equipment which consumes energy produces sensible heat, 
irrespective of its purpose. Most of the energy that is delivered to cookers, 
water heaters, freezers, dishwashers, photocopiers, electric typewriters, 
computers, lift motors, etc, ends up as heat energy at or close to the 
point of use. Table 3/9 gives typical values of casual gains. 
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To reduce the risk of overheating from equipment, the first step should be 
to choose equipment which has a minimum of energy consumption (and 
hence heat output). Clearly the designer may not always be able to do this 
for a number of reasons: 

(i) He may have no influence over the choice of equipment anyhow 

(ii) Low energy equipment may not be available 

(iii) He may have to provide a building in which existing equipment is to be 
installed 

Nevertheless, there may be many cases where the designer can influence 
the choice of equipment — particularly, for example, catering equipment. 
(It is in this area that significant efforts are being made by manufacturers 
to reduce energy consumption.) 

As with lighting, the installation of low energy consuming equipment 
carries two benefits. Firstly, it saves in the energy delivered to the 
equipment itself. Secondly, if the building is not air-conditioned, it increases 
comfort and if the building is air-conditioned, it reduces the air-conditioning 
costs. 

3.5.3 Planning and occupancy schedules 

When all that is possible has been done to reduce the size of the heat 
gains, the next step is to minimize their effects, mainly by careful siting. 
This of course applies to lighting as much as to any other equipment. A few 
simple rules (some very obvious!) follow: 

1) Place heat-emitting equipment away from occupants. Do not neglect 
radiant effects as well as convected heat. 

2) Where the building has a prevailing air movement direction, make sure 
that heat-producing equipment is on the leeward site of the building. 

3) Consider separating the heat-producing part of a system and locating 
this remotely, e.g. condenser of a freezer, the central processor of a 
computer, or ballast circuits for lighting. 

4) It may be possible to phase the use of heat-producing equipment to 
avoid peak loads or to run some equipment at night when the 
occupancy is very low and cooling prospects are better. 

5) Provision of high rates of mechanical ventilation in very localized 
areas of high gain may be economic and preferable to allowing the 
gains to become distributed throughout the building. 

Finally, and this applies to all classes of gains discussed above, the effect of 
these gains will be much greater in minimal ventilation buildings where by 
air-conditioning or passive means, the mean temperature is kept below the 
outside air temperature. In these cases, the considerations above become 
of utmost importance. 

3.6 VENTILATION AND AIR MOVEMENT 

Traditional architecture of the hot humid regions is dominated by the 
provision of air movement. In inland areas, where windspeeds are low, this 
sometimes has to go to extreme measures such as building on stilts or 
even in tree-tops. Fortunately the tropical island climate enjoys steady 
breezes which make the provision of thermal comfort somewhat easier. 
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3.6.1 Ventilation categories 

Ventilation and air movement can be considered separately. It is convenient 
to define them as follows: 

Ventilation — the replacement of internal air with outside air 
Air movement —the movement of air as sensed by the occupant 

However, it is almost impossible to have ventilation without air movement, 
and unless mechanical fans are used, it is unlikely that air movement will 
exist without ventilation. Thus in practice the two tend to overlap. However 
from thermal considerations there are two distinct functions: 

Ventilation — creates a heat loss from the interior by replacing outgoing 
air with cooler incoming air (except in an air-conditioned 
building where ventilation may result in a heat gain to the 
building). 

Air movement—reduces the effective temperature by increasing convec-
tive cooling and evaporative cooling of the body. 

3.6.2 Ventilation heat loss and gain 

Internal temperature may be elevated due to casual gains from people 
lighting and equipment, and from solar gains through fabric and opening 
(fig 3/56). This heat may then be partially dissipated by ventilation. 

 

 Heat loss by ventilation is proportional to: 

1)  Air change rate 

2)  Temperature difference between inside and outside 

3)  Heat capacity of air 

The heat capacity of air varies slightly with humidity but with reasonable 
accuracy we can write: 

w, = 0.33 NV (Ti—To)  

where N is no. of air changes per hour, and V is the volume of the building. 
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For example, a school room of volume 150m3 has 30 children (90 Watts 
each), 1 teacher (100 Watts), and is using a television set (240 Watts). 2000 
Watts of solar gain is transmitted by the roof and a further 1200 Watts of 
diffuse radiation (daylighting) reflected from the ground enters the win-
dows. The air temperature outside is 28°C. 

How many air changes per hours are needed to keep the temperature in 
the class room down to 31°C? 

 

For equilibrium, heat loss must equal heat gain. Ignoring loss through fabric 
of the building (this will be small in comparison with the ventilation loss): 

Wv = 6240 = 0.33 N x 150 x (31-28)  
= 0.33 N x 450 

therefore N = 6240/150 = 42 ac/h 

If the open area for cross ventilation on each side of building were 8m2, 
what would the air velocity be at the openings? 

Vol flow per sec = V x N/3600 = 150 x 42/3600 
= 1.7m3/sec 

This volume of air/sec over 8m2 of opening will need a velocity of: 
1.7/8 = 0.2m/sec 

The example illustrates the point that in many instances in the tropics the 
provision of sufficient air movement will dominate the ventilation require-
ment.The flow of 0.2m/s will have a negligible physiological effect —
0.5-1.0m/sec would be the target which would lead in this case to a 
ventilation rate of up to five times as high as that required to remove the 
gains. 

 
We will now look at the factors which affect the air flow through a building. 

Air flow through buildings is caused by: 

(i) Pressure differences due to temperature differences (stack effect) 

(ii) Pressure differences due to wind 

For the tropical island climate with reliable breezes, wind effects dominate 
the provisions for ventilation. Furthermore, as we have already shown, 
sensible air movement is required and it is difficult to attain velocities as 
high as 0.5m/s by stack effect with conventional designs. However, there 
are areas on the leeward side of mountainous and heavily vegetated islands 
which are sheltered from prevailing winds, and under these circumstances 
designing for stack-effect ventilation may be necessary, for although it may 
be difficult to create perceptible air movement, lower rates of ventilation 
will be useful to prevent heat build-up due to gains through the structure. 
We shall see in the later section on passive cooling how this might be 
maximized by unconventional designs using "solar chimneys" but here we 
consider only the principles. 
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3.6.3 Stack-effect ventilation 

Stack-effect ventilation relies upon the buoyancy of the warmer air in the 
building causing the air to rise and leave the building from a high outlet, and 
be replaced by heavier cooler air via a lower inlet (fig 3/57). It is called the 
stack-effect because it is the principle upon which chimney stacks and 
flues draw off the combustion products from the furnace. 

 

The ventilation rate for openings of roughly equal area is given by 

V = 0.121 xAxHx (T i — T0) 
where 
V is volume flow in m3/sec 
A is area of each opening 
H is distance between inlet and outlet 
Ti, To are inside and outside temperatures 

The graph in fig 3/58 shows that to attain velocities above, say, 0.5m/s, 
would require a 10°C temperature difference over a height of 1.8m. This 
temperature increment would not be acceptable in an occupied space, but 
might be acceptable in a part of the building whose main function was to 
create a draught, e.g. a solar chimney. This is discussed later in 4.3.2. 
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3.6.4 Wind-driven ventilation 

The provision of good air flow and ventilation by wind effects begins at the 
earliest stages of design with the choice of site. Wind conditions can be 
greatly affected by local topography and surface texture. Land relief can 
either enhance or diminish windspeeds, and obstructions such as dense 
vegetation can greatly reduce windspeed. Windspeeds will increase with 
altitude which results in higher rise buildings generally having good 
access to breezes, except at very high building densities (fig 3/59). 

Most problems will be encountered where a number of negative factors 
combine, e.g. an urban site surrounded by hills covered in dense veget-
ation, and on the leeward side of the island. 

Next, there is the immediate surroundings to be considered. Wind can be 
deflected by up to 90° with careful use of walls or other buildings. The 
aim is to provide an unimpeded flow of air to the side of the building which 
can have openings screened from the sun (fig 3/60). 

The flow of air to the outside spaces is in itself important because these 
spaces may be required for certain outdoor activities associated with the 
building. 

Furthermore, it is important that the air does not pick up any solar gains on 
its way into the building by passing over dark surfaces such as tarmacadam 
(fig 3/61). The best external surface is probably grass, with trees with bare 
trunks providing shade but causing minimal impediment to airflow. 

The spacing of buildings will have an influence on the availability of breeze. 
Buildings should not be closer than at least six times their height and 
obviously taller buildings should preferably be to leeward of lower rise 
buildings. It is better if the buildings can be staggered — the gap between 
two in the same row being immediately in front of the building in the next 
row (fig 3/62). Evans (2) gives a useful table relating the length of wind 
shadow to the plan shape and section of buildings (table 3/10). 

 

 



 

105 
 

 

 

 



 

106 
 

 

 

3.6.5 Air movement within buildings 

In order to attain sensible air movement it is almost essential to provide 
cross ventilation. Single-sided ventilation will only provide air movement 
to a very shallow depth of the building. An alternative would be to provide an 
exhaust for the air via a ridge terminal or chimney, or an under-floor supply 
of air to rooms on the lee side of the building (fig 3/63). 

Careful studies using wind tunnels as well as full scale measurements have 
been carried out by various workers. Evans (2) summarizes the findings in 
figs 3/64-3/66. A more comprehensive survey of wind tunnel observations 
has been made by A Bowen (17). 

Most important is the design of the inlet opening. The position of the 
opening vertically between the floor and the ceiling influences the flow 
direction in the room. External projections such as fixed overhangs and 
louvres will also influence flow patterns. 
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Louvres and centre pivot horizontal sashes, can be used to direct air flow 
The angle of incidence of air flow and the deflecting surface should be less 
than 60° to avoid "stalling". Roller blinds or sliding shutters reduce open 
areas but can be usefully employed to concentrate air movement at the 
level required. 

The main aim is to provide air movement in such a way as to impinge upon 
occupants. However, we have to guard against too much air movement 
which although might be welcome from a thermal comfort requirement, 
will lead to other difficulties. For example, office workers cannot easily 
cope with air velocities greater than 1.5 m/s due to the movement of 
paperwork, etc. Perhaps we should try to provide a gradient of velocity so 
that the seated occupant sits in a higher velocity air stream than his 
working surface. This will require considerable design skill. 

The effect of opening size on average internal wind speed is shown in 
fig 3/67. 

A few further points: 

(i) A small inlet leads to poor distribution but high maximum velocity 

(ii) A large inlet leads to lower maximum speed and more uniform 
distribution 

(iii) Internal windspeed does not increase significantly when window is 
increased beyond 40% of wall area. 

It has also been shown that the ventilation conditions actually improve 
when the wind is incident on the building face at an angle up to 45° 
(fig 3/68). This would seem to free the designer somewhat from very strict 
orientation to wind direction — to give more response to shading and other 
factors — maybe aesthetic or considerations for privacy and noise control. 
Evans summarizes ventilation functions and requirements and this is 
shown in table 3/11. 
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3.6.6 Other factors affecting the design of openings 

Whilst generally we are concerned with maximizing air flow 
through openings, obvious exceptions to this are during times of 
storm. On these occasions with wind speeds up to 15-20 m/s, rain 
can be carried horizontally, and at times of exceptional storms, 
vegetation and debris can be carried into buildings. 

