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INTRODUCTION

.... The architect should be equipped with knowledge of many branches of study and varied kinds of learning, for it is by
his judgement that all work done by the other arts is put to test.....

... He ought, therefore, to be both naturally gifted and amenable to instruction. Neither natural ability without instruction
nor instruction without natural ability can make the perfect artist. Let him be educated, skilful with the pencil, instructed in
geometry, know much history, have followed the philosophers with attention, understand music, have some knowledge of
medicine, know the opinions of the jurists, and be acquainted with astronomy and the theory of the heavens...

Marcus Vitruvius Pollio, De Architectura, Year 15 B.C.

1.1 BACKGROUND

Climate change and resource depletion are the main
challenges that mankind has to face in the 21°t century.
Through its impact on ecology, rainfall, temperature and
weather systems, global warming will directly affect all
countries. Nobody will be immune to its consequences.
However, some countries and people are more vulnerable
than others. In the long term, the whole of humanity faces
risks but the more immediate risks are skewed towards the
world’s poorest and most vulnerable people.

We know that the world is warming and that the average
global temperature has increased by around 0.7 °C since
the advent of the industrial era. We also know that this
trend is accelerating: average global mean temperature
is rising by 0.2 °C every decade. With the global rise
in temperature, local rainfall patterns are changing,
ecological zones are shifting, the seas are warming and
the ice caps are melting.

The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change' (IPCC) states that significant
global impacts on ecosystems and water resources are
likely at global temperature rises of between 1 and 2 °C,
and that net negative impacts on global food production
are likely to occur at temperature increases from 2-2.5 °C
upwards, compared to pre-industrial levels (Fig. 1.1-1). The
IPCC report also says that up to 2050 substantial global
emission reductions of at least 50% below 1990 levels
are needed, with additional global emission reductions
beyond 2050, moving towards a zero carbon economy by

1 http://www.ipcc.ch

the end of the century. This is the only way to keep the
temperature increase to 2 °C, which is considered to be
the maximum we can afford without incurring catastrophic
consequences.

The present situation is very worrying. In 2010, world
greenhouse gas (GHG) emissions reached 7 tons CO: eq
per capita?, with a large gap between developed and
developing countries (Fig. 1.1-2). To achieve the 2 °C
target, world GHG emissions should be reduced to 2 tons
COzeq per capita. EAC countries are presently at about this
level; the challenge is to keep the same level of emissions
without curbing economic development.

Resource depletion is another critical issue. Both mineral
and biological and resources are being depleted and little
is going to be left for our descendants. Most essential
minerals are going to last less than 40 years (Fig. 1.1-3),
because of the progressive reduction of the ore grades.

Biological resources are also being rapidly depleted: our
ecological footprint is growing and the planet’s biocapacity
is shrinking. Since the 1970s, humanity’s annual demands
on the natural world have exceeded what the Earth can
renew in a year. This “ecological overshoot” has continued
to grow over the years, reaching a 50 per cent deficit in
2008.

2 Total GHG gas emission in 2010 was 48628 Mton eq (source: Ecofys, Updated
information on the world'’s greenhouse gas emissions, 2013 - http://www.
ecofys.com/en/news/updated-information-on-the-worlds-greenhouse-gas-
emissions/) and the world population 6916183 thousand (source: UN, Dept.
Economic and Social Affairs - http.//esa.un.org/unpd/wpplunpp/panel_
population.htm)
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FIGURE 1.1-1 IMPACT OF 2 °C GLOBAL TEMPERATURE INCREASE
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FIGURE 1.1-2 GREENHOUSE GAS EMISSIONS IN THE YEAR 2000
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FIGURE 1.1-4 ECOLOGICAL FOOTPRINT BY GEOGRAPHICAL GROUPING, 2008
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This means that it takes 1.5 years for the Earth to
regenerate the renewable resources that people use,
and to absorb the CO:2 waste they produce in one year®.
Developed countries have a very high per capita ecological
footprint, higher than developing countries. The overall
impact on the global ecological footprint, however, is
comparable because of the larger population of the
latter (Fig. 1-4). It is also important to compare ecological
footprint and biocapacity in each individual country.
In 1961, for example, Kenya and Tanzania’s Ecological
footprint was lower than the countries’ biocapacity. In
2009 the situation was reversed and Kenya had a deficit
of about 0.5 Global Hectares per capita and Tanzania of
about 0.24,

1.2 THE BUILDING SECTOR

In 2010 the worldwide building sector was responsible
for 24% of the total GHG emissions deriving from fossil
fuel combustion, second only to the industrial sector
(Fig. 1.2-1); but, if the embodied energy of construction
materials is included, the share is far higher and the
building sector becomes the prime CHG emitter. Thus,
building design and construction have a significant effect
on the chances of meeting the 2 °C target . This is even
truer when we take into account the fact that most of
the energy presently consumed in buildings in developing

3 WWHF, Living Planet Report 2012
4 Global Footprint Network - http://www.footprintnetwork.org/en/index.php/
GFN/page/footprint_for_nations/

countries is biomass and that the expected improvement
in living conditions will lead to a shift from biomass to
fossil fuels, dramatically increasing CO2 emissions (in
developed countries, the building sector is responsible for
40% of fossil energy consumption). The increase in EAC
countries, in the absence of sustainable building design
and construction, would be even more dramatic, since the
share of final energy consumption of the building sector is
well above 60%.