Thus most openings will require closing devices. These are 
likely to consists of opaque shutters, closeable louvres, glazing or 
various combinations of these. The use of some areas of glazing 
may be important to provide daylighting during times of storm, 
although artificial lighting could be provided for brief periods at 
little expense. Consideration must be given to the safety of using 
large areas of glass which may be broken by slamming, 
airborne debris, or wind pressure alone. In many cases the 
shutters and louvres may play a part in the sunshading of the 
openings and, as we have seen, will influence air flow patterns in 
the room. 

Other considerations will include the exclusion of insects by 
screens. Insects will be partly brought in by the breeze but may 
become a greater nuisance at night when attracted by artificial 
lighting. Unfortunately screens which are fine enough to stop 
small insects such as mosquitoes, also reduce air velocity 
considerably. It is probably best to have the screens removable in 
most cases. 

Lastly, security may be a major concern. In non-domestic 
buildings, unoccupied at night, ventilation may still be required to 
cool the structure (we discuss this in more detail later). Thus 
openings will have to be provided. However, the open area can be 
considerably smaller than that required for sensible air movement. 
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PASSIVE COOLING 

In this section we are primarily concerned with the removal of heat 
(sensible or latent) from the building, as distinct from minimizing the 
entry of heat or minimizing its physiological effect. This distinction is 
illustrated in the diagram of cooling strategy (fig 4/1). We shall also be 
looking at ways of reducing the latent heat content of the air by 
dehumidification, and by inducing sensible air movement by means of 
the stack effect in solar chimneys. First, we briefly introduce the basic 
concepts of passive cooling; we then develop in some detail those which 
are of particular relevance to tropical island climates. 
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4.1 USE OF AMBIENT HEAT SINKS 

A fundamental principle of passive cooling is the coupling of the building 
with some kind of heat sink. For a passive system, this heat sink must be 
at a lower temperature than the building. Typically, one of three heat sinks 
will be used. 

4.1.1. The ambient air 

The building may be coupled with ambient air by means of ventilation. 
When the ambient air temperature is a minimum, the air may be drawn into 
the building to cool down the structure (fig 4/2). In most cases storage is an 
essential element since the cooling load profile will not match the 
availability of ambient coolth, i.e. the cooling load will occur during the 
daytime, but the best cooling potential will occur at night. If the storage of 
"coolth" is to take place in the structural mass, effort must be made to 
provide good thermal coupling between the air and the structure. This can 
be done by the inclusion of air channels and fins, and taking care to direct 
the cool night air to the structure rather than to the spaces where they 
might be needed at other times, for direct occupant cooling. 

 

In climates with large diurnal ranges, careful night ventilation design can 
lower daytime temperatures by as much as 3°C. The traditional wind 
towers of the Middle East perform the dual function of providing cooled 
air -during the day and exhausting air heated by the structure during the 
night (fig 4/3). 

The ambient air may also be considered to be a latent heat sink. Since  
evaporation is possible in all air other than that at 100% RH, ambient air can  
be cooled down, by evaporative cooling, to a temperature roughly equal to 
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that of the Wet Bulb Temperature. This can give useful temperature 
depressions in hot dry conditions — it is a well-tried passive cooling principle 
being found in the traditional wind scoop buildings of Pakistan and Iran 
and is, of course, the same principle as the use of courtyard vegetation to 
cool the air by transpiration. Simple packaged evaporative coolers are 
also common in Australia. 

4.1.2 The radiant sky 

When skies are clear, the mean radiant temperature of the night sky is 
likely to be well below that of the air at ground level. It is this that gives 
rise to the phenomenon of dew where the ground surface cools by 
radiation to a temperature below the air dew point. This same mechanism 
can provide useful cooling to buildings which are likely to have a cooling 
load in the daytime, provided as in the previous case some means of 
"coolth" storage is available. It could be argued that this method of 
cooling has been incorporated in many vernacular tropical and sub-
tropical buildings, as typified by whitewashed mudbrick or stone 
dwellings. Here the white surface is highly reflecting to the visible region, 
thus reflecting away the majority of the solar gains in the day, and yet 
has a high emittance of infra-red radiation for maximum radiative cooling 
at night. (In contrast polished metallic surfaces may have high reflectance 
in the visible region, but do not have high emissivity in the infra-red 
region.) The beneficial thermal behaviour of the courtyard in hot arid 
climates also relies upon radiation to the night sky (fig 4/4). 
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Typically, temperature depressions of between 4°C and 7°C below ambient 
air temperature are obtainable for clear night sky conditions, but the 
problem still remains to couple this "coolth" with the interior with an 
appropriate time lag to coincide with the heating load. One approach to this 
problem, which has actually been applied to buildings, is "Skytherm", 
developed in the USA. The system consists of water bags over a metal roof 
covered by movable insulating panels (fig 4/5). The bags are exposed at 
night and are thus cooled down by radiation and convection. During the day 
the bags are insulated from the sky and the metal ceiling acts as a radiant 
and convective cooling source. 

Other interesting work on radiative cooling includes the use of infra-red 
transparent plastic films over the radiative surface with the intention of 
reducing convective gains from the warm air. However the formation of 
dew on the IR transparent covers quickly renders them absorbent of 
infra-red and the beneficial effect is lost as the cover itself becomes the 
main radiator. 
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4.1.3 The earth 

There are many well-documented examples of underground vernacular 
buildings and the benefits of ground temperature stabilization for habitable 
rooms, food and wine stores, have been known since pre-historic times 
(fig 4/6). 

At a depth between one and two metres below the ground surface, the 
earth temperature lies close to the annual mean surface temperature. 
Since this temperature lies below summer temperatures, or, in climates 
without winter and summer seasons, lies below peak daytime tem-
peratures, heat can be dumped into the deep earth by passive means. This 
method does not have to rely upon "coolth" storage, this being provided 
within the structure since the earth is its own (very large) store. The 
building may be coupled with the earth either by conduction, i.e. where the 
building envelope is in contact with the deep earth by burying or berming. 
Or it may be coupled to the building by a third medium: typically, ventilation 
supply air will be drawn into the building via uninsulated ducts buried in the 
deep earth. Other systems have employed water as a thermal coupling 
medium between the ground and the building structure itself. 

 

4.2 PASSIVE COOLING METHODS FOR HOT-HUMID TROPICS 

One of the main characteristics of the hot-humid climate is the small diurnal 
range and the small annual range of temperature. In the Caribbean, for 
example, the typical diurnal range is 8°C whilst the annual range of the 
monthly mean is only about 3°C. Humidities are high and typically averaging 
about 70% RH, thereby reducing evaporative cooling from the skin. It is 
interesting to contrast this with a typical hot arid climate. Here the diurnal 
temperature range may be as much as 32°C and the mean RH as low as 
30%. 

Although the unmodified hot arid climate is considerably more hostile to 
the unprotected human, buildings have many more opportunities for 
modulating the internal climate to one of considerable comfort. For 
example, the diurnal temperature fluctuations make a very effective heat 
sink available every 24 hours. If a massive building is cooled with high rates 
of ventilation at night, but receives minimal ventilation in the day when air 
temperatures are well above indoor temperatures, a mean interior tem-
perature considerably below the mean external temperture can be attained, 
and more important, the excessive swings in temperatures can be avoided. 
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Due to the low moisture content of the atmosphere, the sky too is an 
effective radiative heat sink. (Indeed it is the radiative sink of the night sky 
that leads to the low air temperatures.) This radiation loss can be a valuable 
way of cooling the structure by night to prepare it for heat absorption by 
day. 

The low relative humidity of the hot arid climate gives another useful 
opportunity, that of evaporative cooling. We have already introduced the 
idea of evaporative cooling, where the latent heat of evaporation is 
subtracted from the free water, and we have established that the rate of 
evaporation is dependent upon the degree of saturation of the surrounding 
air. 

The dry air of the hot arid regions not only permits a fairly large degree of 
evaporation and hence temperature drop, but also can be accomplished 
without leaving the air too humid for comfort. Indeed the increase in 
,humidity from, say, 30% to 55% is probably regarded as a positive 
contribution to comfort since excessively dry air has detrimental physiologi-
cal effects. The only limitation in practice may be that, not surprisingly, in 
hot arid areas water is very expensive. 

The earth too provides a useful heat sink since although daytime tem-
peratures may be excessively high, the mean annual temperatures may be 
well within the comfort zone.The building may be coupled by direct 
conduction, i.e. an underground building as in fig 4/6, or by other devices 
such as air pipes as illustrated in fig 4/7. 

Are any of these measures available to us in the tropical island climate? 

 

4.2.1 Night ventilation 

With a diurnal temperature fluctuation of 6-10°C, coolth storage in struc-
tural mass is just about worth considering. 

This is particularly the case where the building is unoccupied at night since 
the usual criteria of rapid cooling to provide comfortable sleeping conditions 
does not apply. 

The results of a computer simulation of a heavyweight structure in the 
climate of Darwin, N Australia, demonstrates the beneficial effects of mass 
(fig 4/8). Note that the heavyweight building is considerably warmer at 
night, which would probably be unacceptable for housing, but in the 
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daytime shows a 2°C reduction in peak temperature. This performance is 
increased if the day time ventilation rate is decreased to 1 air change per 
hour and the night time ventilation is increased to 30 ac/h; peak day 
temperature is almost 4°C lower than the lightweight case whilst night 
temperature is only about 1°C above the lightweight case. 

 

The results look every encouraging but would require a radically different 
approach from the solutions we have been advocating in the previous 
section.The most fundamental difference is the ventilation pattern — the 
reduction of ventilation rate to 1 ac/h in the daytime will make a radical 
difference to the thermal behaviour of the building. When we were 
designing the building to give high air movement, this was leading to 
ventilation rates in excess of 50 ac/h. This meant that internal gains would 
be ventilated away quickly. Now with a reduced ventilation rate in the 
daytime, the building will be much more sensitive to internal gains of any 
kind, and much more care must be taken with shading, etc. 

Furthermore, if we are restricting daytime ventilation rate to 1 ac/h, it 
means that all physiological cooling effect due to natural air movement will 
be lost. Air movement is likely to be necessary since the depression of 
temperatures will not be sufficient to remove the need to rely on 
evaporative loss. This air movement will have to be provided by fans. 

4.2.2 Night sky radiation 

High moisture contents of the tropical island sky results in much long wave 
radiation being absorbed and subsequently reducing the drop in air 
temperature. However, the tropical island climate has relatively cloudless 
nights and the mean sky temperature is between 4 and 6°C below air 
temperature, which is about 12-14°C below peak daytime temperature. 
Thus the radiant sky is in fact the best heat sink available in the tropical 
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island climate. A barefoot walk along a moonlit beach will demonstrate this 
as one steps from the warm wet sand, to the cool dry sand, cooled by 
radiation to the night sky. 

The coupling of the night sky to the coolth storage is done directly in the 
case of the "Skytherm" system, and this could be a viable method for this 
climate. However, roof pools and tanks are costly to construct, and are 
unsuitable for multi-storey buildings. 

Another method of coupling that could be considered is by air, where the 
roof becomes a radiative cooler for the night ventilation air (fig 4/9). The 
performance is not very good — only a 1°C or 2°C depression being attained 
below the ambient air temperature and thus the benefit being largely offset 
by fan power. 

 

4.2.3 Direct evaporative cooling 

It would appear that climates with already high humidities have little 
potential for evaporative cooling. However, the peak temperature coincides 
with the minimum RH (typically occurring at 16.00 hrs, temperature 
approximately 30°C, RH 68%). This is equivalent to a Wet Bulb Temperature 
of about 26°C. 

Simple packaged evaporative coolers have an evaporating surface over 
which air is blown by a fan (fig 4/10). In dry climates these can discharge 
their air direct into the room, and occupants receive benefit from the air 
movement as well as the reduced temperature. For the tropical island 
climate this would not be satisfactory since the increased humidity would 
lead to discomfort from sweating and would compensate for the 
decrease in sensible heat. 

If evaporative cooling is to be used, it must be of the indirect type. Here, 
the evaporation takes place on a surface of high conductance. The air 
which is to be cooled is drawn over the dry surface of the evaporator and is 
thus cooled by conduction through to the evaporation surface. This has 
the obvious advantage that no further moisture is added to the air. 
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Evaporative coolers of this type may be in the form of a free-standing 
package driven by a fan or evaporative cooling could be integrated into the 
structure of the building. A simple solution might be the use of roof sprays, 
roof ponds, or porous evaporative walls. Most of these will incur extra 
expense and their performance in tropical island climates, where the 
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potential for evaporative cooling is small, would have to be carefully 
considered economically before specifying. 

An interesting combination of night sky radiant cooling and evaporative 
cooling is the trickle roof (fig 4/11). Here, water is cooled at night by 
allowing it to run over a lightweight high emissivity roof, which is exposed 
to the cold night sky. The water is cooled by conduction to the roof and by 
evaporation. The cool water is then pumped into an insulated storage tank 
until, in the daytime, this cool water is circulated through pipes in the floor 
or ceiling slabs. 

Computer simulations of these systems look quite favourable even for 
humid climates, but for cost effectiveness much will depend upon the 
ingenuity of the designer to keep the cost low. 

4.2.4 Dehumidifiers 

The use of a dehumidifying device improves thermal conditions directly by 
lowering the RH and thus the effective temperature, i.e. the physiological 
effect, and also increases the opportunity of removing sensible heat by 
evaporation. A number of configurations are then possible. 

Note that once an indirect evaporative cooler is used there is the oppor-
tunity for recirculation. This would require dehumidification unless the 
latent loads of the building were very low (e.g. a building with very low 
levels of occupancy). 

Various configurations of evaporative coolers and dehumidifiers are 
shown in fig 4/12. 
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The usual method of dehumidification is to cool air below its dew point. 
This cooling is carried out using refrigeration machines, usually of the 
compressor-driven type. These machines consume consideranble 
amounts of electricity. The use of these machines lies in the field of 
conventional air-conditioning and does not concern us here. 

Passive cooling (radiative, ambient air, ground) could in principle be used to 
dehumidify by this method, but, as we have seen already, tropical island 
climate does not provide us with good heat sinks. Thus the only method 
available is the use of desiccants. Desiccants are materials which absorb 
moisture from the air. This is either by the process of adsorption where 
water molecules are attracted to the surface of the material (useful 
adsorbents include silica gel and activated alumina) or absorbents are 
used, materials which attract moisture in order to dissolve chemically, e.g. 
calcium chloride or lithium chloride. 

Both adsorption and absorption are exothermic processes and thus the air 
is heated as the moisture is extracted. However, it can now lose this heat 
by conduction via a heat exchanger to ambient air. Or in a system described 
by Haves (11), this cooling is obtained from a roof pond coolth store. 

Once a sorbent has absorbed moisture, it has to be regenerated. This 
can be done by passing air at high temperatures (low relative humidity) 
through the material. This heated air can be provided by solar collectors. 
Various engineering solutions have been devised. Usually there are two 
batteries of desiccants so that one is being used in air-drying mode whilst 
the other is being regenerated. An elegant use of the heat from the dried 
air cooler exchanger, is to pre-heat the air to the solar collectors (fig 
4/13). 
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The use of solar-regenerated desiccant dehumidification and evaporative 
cooling is a new field and has not been subject to economic analysis. 
However, simulation work has been carried out and the performance of 
such systems in conjunction with radiation cooled roof ponds appears to be 
satisfactory for the climate of Florida. More work is needed in this area 
before final running costs can be given but experts are confident that in 
conjunction with other passive cooling measures, dehumidification and 
evaporative cooling could be cost effective in tropical island climates. 

4.3 OTHER ASPECTS OF PASSIVE COOLING 

4.3.1 Coolth recovery 

We have already mentioned the use of air-to-air heat exchangers in 
conjunction with desiccant dehumidifiers. The principle and design of the 
air-to-air heat exchanger is shown in fig 4/14 which illustrates the static 
type. In any building which has adopted a cooling mode, i.e. the daytime 
building temperature is below the ambient temperature, ventilation air can 
usefully be provided via a heat exchanger. The outgoing cool but vitiated air 
is used to pre-cool the incoming fresh but warm air, thereby reducing the 
cooling load. In temperate climates an identical technique is used to 
recover warmth from the outgoing air. 

 

4.3.2 Solar chimneys 

The stack-effect principle has already been described in relation to air flow 
within a building. A solar chimney relies on the same effect but here the air 
is deliberately heated by solar radiation in order to create an exhausting 
effect (fig 4/15). 

It is important to distinguish between stock-effect ventilation due to the 
building itself, and that due to a solar chimney. In the former case, 
assuming the building to be occupied, we are trying to keep the increment 
of the building temperature over the outside temperature, as small as 
possible — indeed that is the whole purpose of the ventilation. Being 
dependent upon temperature difference, the result is a weak stack effect. 
In the case of a solar chimney however, there is in principle no limit to the 
temperature increment within the chimney, since it is isolated from the 
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occupied part of the building. Thus we can design the structure to 
maximize solar gain and thereby maximize the ventilation effects. It is also 
important to remind the designer of the critical parameters. These are 
height between inlet and outlet, and cross section area of inlet and outlet. 

We have already pointed out that in an "open" building, i.e. one which is 
dominated by air movement generated by wind, velocities of between 1 
and 2m/sec can be easily obtained by shallow planning and some care with 
opening design. It is difficult to attain such values with solar chimneys 
unless they are of fairly massive proportions, in which case it is unlikely that 
they would compete economically with mechanical devices. Thus they 
have most application in particular sites where very low windspeeds exist 
and ventilation must be induced at all costs to prevent structural heat 
build up. 
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4.3.3 Ridge-effect ventilation 

Generally the island climate is fortunate in having the reliable trade winds to 
provide cooling. So far in most of our examples we have considered cross 
ventilation attained by large openings mainly in walls. This has demanded 
shallow planning. There may be some planning configurations that benefit 
from air extracted and supplied to points in the middle of a deeper plan. 
This may be assisted by the use of ridge-effect ventilation. The principles of 
ridge-effect ventilation are illustrated in fig 4/16. 

 

Air blowing over the building has further to travel, thus it must travel faster 
than the surrounding air. However, it cannot gain momentum and thus the 
pressure must drop. This (the Bernoulli principle) results in the pressure at 
the ridges of pitched roofs always being at negative pressure, irrespective 
of wind direction. This could be used to provide extract points in deep plan 
buildings which together with supply ducts could provide high rates of air 
movement over deep floor plans. It may also be of value in connection with 
night-time structural cooling in heavyweight buildings. The principle has 
already been illustrated in fig 3/63. 

In order to maximize the suction effect, and to produce suction at the ends 
of free-standing stacks, a number of special terminal designs have been 
developed as illustrated in figs 4/17 and 4/18. 
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4.3.4 Cooling strategy 

We have made references to the need to restrict ventilation if the decision 
is made to dehumidify or cool internal air below ambient conditions. Once 
that step has been taken, the building will cease to be dominated by 
external air conditions and will have to use other methods to attain air 
movements. 

If a decision is made to air-condition a building fully then the changes are 
even more dramatic. Not only must ventilation be reduced to a minimum, 
but with significant air temperature differences between inside and out-
side, the insulation of the envelope will become critical. Walls as well as 
roofs will have to be insulated, even floors. Openings will not only be 
glazed, but double glazing may be worthwhile. Such fundamental differen-
ces will lead to a very different architectural and constructional design and 
it is imperative that the decision whether to air-condition or not is made at 
an early stage in the design. 

In some cases, a satisfactory compromise may be made where part of a 
building is air-conditioned and part is naturally controlled. This is a more 
satisfactory arrangement than having the whole of the building "partly" 
air-conditioned. 

Passive measures and air-conditioning are not mutually exclusive in all 
respects. In the cases of shading strategy, for example, all of the shading 
measures advocated will lead to a reduction in cooling loads. Roof design 
also will be just as important in minimizing gains, but may call for different 
designs. In particular, roof ventilation must take place above the insulation 
layer, otherwise there will be conductive gains from ambient air through 
the ceiling. 

Finally, the avoidance of air-conditioning by design can offer huge savings 
of energy. However, it must be successful — a building designed to be non 
air-conditioned that fails to provide satisfactory conditions, and then 
subsequently has to be air-conditioned, will probably cost more to run than 
one designed for air-conditioning at the outset. 

Furthermore, there may be buildings in which inadequate attention has 
been paid to the provision of thermal comfort which are at the moment 
being tolerated by their occupants. However, as the expectations of the 
occupants rise, together with levels of affluence, these buildings may 
subsequently be air-conditioned. This obviously applies to lower cost 
housing, where the widespread use of cheap packaged air-conditioners in 
buildings of unsuitable design for air-conditioning, could lead to an enor-
mous increase in energy demand. 
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5.0 PASSIVE COOLING EVALUATION METHOD (PACE) 

In this handbook we have introduced various measures to be adopted by 
buildings in order to avoid air-conditioning altogether, or to reduce air-
conditioning energy costs in buildings which are to be air-conditioned. We 
call these two strategies for passive design AVOIDANCE and 
REDUCTION. It is important to remember that in most cases the 
resulting building designs will be very different according to which 
strategy is adopted. 

Whilst in some cases, passive design will not incur extra costs, this is not 
always true, and anyhow some compromises may have to be made in 
order to adopt passive features. Thus, quite rightly, the client will need to 
know — in the case of AVOIDANCE — if the resulting environment will be 
satisfactory and how the running and capital costs compare with a 
"conventional" air-conditioned building. In the case of REDUCTION, he will 
want to know by how much the passive measures will reduce the running 
costs. 

The evaluation process is summed up in the flow chart (fig 5/1) which 
includes the early design decision of which strategy to adopt. We start with 
the functional requirement of the building and its climatic context. Using 
appropriate design guidelines, a passive (non air-conditioned) design 
proposal is made. Comfort criteria are then considered, e.g. air movement, 
solar heat gain factors, daylighting, etc, and the viability of the proposal is 
assessed. If it fails, two courses are open: to make a revised passive 
proposal which gives improved performance, or to abandon the passive 
solution and produce a new design proposal adopting air-conditioning. 

Returning to the AVOIDANCE strategy, if the passive solution is deemed 
satisfactory, then its energy performance (and hence economic 
performance) is judged by comparing its running and capital costs with an 
air-conditioned building of the same function and size, in the same climate. 
These are referred to as "equivalent air-con. yardsticks" (EAYs). They are 
not to be seen as precision performance figures, merely a guide as to what 
a normal air-conditioned building is likely to cost. EAYs are given in 
table 5/1. 

 

If on the other hand the REDUCTION strategy is pursued, we will need to 
know by how much the air-conditioning energy is likely to be reduced. For a 
given building this is rather easier to calculate than the actual cooling 
energy, which is almost impossible to evaluate without more sophisticated 
methods than we can present here. 

The following sections offer a method of calculating reductions in cooling 
loads which is simple but uses correction factors which are untested. 
Thus it must be seen as a "first approximation". It is hoped that in use 
the method will become refined and validated. 
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5.1 REDUCTION OF AIR-CONDITIONING ENERGY 

We are concerned with the reduction of the following sources of cooling 
load: 

1)  External solar gains (through fabric) Se 
2)  Internal solar gains (through openings) S, 
3)  C o n d u c t i v e  g a i n s  ( o t h e r  t h a n  ( 1 ) )  
4)  V e n t i l a t i o n  g a i n s  V 
5)  L i g h t i n g  g a i n s  
6)  O t h e r  c a s u a l  g a i n s  

We shall also include the effect of: 

7)  N i g h t  v e n t i l a t i o n  

Other unconventional methods of passive cooling are not evaluated here. 
In order to evaluate their performance we advise you to consult original 
papers, as listed in the bibliography. 

Having calculated the reductions in the contributions, these will be 
summed for a monthly period using the expression: 

W, = (SA, + AS, + AC) x f, + AV + AL + AG + N x f, 

where 

W, is the monthly cooling energy 
f, is the first correction factor 
f2 is the second correction factor 
and A denotes "change in" The units for W, will be KWhr/month. 
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5.1.1 Correction factors 

The first correction factor (table 5/2) applies to solar and conductive gains 
and deals with the fact that, in general, not all of the reduction in these 
gains will be manifest as a reduction in cooling load. This is because some 
of the heat gains made during the occupied period will be stored by the 
building fabric and then lost during the unoccupied period — provided the 
ambient temperature at this time is below that of the building mean 
temperature. It is difficult to put a value to this factor without detailed 
simulation, but we have taken as a guide the "alternating solar heat gain 
factors" derived for the Admittance Method (13). We have then modified 
these to take account of occupancy patterns differing from the standard 
8-hour working day. 

The second correction factor is an indication of the success of night 
ventilation. Obviously in a continuously occupied building (assuming 
continuous air-conditioning) increased ventilation at night when the 
ambient temperature is below the building temperature, has a cooling 
effect equal to the full value of the ventilation loss. If the building is not 
occupied at this time, the value of the night ventilation will depend upon the 
ability of the thermal mass to store "coolth", and will depend upon how 
long and how far the occupied period is away from the night cooling period. 
The second correction factor is shown in table 5/3. 

 

We have defined four standard occupancy patterns as indicated in fig 5/2. 
(In the case of type (4) the first correction factor f1 takes account of a 
fraction of the gains being made outside the occupancy period.) 
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Note that there is no correction factor applied to the ventilation, lighting or 
casual gains. This is because these are primarily convective and are 
generated within the building and thus have an instantaneous effect.This 
way of dealing with these gains is also in line with the Admittance Method. 

 5.1.2 Reduction of external gains (Se) 

The calculation of solar gains through the fabric relies on the concept of 
Solar Heat Gain Factor as discussed in para 3.2.1. 

The procedure is to sum the solar heat gain from the monthly totals falling 
on each surface: 

(Total useful reduction in external solar gains ASe) = 

(monthly total rad. E vert) x (area E wall) x (change in SHF) +  
( S ) x ( S ) x ( .. )+ 
( W ) x ( ..W ) x ( ) + 
( N ) x ( ..N ) x ( ) + 
( horiz ) x ( .. roof ) x ( .. + 

x (correction factor f1) kWhr/month 

The monthly radiation totals have been prepared from data from the 
Caribbean for horizontal surfaces, for four values of ground reflectance, and 
are given in table 5/4. 

When making the calculation choose the columns South, East/West and 
North, or if the orientation lies closer to 45° to North/South, choose the 
South East/South West and North East/North West columns. 

The change in SHF can be due to an actual change in the wall or roof 
construction or surface finish, etc., or it could be due to the increase in 
shading of the surface by, for example, overhangs or vegetation. In this 
case the original SHF is multiplied by a Shading Factor. The appropriate 
worksheet will be found in 5.2. 

 5.1.3 Shading factors applied to walls and roofs 

If it is required to calculate the reduction due to shading of solar energy 
falling on to a wall (or roof) over a period of time, only in special cases of 
perfect shading can we assume that all radiation is intercepted. This is for 
two reasons. Firstly, the shading device — overhang, tree, adjacent building 
— may not shade all of the wall all of the time. Secondly, solar energy will 
fall on to the opening or surface from the diffuse sky and be reflected from 
the ground. The relative amounts of unshaded diffuse radiation will 
depend upon the geometry of the shading device. 

The calculation of an integrated shading factor, i.e. a factor which could be 
used to multiply the monthly radiation total falling on to a surface to 
evaluate the actual total after shading, involves an hour-by-hour 
calculation of shadow geometry, and hourly values of direct, diffuse and 
ground-reflected radiation. This is beyond the scope of a manual method. 
Thus we have proposed here an approach relying upon some 
simplifying assumptions and estimations: 
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1) Walls and roofs are either "closed shaded", where direct and almost all 
diffuse radiation is intercepted, or "distant shaded" where the surface 
still received large amoung of diffuse radiation, as shown in fig 5/.3. 

2) Shading of a surface for part of the day is accounted for by estimating 
(or using the sun path diagrams to draw accurate shadows) the fraction 
of the surface shaded from direct sun, when the sun azimuth is normal 
to the wall azimuth, as in fig 5/4. We call this the Average Shading 
Coefficient (ASC). A much more accurate way of evaluating it would be 
to draw the shadows for every hour's sun position. 

3) For distance shading the ASC is then applied to the direct monthly 
solar total, i.e. only direct solar radiation is considered to be affected by 
the shading. 

4) Ground reflectance is already taken account of in the calculation of the 
diffuse monthly total as presented in the tables. Where ground is 
shaded, the totals for ground reflectance of 0.1 should be used. 

5) Shading systems which are intermediate between "close" and 
"distant" may be regarded to shade part of the diffuse total, judged by 
estimation. 

5.1.4 Reduction of internal solar gains 

This is very similar to the external solar gains except the area of window (or 
opening) is used instead of the wall area, and a solar gain factor SG is used 
instead of the SHF. Standard Solar Gain Factors are given in table 5/5. 

(total useful reduction in internal solar gain AS ;) = 

(monthly total rad. E vert) x (area of opening) x (change in Solar 
Gain factor for E 
opening) + 

(S, W, N, horiz ... etc.) 

x (correction factor f,) kWhr/month 

The Solar Gain Factor may be considered in two parts: f i rst ly, a 
transmittance factor which is a function of the radiation transmission of the 
glass, and, secondly, a shading factor. Most commonly, the shading factor 
is a property of the opening design itself, i.e. overhangs, fins, louvres, etc. 
However, as with the external gains, the shading factor could include the 
effect of external obstructions such as other buildings or vegetation. 
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It is the shading part which is orientation sensitive. The method by which 
the shading factor is determined is given in the next paragraph. 

 

The two parts of the Solar Gain Factor are independent and may be 
multiplied together, i.e. any existing Solar Gain Factor may be modified by 
multiplying by a Shading Factor: 

e.g. The window to an office faces SW, is glazed with reflective double-
glazing and had a solar gain factor of 0.45 as determined from tables. By 
providing external shading vegetation, a shading factor to the window 
wall of 0.35 is obtained. Then the new solar gain factor is 0.45 x 0.35 = 
0.16. If in our example the passive measure was the use of vegetation, 
then this Shading Factor would be the CHANGE in value appearing in the 
equation. See fig 5/5 (2). 

5.1.5 Shading factors applied to glazed windows 

Since this section is concerned with the reduction of cooling loads in 
air-conditioned buildings, we are only dealing with glazed openings. The 
range of shading options is wide and so is their effectiveness. 

For some geometric devices the instantaneous shading factor may be 
sensitive to orientation and sun position. Thus its shading factor can only be 
determined by evaluation on an hour-by-hour basis using sunpath diagrams 
with radiation and shadow mask overlays. This requires some measure of 
dedication! Furthermore, allowance has to be made for the diffuse 
component which will not be sensitive to orientation. As with shading 
factors for walls and roofs, we suggest that the geometric shading factor is 
applied to the monthly direct totals only. The diffuse totals can be dealt 
with by the Corrected Diffuse Transmission factor described in para 
3.4.5. Alternatively, hourly altitude azimuth and radiation figures stored 
on a computer may be used to compute shading factors in particular 
situations, using trigonometric equations, though often this facility will not 
be available to the designer. 
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Table 5/5 gives standard Solar Gain Factors for a limited range of shading 
options. Olgay (3) describes a much fuller range of shading measures and 
presents them in the form of a Shading Transmission Factor, based upon a 
single-glazed window. I.e. the factors range from 1.0 for an unshaded 
single-glazed window, down to about 0.1 for a window fully shaded by 
external dark louvres. Olgay's factors, presented in Table 5/6, may be 
used to multiply the basic unshaded Solar Gain Factor for the appropriate 
glazing. Note that the Olgay factors make the assumption that where 
geometric shading is involved (overhangs, louvres, fins or obstrations, 
all direct radiation is excluded. In the event of imperfect geometric 
shading, the designer must make his own estimate of the shading factor by 
means of sunpath diagrams and overlays, as in 3.3.4. 

5.1.6 Reduction of conductive gains 

It is likely that much of the conductive gain will be due to conduction 
through glazing. This has no time lag and thus can be considered as an 
instantaneous gain. Gains through a massive wall or roof will be affected 
by a time lag and may actually enter the air-conditioned space several 
hours later. However for the sake of simplicity, and probably without much loss 
of accuracy, we will treat all conductive gains as instantaneous and 
calculate them from the difference between the Set Point temperature Tset 

and the average external air temperature during the occupied period: 
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A change in conductive gain could also be brought about by a lowering of 
the Tset, or a reduction in hours. In both these cases the total conductance 
has to be used rather than a change in conductance. 

To determine the mean ambient temperature during occupancy we use the 
Temperature Grid and Diurnal Swing Overlay (fig 5/6) 

Step 1 Choose the appropriate diurnal swing curve (from maximum and 
minimum temperature) and trace off on tracing paper. Also draw 
hour axis XX. 

Step 2 Position the traced overlay over the temperature grid with the XX 
line on the mean temperature for the month under consideration. 
The curve now shows an approximation to the actual hourly 
temperature. 

Step 3 Draw vertical lines on the tracing paper to denote the start and 
finish of the occupied period. 
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Step 4 Count the squares bounded by the curve, the vertical lines and the 
XX line, estimating fractions of squares which are cut by the curve. 
Squares below the XX line count as negative. 

Step 5 Each square represents a 1/2 hr °C. To evaluate the difference 
between the monthly mean and the mean temperature during 
occupancy, calculate as follows — 

(mean temp during occup) = (monthly mean) + 

(no squares) / (2 x occupied hours) 

Note that to calculate the increment over the mean value it is not actually 
necessary to position the overlay on a particular mean temperature value. 
However this does have to be done in other operations with the Grid and 
Overlay. Note that it is easiest to trace off the appropriate swing curve and 
place this tracing over the printed grid. 

5.1.7 Reduction in ventilation gains 

The ventilation gains are instantaneous and can be calculated without error 
from a mean temperature difference during occupancy.* Thus it is similar 
to the conductive gain, except that a ventilation conductance is used. 

* Use Temperature Grid & Overlay. 
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A typical energy-saving measure might be to vary the ventilation rate to 
match varying levels of occupancy. A mean value of ventilation rate could be 
used in the calculation above, but a more accurate method would be to split 
the occupancy into, say, two periods of different ventilation rate, and then to 
use the appropriate mean ambient temperature. 

 5.1.8 Reduction in lighting gains (and other casual gains) 

Reduction in lighting gains may be attained by reducing the number of 
hours that the artificial lighting is used. This could be due to improved 
manual switching and persuading occupants to switch off when lighting is not 
needed, or the installation of photoelectric or time-switch operated systems. 
The Daylit Hours table, given in para 3.4.11, may be helpful in estimating the 
reduction in artificial lighting hours, if such measures are taken. The other 
major way in which lighting gains could be reduced is the use of more 
efficient light sources and luminaires, leading to a lower installed wattage 
for the same lighting levels. 

Calculation is straightforward since lighting gains can be assumed to be 
made only during occupancy. They are also predominantly convective gains and 
are thus not affected by thermal mass to a significant extent. Thus: 

(useful reduction in lighting gains AL) = 

(installed lighting capacity kW) x (reduction in lighting hours/month) 

Or 

(reduction in installed capacity kW) x (lighting hours/month) 

Reduction of gains from equipment can be dealt with in the same way.  

5.1.9 Night ventilation 

The calculation of useful night ventilation is similar to the calculation of 
daytime ventilation heat gain, except that the ventilation takes place when the 
ambient temperature is below the value of Tset. In most cases this takes place 
outside the occupancy period and thus some allowance for the ability of the 
building to carry over the "coolth" into the occupied period next day, has to be 
made. For this we use the second correction factor f2 given in para (5.1.1). 

An alternative approach would be to take the actual night-time building 
temperature instead of Tset. However this is not known explicitly since the 
building is free-running after the end of the occupied period. Again we 
would find that the degree to which the building has approached the 
ambient temperature (thereby reducing the cooling effect of the night 
ventilation) is a property of the thermal mass and the occupancy pattern. In 
fact we are looking at the same process in a different way. 

It is analogous to the problem of calculating heating energy in the  
"degree-day" method. Here an implicit mean 24-hour building temperature 
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is calculated for an intermittently heated building by means of empirical 
factors relating to the thermal mass and occupancy pattern. We have used 
the values of these factors, published by the Chartered Institute of Building 
Services Engineers, UK, to assist in the derivation of the factor f2. 

The useful night ventilation heat loss in kWhr/month is calculated: 

 

To determine Tnight use the Temperature Grid and Overlay. This can also be 
used to indicate the actual duration of useful night ventilation, i.e. when the 
ambient temperature drops below Tset, as illustrated in fig 5/7. Note that 
this will vary significantly with quite small variations in mean monthly 
temperature. 

It is not easy to establish a value of the ventilation rate. If night ventilation is 
carried out by mechanical means, then it will probably be the same as the 
fresh air intake during the daytime, e.g. between 0.5 and 1.0 ac/h. 
However, fan power normally used to provide recirculation or air 
movement may be able to be re-directed to increase the night ventilation 
rate. However, it is unlikely that the power consumption would justify the 
provision of more than about 5 ac/h. 

A possible solution is that passive night cooling is adopted. This should 
maximize the use of available wind since stack-effect ventilation is likely to 
be small due to the small temperature differentials. Clearly, in an air-
conditioned building, passive night ventilation will require purpose-provided 
inlets and outlets and these will incur extra cost. We would like to give 
guidelines on this but feel that more research is necessary. However, if 
pressed, we would say that up to 5 ac/h could be attained by 5% of the wall 
area on the windward and leeward walls being open. The distribution of this 
5% as high and low level openings would assist stack-induced ventilation in 
the absence of wind. 

5.1.10 Cooling plant efficiency 

The value of useful reductions in cooling loads as evaluated by the PACE 
method, represents a saving in cooling requirement in the conditioned 
space. This is not the same as the saving in energy which has to be 
delivered to the plant room. However, it is this delivered energy that the 
building operator has to pay for, and thus it is the cost of this delivered 
energy in which we are ultimately interested. 

Most cooling systems require mechanical power. This power is partly for 
the fans which move the cooled air around the building through ducts and 
in some systems move cooled water around the building to local air-
cooling units. The second main use of mechanical power is to drive the 
refrigeration compressor. 

Mechanical power for fans and pumps will almost always be provided by 
electric motors. In most cases the refrigeration compressors will also be 
driven by electric motors. Only in very large installations is it economic to 
use other prime movers such as reciprocating diesel or gas engines, or gas 
turbines. 
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In principle, then, we could apply a simple Plant Efficiency Factor which 
indicates the ratio of Useful Cooling Energy to Delivered Energy. The 
factors affecting this figure will be as follows: 

1) Energy of distribution — fan and pump power, sometimes 
referred to as "parasitic" energy. This in turn is dependent upon 
the duct work design and layout. 

2) Distribution losses, i.e. heat gains to the cooled air or water which 
are not from the conditioned spaces. 

3) Refrigeration efficiency. 

Item (3) demands some explanation. Most cooling machines operate on 
the same principle as the domestic refrigerator, i.e. they are heat pumps. A 
motor pumps a refrigerant material which changes from a gas to a liquid 
and back to a gas again, through a cycle. At the phase change from liquid to 
gas, heat is absorbed by the latent heat of evaporation, whilst when the 
gas is condensed, heat is liberated. Thus if the evaporator is placed in the 
room to be cooled (or more usually in the air stream to be cooled), and 
the condenser is placed outside the building, heat is pumped from inside 
to outside, thereby offsetting the heat gains to the building. 

The mechanical pumping requires energy and this energy depends upon 
the mechanical efficiency of the system — i.e. friction, etc and upon the 
thermodynamic efficiency. Clearly we are pumping heat from a cool space 
to a warm space, and this "pushing heat uphill" requires mechanical 
energy — the greater the temperature difference, the greater the 
mechanical energy required. 

In typical conditions, however, the thermodynamic efficiency is 
considerably greater than 1, i.e. 1 kW of useful mechanical power will 
pump about 3 kW of heat from a temperature of, say, 15°C to one of 35°C, 
typical building conditions. However, the mechanical efficiency and all of 
the other factors in (1) and (2) will be less than 1. 

For simplicity we can combine these efficiency factors into one overall 
Plant Efficiency Factor. This, when used to multiply the Useful Reductions 
in Cooling, will give us the actual saving in Delivered Energy. 

Typical Plant Efficiency Factors are given in table 5/7. 

 

5.2 PACE Worksheets 

To assist in the calculations we have drawn up a set of worksheets, 
together with explanatory notes, 5.2.1. The blank sheets may be 
photocopied for your use. A worked example is given in 5.2.2. 
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5.2.1 Explanatory notes for using PACE worksheets 

PACE Work Sheet No 1 — reduction of external solar gains 

This calculates the change in solar heat gain made on the external surface 
and conducted into the interior. 

a) You may try several options or you may divide the building into a 
number of zones — this will require more than one PACE work sheet. 
Thus number the work sheets 1, 2, 3 ... etc. 

b) Give description of measure which reduces the SHF — e.g. "painting 
roof white", or "insulated lining to E wall". 

c) Refer to fig 5/3 to decide whether shading or other measure affects 
direct and diffuse, or direct only, and for which orientations. 

d) This heading — N (NE), E (SE), etc. refers to the orientation of the 
surfaces of the building. Note that you have to choose between N-S 
orientation or NE — SW orientation. Since most buildings are orthoganal 
this will normally be sufficiently accurate. 

e) For the appropriate orientation, enter the original, new and change of 
SHF (see para 5.1.3). Change of SHF is (original) — (new). The top row is 
for the SHF which affects the Direct Radiation Total and bottom row is 
for the Diffuse Radiation Total. If more than one SHF reduction is 
entered at (b), these have to be combined to give one value for each 
Radiation Total. 

f) Decide upon the value of the Ground Reflectance and enter this at (f) 
(bottom of page). This value is not used for calculation here — it is 
simply to remind you which row to look up in table 5/4. It could be 
different for different orientations. 

g) By referring to table 5/4, enter the appropriate (ground reflectance, N or 
NE, etc) Monthly Direct Radiation Total in upper boxes and the 
appropriate Diffuse Total in the lower boxes of the tinted column (g). 
Most shading options will in fact shade both direct and diffuse. Thus to 
save time entering both totals, you may prefer to enter Global only. 

h) Multiply the appropriate Radiation Totals by the Changes in SHF, sum 
and enter at base of white column (h). Note that this total is still in the 
form — per m2. Where the passive measure is not a change of SHF but 
is shading of the ground or a change of ground reflectance, then the 
"change" entered in the white column is the difference of the two 
radiation totals (table 5/4) for the "before" and "after" ground 
reflectances, multiplied by the SHF. This will also apply to gains through 
openings. 

j) From building data, enter the area of the surface to which change of 
SHF applies. For example, if an East-facing wall has been painted 
white, enter the area of the East wall (j). 

k) Multiplying the two boxes above gives the Total Change Each Surface 
to be entered at (k). 

i) Moving across the page horizontally sum the lowest boxes (not all will 
necessarily be filled) to give Total Change All Surfaces (1). This total 
will be transferred to PACE work sheet No 7 where it is added to 
other reductions with appropriate Correction Factors. 

PACE Work Sheet No 2 — reduction of internal solar gains 

This calculates the change in solar gains made inside the building by solar  
radiation entering the building via openings. It is similar to PACE work sheet 
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No 1 except that the reduction measures involve the reduction of the Solar 
Gain factor (SG) rather than the SHE (The SG is the ratio of the solar energy 
absorbed in the room to that incident upon the opening of the window.) The 
change in SG may be due to distance shading, close shading or reduced 
transmittance of glass, etc. 

The method of estimating changes in SG is shown in fig 5/5 and in 
table 5/5. 

PACE worksheet No 3 — reduction of conductive gains 

This calculates the change in heat gain through the fabric. The heat gain is 
dependent upon (1) the conductance or U-value of the external envelope, 
and (2) the temperature difference between the inside and outside. A 
change in the heat gain might be brought about by a change in (1) or (2) or 
both. Work sheet 3A deals with changes in conductance and work sheet 
3B with changes in temperature difference. 

For 3A — 

a) As with work sheets 1 and 2 give reference number for successive 
measures. 

b) List the elements to which reducing measures have been applied, e.g. 
walls, roofs, glazing, etc. 

c) Enter the original, new and change in U-value (see Para A1.4 for 
U-values and calculation of effect of adding insulation). 

d) Enter the areas associated with the elements and U-values. Multiplying 
the Change in U-values and areas together gives the Change in 
Conductance. Sum of column gives the Total Change in Conductance. 

e) Enter the Set Temperature Tset (target temperature for the air-
conditioning) which applies during occupancy. 

f) Enter mean monthly ambient temperature from climatic data, e.g. 
tables 2/4 or 2/5, or other local data. 

g) By inspecting monthly maximum and minimum temperatures choose 
nearest diurnal swing curve and enter the value. 

h) Using the appropriate curve determine the temperature increment 
(over mean ambient) during occupation. Use actual occupancy period —
not the Standard Occupancy patterns 1-4. Note that this increment is 
the same for each month if the same diurnal swing curve is used. 

i) Calculate and enter the difference between the Tset and the mean 
temperature during occupation. This is: 

T(mean amb) increment — Tset 

k) Enter actual occupancy hours per day and days per month. For each 
month then multiply by Mean Temperature Difference to give Degree 
Hours per month. 

I) Multiply Monthly Degree Hours by Change in Conductance brought 
down from A1 to give Monthly Change in Conductance Gains. Sum 
these and enter into box. This total will be transferred to PACE work 
sheet No 7. 

For 3B — 

m) This establishes the Total Conductance of the building as distinct from 
the Change in Conductance. All elements have to be entered. If the 
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Total Conductance has been calculated elsewhere, enter in box and 
proceed. 

n) This establishes the Change in Degree Hours brought about by an 
increase in Tset or a decrease in the Mean Tam, during occupancy. The 
latter could be brought about by shifting the occupied period to a cooler 
part of the day. 

p) Enter Tset, and new Tset and change, if changed. If this is the only 
change, then proceed to complete occupancy and calculate change in 
degree hours, i.e. 

(change in degree hours) = (change in Tset) x (hrs/month) 

q) By inspecting monthly maximum and minimum temperatures choose 
nearest diurnal swing curve and enter the curve value. They may be the 
same for all months. 

r) Using the appropriate curve/s calculate the increment (over mean 
ambient) for the occupied period. (Use the actual occupied period — not 
the nearest types 1-4.) Note that this increment is the same for each 
month if the same diurnal swing curve is chosen. If the occupied period 
has been shifted, calculate the new increments. 

s) Calculate and enter the Change in Mean Temp Diff. This will also be the 
same value for all months unless a different occupation period is used 
for different months, which is rather unlikely. 

t) Enter hrs/day and days/month and calculate Change in Degree Hours. 

u) Multiply Change in Degree Hours by Total Conductance to give Change 
Conductance Gains in Watt Hours. Sum these, divide by 1000 and 
enter into box as kWhr. This total will be transferred to PACE work 
sheet No 7. 

If both measures are carried out, i.e. there is a reduction in conductance 
and reduction in degree hours, proceed as follows: 
Using original degree hours, calculate effect of reduced conduction 
Using new conductance, i.e. (Original Total Conductance) — (Change in 
Conductance), calculate effect of reduced Degree Hours. 

The individual contributions are now additive. 

PACE worksheet No 4 — reduction of ventilation gains 

This is organized in a very similar way to worksheet No 3 except that a 
change in ventilation conductance is substituted for a change in fabric 
conductance. The change in ventilation conductance is brought about by a 
change in ventilation rate (see para 3.6.2). 

As in worksheet No 3 reduction in ventilation gain may be brought about by 
either reduction in ventilation conductance or mean temperature difference 
during occupancy, or both together. 

If both measures apply simultaneously, the original degree hours must be 
used to evaluate the effect of reducing ventilation rate, then the new 
reduced ventilation rate (not the "change in") to evaluate the change due to 
the reduction in degree hours. 

PACE worksheet No 5 — reduction in casual gains (including lighting 
gains) 

Reduction in casual gains may be due to the reduction in the instantaneous  
load (or output) of the sources of gains, or a reduction in the number of 
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hours running (which need not be the same as the occupancy hours), or 
both. For example, an increase in daylight factor may increase the 
number of daylight hours, thereby reducing the number of artificial 
hours, and hence the gains. (See table 3/8). 

Worksheet 5A deals with reduction of load whilst 5B deals with reduction 
in running hours. As before, if both measures are applied, the new 
(reduced) load must be used to calculate the effect of reduced hours. They 
may then be added together. 

Note that there is no monthly calculation. This is because there is no reason 
for these to vary significantly on a monthly basis. However, operating hours 
may vary for different sources. 

PACE worksheet No 6 — night ventilation 

This is the only worksheet that is not concerned with the reduction of a 
gain. This is concerned with a heat loss from the building usually during the 
unoccupied period when (and if) the ambient temperature is below the 
temperature in the building. 

a) Calculate night ventilation conductance. See para 5.1.9 for estimates of 
attainable night ventilation rates. 

b) Enter Tset for occupancy period. Although the building may not be at 
this temperature during the night ventilation period (it will probably be 
higher), this difference is taken account of in the correction factor f2. 

c) Use PACE Temperture Calculator to (1) determine night ventilation 
period and (2) to determine mean ambient temperature during this 
period. (1) is defined as the period for which the ambient temperature 
is below Tset and this can be read off directly from the calculator. (2) is 
determined as follows. Draw the mean ambient temperature and the 
Tset on the grid. Choose the appropriate swing curve and count the 
squares between the curve and the Tset line. Calculate the increment 
(or rather decrement) by dividing the number of squares by twice the 
night vent hours. These steps are illustrated in fig 5/7. 

d) Enter night vent hours as determined above. Note this will vary on a 
monthly basis and may be zero for some months. Enter occupied 
days/month. Night ventilation is not considered if it precedes an 
unoccupied day. 

e) Multiply night degree hours by night ventilation conductance to give 
night vent loss. Sum and enter in box converting to kWhr. This total will 
be carried forward to PACE worksheet No 7, where correction factor f2 
will be applied. 

PACE worksheet No 7 — summation of reductions and application of 
correction factors 

a) Evaluate first correction factor f, (para 5.1.1) and enter in box. 

b) Enter reductions in external solar gains (worksheet 1), internal solar 
gains (worksheet 2) and conductive gains (worksheet 3). Multiply by 
f, to give useful reductions. 

c) Enter reductions in ventilation gains (worksheet 4) and casual gains 
(worksheet 5). 

d) Evaluate second correction factor f2 (para 5.1.1) and enter in box. 

e) Enter night ventilation (worksheet 6). Multiply by f2 to give useful 
cooling. 
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f) Sum all useful reductions. 

g) Choose appropriate Overall Plant Efficiency from table 5.7 and enter in 
box. 

h) Multiply Useful Reductions by Overall Plant Efficiency to give 
Reductions Delivered Energy for Cooling. 

i) Enter any additional savings which result from adopting measures —
e.g. reduction in delivered energy for lighting. 
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5.2.2 Worked example of use of PACE sheets 

Here we present a worked example. You are advised to refer to the 
notes in 5.2.2 to follow the working of the example. 

The two storey office building illustrated in fig 5/8 is to adopt a number of 
passive measures in order to reduce its air-conditioning load. The following 
measures are proposed — 

a) Painting natural concrete roof white. 

b) Insulation of the East wall. 

c) Shading of West wall by vegetation. 

d) Aluminium internal louvres inside East windows. 

e) Shading of West windows by vegetation. 

f) Double glazing to single glazed windows. 

g) Reduction of fresh air ventilation rate from 2 ac/h to 1 ac/h. 

h) Use of daylight to reduce artificial lighting hours. 

i) The use of night ventilation. 

 

Measures a) b) and c) are all entered on Worksheet No 1. and concern 
reductions in the heat flow through the fabric. The changes in SHE which 
were calculated using Evans SHF calculator, are entered for both direct and 
diffuse radiation on the East wall and the roof, whilst the change for the 
West wall (i.e. the shading factor) is entered for the direct radiation only. 

Measures d) and e) are entered on Worksheet No 2. and concern  
reductions in solar gains made through East and West facing windows. The  
louvres reduce both direct and diffuse radiations and thus the change in SG 
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is applied to both components — i.e. global radiation. As with measure 
we consider the vegetation e) to shade only the direct radiation. 

Measure f), the reduction of conductive gains through glazing, is entered on 
Worksheet No 3A and measure g), reduced ventilation on Worksheet 
No 4A. Note that the second parts of 3A and 4A are the same. The mean 
temperature difference during occupancy is calculated using the PACE 
Temperature Grid and Swing Overlay. 

Measure h) stems from the installation of automatic light switching (or a 
determined drive for manual switching off!) to prevent the lights from being 
left on all day. The Daylit Hour tables 3/8 are used to determine the artificial 
hours and the reduction in hours is entered on Worksheet No 5. 

Measure i) is an interesting one, and is entered on Worksheet No 6. First 
the PACE Temperature Grid and Swing Overlay are used to determine the 
night vent hours, and the mean temperature difference from set 
temperature. After estimating a night ventilation rate, the night ventilation 
cooling is calculated. 

Finally, the results of PACE Sheet No 1 to No 6 are all entered on PACE 
Sheet No 7. and the Correction Factors f, and f2 are estimated from the 
known occupancy and building type. This enables the saving in annual 
useful cooling energy to be calculated. From table 5/7 an overall plant 
efficiency is chosen and the saving in delivered cooling energy is 
calculated. 

Comments on PACE example 

It is interesting to look at the relative magnitude of the contributions that 
the various passive measures make. Looking down the Useful Reductions 
column in Worksheet No. 7, the largest single reduction is the reduction in 
External gains. Turning to the relevant sheet, No. 1, we see that of the two 
measures, wall insulation and roof painting, the latter has the most effect. 
Roof painting would probably be quite a low cost measure and a cost 
effectiveness analysis would almost certainly look very favourable. It must 
also be noted that the insulation measure effects both External Solar Gains 
and Conductive Gains. 

Reduction in Casual Gains are also a major contributor. The use of daylight 
not only saves 5256 kWh of cooling energy but also 5256 kWh of delivered 
energy to power the lighting. 

The contribution of Night Ventilation is very small. However, a glance at 
Worksheet No. 6 offers an explanation for this — it is due to the very low Set 
Point Temperature which has been chosen for this example. It is 
interesting to note that if the Set Point were raised to a more sensible value 
at around 26°C the savings due to reductions in conductive and ventilation 
gains would reduce, whilst the savings due to night ventilation would 
increase significantly. 
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5.3 ECONOMIC APPRAISAL 

The main aim of adopting passive cooling measures, whether they be 
sufficient to eliminate air-conditioning altogether, or only to reduce air-
conditioning load, is to save energy. There are a number of reasons why 
saving energy is important, and would include national interest, and 
ecological and environmental considerations. The adoption of passive or 
climatic design features may be seen by some to lead to a better quality 
architecture, both in aesthetic terms and in physical comfort. 

However, from the building owner's point of view, the most likely incentive 
to save energy is in order to save money. In some cases a building adopting 
passive measures might cost more than one opting for total air-
conditioning, and any architect or engineer advocating these measures 
must be prepared to defend them by well accepted economic arguments. 
In many cases the passive building will cost less than the equivalent 
air-conditioned building resulting in a convincing economic basis. 

In the previous section 5.0, a method of evaluating a totally passive, non 
air-conditioned building was suggested. The saving in energy is 
estimated by comparing the conventional running cost of a similar 
building type, but air-conditioned, on an annual energy per square 
metre basis. These reference values were referred to as Equivalent Air-
con. Yardsticks or EAYs. 

This analysis would usually be applied to a new building, but in some cases 
could be applied to an existing air-conditioned building where the proposed 
adoption of passive measures would result in the air-conditioning becoming 
unnecessary. 

In sections 5.1 and 5.2, a method for evaluating the energy saving 
performance of passive measures applied to air-conditioned buildings was 
described. In this method the actual quantity of air-conditioning energy 
saved is calculated. 

By applying a delivered enegy cost, i.e. $/kWhr, both methods enable us to 
put an annual money value to the energy-saving measure. Strictly we 
should add to this any savings made in the reduction of maintenance costs 
of air-conditioning plant, and subtract from this, new maintenance costs 
relating to passive elements such as shading components, etc. 

5.3.1 Simple payback calculations 

The simplest formal economic evaluation is to take the face value of the 
annual savings and to divide it into the capital cost. The shorter the 
payback, the more attractive the investment. Typically, a 5-year payback 
would be regarded as a good investment. 

For example, the installation of a shading screen on the glazed facade of an 
office building may be shown to reduce air-conditioning costs by $3,000 per 
annum. If the shading devices cost $10,000, then the payback will be 3.3 
years. 

A more precise analysis might allow an extra annual cost of $800 for 
cleaning, and insurance against hurricane damage, and a reduction of $500 
in cooling plant maintenance. This would result in a nett annual saving of 
$2700 per annum which would slightly increase the payback period to 3.7 
years. This easily meets the 5-year criterion. 
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5.3.2 Discounted payback calculations 

The simple form of calculation ignores certain factors, namely that money 
invested elsewhere (instead of being spent on a passive measure) would 
return interest. On the other hand, if fuel prices increase at a greater rate 
than the general inflation rate (i.e. the differential inflation rate), then the 
fuel savings become progressively more valuable. 

Most governments have a "test discount rate" with which to calculate 
long-term investments. This can be modified by subtracting the differential 
fuel inflation rate, to produce a Real Discount Rate for fuel saving. 

Table 5/8 shows the minimum annual savings to be cost effective in a 
range of periods for an investment of $1000. For example, taking the 
simple case of zero Discount Rate, then for a 10-year payback the annual 
saving clearly must be $100. In the less obvious case of a Real Discount 
Rate of + 5%, a 10-year payback would require an annual saving of $129.5. 

 

Negative Real Discount Rates are only likely to be encountered at times of 
high fuel cost inflation. 

For payback periods of less than about five years the calculation of Simple 
Payback is adequate. Only when much longer paybacks are being 
considered, or in cases of very high discount rates, need the discounted 
payback be used to indicate cost effectiveness. 
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 6.0 CASE STUDIES 

 6.1 Bungalow at Piccadilly, St Pauls Parish, Antigua. 

This project is of interest since the design was influenced by the contents 
of the Draft Handbook. It was designed by a British practice, John Howe 
Associates, for a client about to return to Antigua. The design has 
proceeded to RIBA Stage D, where all but the working details are 
produced. The project now has planning permission and it is anticipated 
that building will proceed soon under the supervision of a local architect. 

We will now give an outline description of the design, referring to sections 
in the Handbook where appropriate. 

Site (microclimate 2.1.5) 

The site is pre-determined but offers favourable possibilities. It slopes 
down to the north, offering good access to the prevailing NE wind. The road 
to the south supports the E-W orientation of the building. At present there 
is low scrub on the site but proposed planting and landscaping includes a 
planted screen to protect the east wall, and palms to shade and delineate a 
secluded lawn without reducing the valuable breeze (3.6.4). 
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Strategy (Climate comfort analysis for the Caribbean 2.3) 

The client agrees to the passive approach, accepting the strategy of 
shading and high rates of ventilation. 

Reduction of solar gains through fabric (3.2) 

Roof — Lightweight corrugated sheeting painted light beige, ventilated 
cavity, aluminium foil, 50mm fibreglass (or equivalent), plaster 
board. This gives a Solar Heat gain Factor of less than 2%. (Further 
insulation is not worthwhile.) 

Walls — Walls are of rendered cavity blockwork — good for resisting driven 
rain. North and south walls are fully shaded by overhang. West 
wall is protected from low angle sun by open screen wall to 
carport. East wall will ultimately have protection from planted 
screen. Master bedroom east wall is buffered by bathroom. East 
and west walls to be painted very light colour. Cavity construction 
will assist in resisting gains through east wall. 

Reduction of solar gains through openings (3.3) 

Most openings situated on north and south walls, fully shaded by 
overhangs. These openings are also protected by louvred shutters which 
control glare and provide security whilst permitting ventilation. Openings 
on east wall are protected by light coloured louvres and screen planting. 

Reduction of lighting gains (3.4) 

No spaces require permanent artificial light and all rooms have large but 
shaded windows. Open/closeable louvre shutters over glazing allow 
maximum use of daylight even during bad weather. 

Ventilation and air movement (3.6) 

Planning — master bedroom on NE corner facing prevailing wind. Living 
room has cross-ventilation. Kitchen on SW corner (lee side) of 
building. Bedrooms 2 and 3 are "double banked" (see fig 
3/63) demanding underfloor fresh air delivery facilitated by 
the elevated floor deck and sloping site. Also same applies to 
kitchen. 

Openings — Floor vents located in plinths under cupboards, closeable by 
simple flap during storms. Louvres beneath windows provide 
air movement to seated person and over beds. Large ridge 
vent provides central extract to kitchen, living room, and 
master bedroom via lobby. Ridge effect and stack effect 
(3.6.3, 3.6.4). Closeable for storms. Also outlet for ventilated 
roof void. 

The design includes the provision of a large water storage tank beneath the 
elevated floor, and also provides a suitably south facing roof surface for the 
installation of solar panels. 
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6.2 Samuel Jackman Prescod Polytechnic of Bridgetown, Barbados 

This large campus is set out on a SW facing slope in the form of shallow 
terraces interconnected with covered walkways, (fig 6/7). This spacious 
layout permits cross-ventilation and natural daylight to all spaces. The 
terraces run N-S, (not the optimum orientation for shading as decribed in 
3.3.2). Shading is not attained early morning and later afternoon, but the 
insolation is minimised by the rise in the land to the east, and the use of 
perforated clay block walls only, on the west. The orientation does 
however, maximise the benefit from the prevailing east wind. 

The layout plan fig 6/5 shows the extensive planting which when mature 
will greatly enhance the site. The palms will provide shade without 
impeding the flow of air. The immature plants can be seen in fig 6/6. This 
view shows adminstration block with the library on the first floor. The deep 
overhangs shade the west and north facing glazing. On the left of the 
picture, the stair tower shows the characteristic perforated block found on 
most west facing walls. 

 

The classrooms and workshops are connected to the communal buildings 
by a system of covered walkways, as shown in fig 6/7. These are 
open-sided and roofed in green translucent plastic sheeting providing 
shelter from rain and sun. The windward side (east facing) of the 
workshops is shown in fig 6/8.The centre-pivoted glazed screens admit 
light when open or closed, and can be used to direct the airstreams onto 
the occupants. This exemplifies the recommendations made in 3.6.5. Note 
the very deep overhangs required to protect from the morning sun. The 
drainage channels on the ground are also evident. 
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Fig 6/9 shows the leeward (west) wall of the workshop. Again the deep 
overhangs are evident. The roof structure incorporating a protected roof-
light is of hollow pot construction with the interconnected voids 
ventilated by stack effect. The outlets can be seen at the ridge. This form 
of cooling could not be as effective as a double roof, since the limited air 
flow through the narrow channels would not remove the heat fast enough. 
Also it is not possible to prevent radiative transfer across the voids in the 
blocks, and conductive transfer through the solid parts. The roof does not 
comply with the recommendation of isolating solar heated mass from the 
interior. However, the white finish reduces the absorbed .radiation to a 
minimum. 

The rooflights together with the openings in the walls, provide good 
daylighting. However, some of the blocks are two storey and for the ground 
floor rooms the absence of the rooflights together with the necessity for 
the deep overhangs results in the daylighting being marginal. However, 
these rooms are noticeably cooler. 

Fig 6/10 shows the examinations hall, one of the three deep plan buildings. 
Cross-ventilation is attained through the very substantial openings in the 
walls, closed by large movable panels. These huge openings are protected 
by a deep overhang also providing a walkway. The solution to the 
daylighting is an interesting and unusual feature. The deep plan building is 
illuminated by a large shaded rooflight, light entering the roof void around 
the perimeter and emerging into the space below through the egg-crate 
ceiling shown in fig 6/11 

(We visited the Polytechnic as part of the Training Workshop held in 
1983. We were very impressed and found it most encouraging that 
such a fine and prestigious project should be designed in this way.) 
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6.3 Crafts Market, Conway, Castries, St Lucia. 

This recently completed building of 85 sqm, houses four small shop units 
for the sale of craft goods. It has no air-conditioning, comfort being 
attained by cross ventilation, and shading by deep overhangs. As can be 
seen from the photograph fig 6/12 a major feature is the ridge 
ventilator/rooflight, which overcomes the problem of the double-
banked shop units and provides daylight deep into the building, as 
well as being a visually interesting feature. 

The building is located in a flat site in a run down area chosen for an urban 
renewal programme. It is built of concrete blocks, with timber framing and 
galvanized steel roofing. Bamboo is used to form the gable walls and the 
rooflight is covered with corrugated plastic sheet. 

The building has been well liked by its users and has received favourable 
publicity in the local press. 
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fig 6/13 Energy consumption of air-conditioned commercial buildings in Curacao, 
Netherlands Antilles. Source — F Rosheuval 
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Al INTRODUCTION TO UNITS AND BASIC CONCEPTS OF BUILDING 
PHYSICS 

A1.1 Temperature — scales 

Although the centigrade scale is useful having the fixed points at 0°C and 
100°C, we must remember that these are arbitary points. Only the absolute 
scale has a real zero. To convert Fahrenheit to Celsius we can use the 
equation: 

T°C = (°F — 32) x 5/9 

Note that the "size" of a Celsius degree is the same as a Kelvin degree. 

 

A1.2 Energy 

The Btu and Calorie are defined thermally in terms of a standard mass of 
water (lb or gm). They may be a familiar unit but we are not using them 
here. In the SI system of units we use the Joule. 

The Joule is defined mechanically, in relation to force and distance. It is 
the energy required to move a force of one Newton over a distance of 
1 metre. 

Joule is a quality of energy and can be applied to any kind of energy. 

Power is rate of energy supply. The unit is the 
Watt. 1 Watt = 1 Joule/sec. 

We are familiar with Watts being used to describe electrical power, but 
they may be used for any kind of power, in the same way that the Joule 
may be used to describe any form of energy. 

The Watt is a small unit, hence the Kilowatt, i.e. 1000 Watts, is often used. 
The Joule is also a very small unit — often in building physics the Megajoule 
(MJ) is used, i.e. 1,000,000 Joules. However, in this handbook we use the 
Kilowatt hour (kWh); this is 1000 Watts for 1 hour (3600 seconds) — thus 1 
kWhr = 3.6 MJ. 

Heat energy is related to temperature by a property of matter called 
Specific Heat. 

We are mainly concerned with heat energy associated with changes of 
temperature (fig 2). 

The Specific Heat (SH) is the quantity of energy required to raise the 
temperature of 1 kg of material by 1°C. The specific heat is a property of 
material. Examples are shown in table A1. 
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Note that water has an exceptionally high specific heat. The reasons for this 
relate to the unique molecular structure of water. The implications are 
important since it is the high thermal capacity of the sea which is a 
dominant factor in Tropical Island Climate. 

Note that although many of the materials have similar specific heats, their 
densities are widely different. Thus the heat capacity of a given volume of 
material will be widely different. Sometimes the Specific Heat is defined in 
terms of volume, rather than mass, i.e. the quantity of heat to raise the 
temperature of 1 cubic metre of material by 1°C. It is then known as the 
Volumetric Specific Heat. 

The volumetric specific heat of air is particularly useful since we will use 
this to calculate heat loss (or gain) to a building due to ventilation. 

The term sensible heat means that heat which causes a change of 
temperature, i.e. the heat is "able to be sensed". 

A1.3 Latent Heat 

Under the particular conditions of a change of phase, e.g. the melting of a 
solid or the evaporation of a liquid, heat may flow into a material without a 
resulting change of temperature — this is Latent Heat 

The latent heat is defined as the quantity of heat required to change 1 kg of 
the material from one phase to the next phase (fig 3). The latent heat from 
solid to liquid is the Latent Heat of Fusion. The latent heat from liquid to 
gas is the Latent Heat of Vaporization. 
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In architectural applications we are mainly interested in the evaporation of 
water. 

It is important to realise that evaporation can take place below the boiling 
point of liquid. If this occurs, the latent heat is subtracted from the sensible 
heat of the remaining material, which leads to a fall in temperature (fig 4). It 
is of concern to us since it is the basis of evaporative cooling, both from the 
body as perspiration, and by mechanical means using wetted surfaces 
water sprays in conjunction with air-conditioning. 

 

The rate at which evaporation of liquid will take place is dependent upon 
the amount of water vapour which is already outside the liquid water. 

When the volume of air cannot hold any further quantities of water, it is 
said to be saturated. Consider an open pot of water (fig 5). Any 
water molecules leaving the surface will be lost, or at least convected 
away from the surface of the water. We now place a lid on the pot. 
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The concentration of water molecules quickly builds up until on average 
there are as many molecules returning to the surface as there are 
leaving, i.e. a dynamic equilibrium has been set up. The air above the 
water is now said to be saturated. 

If we increase the temperature of the water, the molecules will become 
more energetic, and leave the liquid at a greater rate. This means that the 
air above will now contain more water molecules when equilibrium is 
reached. In fact the saturation water content of air is strongly dependent on 
temperature as illustrated in table A2. 

 

Here Moisture Content is simply expressed in gms water/kg dry air. 

The total pressure of the atmosphere is the sum of partial pressures of the 
constituent gas. (These partial pressures are virtually proportional to their 
concentrations). Thus moisture content can be described by Vapour 
Pressure, measured in the usual units of millibars. 

The moisture content of air is often expressed as Relative Humidity. 
This is defined as the ratio of the moisture content of the given volume 
of air, to the saturated moisture content of that same volume of air at 
the same temperature. 

The rate of evaporation is dependent upon the amount of moisture 
already in the air. Obviously if the air were saturated, the rate of 
evaporation would be zero. Since evaporation causes cooling by the 
subtraction of Latent Heat, the cooling effect is also dependent upon the 
moisture content of air. This has much bearing on thermal comfort. 

The Wet and Dry bulb thermometer relies upon dependence of 
evaporative cooling on moisture content. The depression of the wet bulb 
temperature below the dry bulb temperature can be used to calculate the 
moisture content (fig 6). 
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Dew Point is the temperature at which a given volume of air would 
become saturated if cooled. It corresponds to the temperature of a surface 
upon which condensation will take place. 

Vapour Pressure, absolute Moisture Content, Relative Humidity, Wet and 
Dry bulb temperatures are brought together on the Psychometric Chart 
(fig 7). 

A1.4 Energy Flows 

So far we have dealt with energy in the form of sensible heat, i.e. that 
energy which gives matter temperature, and latent heat (energy which 
changes the phase of matter). 

We now consider the way energy flows from one point to another. 

We can identify three ways: 

i)  Conduction 

i i)  Convect ion 

i i i )  Radiation 

Conduction is the flow of sensible heat through a material from one point 
at a high temperature to another point at a lower temperature (fig 8). 
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K is the conductivity, and K/L is the conductance of the element of unit 
area. 

The inverse UK is the resistance — it is a convenient parameter to use when 
adding layers of material; you can simply add resistances together. 

Convection is the transport of sensible heat (could be latent heat as well) 
by the movement of mass, i.e. a flow of material. Usually we are concerned 
with air, but in engineering design we might also be interested in 
convection in liquids such as water. 

Heat flow by natural convection is much more difficult to quantify since it is 
sensitive to the geometry of the situation (fig 9). 

 
Air is a very good insulator, so that transfer of heat from air to a solid 
material takes place largely by convection. All but a very thin layer of air in 
contact with the surface is free to circulate. This remaining layer of air has a 
small insulation value or resistance. It is called the Surface Resistance. 

Fig 10 illustrates the adding together of resistances due to material plus the 
resistances of surfaces or cavities, to give the U-value. 

 

 



 

192 
 

 

 



 

193 
 

Radiation is a form of energy flow quite unlike the previous kinds of energy 
we have dealt with. It is energy in the form of electric and magnetic waves 
which travel with the speed of light through any medium provided it is not 
absorbed or reflected. 

Thus visible solar radiation travels through space from the sun, through the 
atmosphere, through a glass window, but does not travel through the floor, 
because it is absorbed or reflected by the material of the floor. 

It is only when radiation is absorbed that it becomes heat (fig 11►. 

 
(The principle of good "solar design" is that the energy is much easier to 
deal with whilst it is radiation, rather than allowing it to become heat and 
then taking steps to remove it.► 
Fig 12 showing the functioning of different kinds of glass nicely illustrates 
the processes of Transmission, Reflection and Absorption. 
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The solar spectrum is predominantly in the visible region but we are also 
concerned with a long-wave radiation from bodies much cooler than the 
sun. 

Consider a building at night, after having been heated by solar radiation 
during the day (fig 13). 

The net amount of radiation lost is dependent upon the temperature 
difference between the sky and the building, and the emissivity of the 
building surface. 

A perfect emitter of radiation has an emissivity of 1.0. Most non-metallic 
building materials have emissivities close to 1.0 whilst materials such as 
polished aluminium have very low emissivities — around 0.05 (table A3). 

 

Units of radiation 

Radiation occupies space (i.e. a sunbeam is not a line in space but a 
volume). This energy flows through a surface at right angles to the 
direction of the radiation. Thus the units used are that of an intensity, 
i.e. energy flow per unit area.The SI unit is Watts/m2. 
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Effect of "radiation insulation" 

Heat flow across a cavity is by radiation and convection. The proportion of 
radiation and convection varies with orientation (vertical, horizontal) and 
heat flow direction (fig 14). 

The Radiant component may be reduced by using low emissivity high  
reflectivity coating (e.g. aluminium foil) on either surface facing the cavity;  
this is particularly effective for roofs, but will inhibit radiative cooling at night 

 

A1.5 Solar Heat gain Factor (SHF) 

This is a useful parameter to indicate the insulation of the building against 
solar gains through the fabric (fig 15). It is defined as: 

the ratio of (transmitted solar energy) for zero air temp differences 
to (incident solar energy) 

it is dependent upon — absorptivity of the external surface. 
—  U-value 
—  mass per square metre 

This is a very convenient parameter to use in tropical design, provided 
values have been determined for new or innovative constructions. New 
values can now be calculated for lightweight structures as in 3.2.7. 
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Passive and Low Energy Building Design 
for Tropical Island Climates 
As expectations and standards of living rise in the Developing Countries we can 
expect a surge in the demand for electrical power for air-conditioning and 
lighting. Too many new building designs seem to be inspired by examples from 
cooler climates, thereby requiring heavy investment in air-conditioning 
equipment and commitment to high running costs. Most electrial power in 
island states is produced from imported oil, creating a considerable national 
financial burden. 

This Technical Handbook aims to assist the Architect and Engineer in the 
problem of Energy Conservation in Buildings in the Tropical Island Climate. 
Two cooling strategies are identified: firstly, AVOIDANCE where passive 
techniques are applied to such an extent that the need for mechanical cooling 
plant is avoided; secondly, REDUCTION, where air-conditioning is required, but 
passive techniques are employed to keep the air-conditioning load to a 
minimum. 

The following topics are covered, including in most cases quantitative 
analytical procedures — 

Climate and micro-climate 
Thermal comfort 
Building envelope specification 
Shading design 
Daylighting 
Ventilation and air movement 
Advanced passive cooling techniques 
Energy calculations 
Case studies 
Basic building physics 

The energy calculation method (PACE) has been developed for the evaluation of 
performance of various passive measures, so that their cost effectiveness may 
be established. Tables of data and printed worksheets are provided for the 
method. The book is illustrated with over 150 diagrams and photographs. 

Apart from the issue of energy conservation, many of the techniques described 
in the Handbook are equally applicable to low cost housing, where their 
adoption would ensure acceptable comfort conditions at minimum cost. 
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