Developing countries are going to play a decisive role in
the future world energy scenario, as a consequence of their
economic development. Industrial energy consumption
will grow, and a dramatic increase in energy consumption
for transport can be expected, with the growth in the
number of vehicles on the roads - if the currently accepted
worldwide approach to mobility does not change.

The increase in energy consumption in the building
sector can be expected to be even more dramatic, not only
because air conditioning will spread and the number of
domestic electric and electronic appliances will grow, but
also because of the increase in the number of buildings.
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FIGURE 1.2-1 WORLD GHG EMISSION FLOW CHART, 2011
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While in Europe it is expected that, by the year 2050,
some 25-30% of the building stock will have been built,
in developing countries that figure can be estimated at
close to 75%. If all these new buildings are as energy
consuming as the present ones, it will be impossible to
meet the target of curbing CO2 emissions to an acceptable
value.

The building sector must therefore do its part, and the
long-term goal is to transform buildings from energy
consumers into net energy producers. This, of course, will

be possible for new buildings, which will have the task of
compensating for the inevitable energy consumption of
existing ones — but even this has to be greatly reduced.

The challenge is unprecedented and will require (in fact
it already requires) a radical transformation of the methods
of designing and building. The reduction of CO2 emissions
by reducing energy consumption is the top priority facing
the construction industry today.
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FIGURE 1.3-1 THE PHASES OF THE DESIGN PROCESS IN WHICH CHOICES HAVE AN INFLUENCE ON A BUILDING'S

ENERGY PERFORMANCE AND COMFORT
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maximum comfort with the minimum primary energy
consumption (and thus to minimise GHG emissions),
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process (Fig. 1.3-1). Factors such as climate, master
plan, building shape, facade design, the thermo-physical
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plan, must play a role in decisions.

To achieve this goal, a high level of integration among
the skills called into play in the design process is required.
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The design process, nowadays, is based on a linear path,
in three steps: architectural design, followed by design of
the mechanical systems (when the building is equipped
with an air conditioning system), and then construction
(Fig. 1.3-2). The architect — because of his training —
usually knows little or nothing about building physics;
consequently architectural choices very often have a
negative impact on the building’s energy performance,
and on the occupants’ comfort.

This approach is incompatible with the design of low
energy, high comfort buildings. It is necessary to change
the design methodology, and make use of an integrated
design model that includes, inter alia, the introduction of
new professional expertise: the energy expert (Fig. 1-8).

FIGURE 1.3-2 USUAL DESIGN PROCESS
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The energy expert must have an in-depth knowledge
of building physics; he must be able to interact with the
architect and with the mechanical engineer; he must
not only be capable of managing rules of thumb, but he
must also be able to use sophisticated simulation tools
for evaluating the energy performance of the building,
thermal comfort, daylighting, natural ventilation and all the
passive means of reducing energy demands. From these

Consheuction

=>

evaluations the energy expert derives recommendations
for the architect and the mechanical engineer who, in
turn, modify their design choices accordingly, proposing
new solutions that have to be re-evaluated. This circular
process is repeated until a satisfactory solution is reached,
taking into account not only energy, but also aesthetics,
functionality and economy (Fig. 1.3-4).
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FIGURE 1.3-3 INTEGRATED DESIGN
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It is also essential that these skills are integrated from the
earliest stages of the process. Indeed, it is in these phases
that most critical decisions are taken, greatly influencing
the energy performance of the building, the comfort of
the occupants and construction costs (Fig. 1.3-5).

Of course, the new process is more time consuming and
expensive, but its higher cost is outweighed not only by
the lower energy bill and the greater comfort, but also by
the lower construction costs, compared with the cost of a
building with the same energy performance but designed
through the usual design process; this is also because the
unfortunately common practice of oversizing a building’s
components and HVAC systems can be avoided.

It is not sufficient, however, that the new design process
integrates new expertise, and that it changes from linear
to circular. It is also necessary to define a planning strategy
which focuses on creating a low energy, comfortable
building that is not simply a “normal” building in which
renewable energy is used instead of oil or gas. It should
be a building designed in a different way, using the
planning strategy depicted in figure 1.3-6. which shows
that maximum effort must go into minimising the amount
of energy needed to provide high levels of thermal and
visual comfort, by means of appropriate architectural
design. Only after this has been done can the issue of
maximising the energy efficiency of mechanical systems

FIGURE 1.3-4 SUSTAINABLE DESIGN PROCESS
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and their appropriate control be tackled. Eventually, if the
process has been carried out in the best possible way, the
amount of primary energy needed will be very small and it
will be easily supplied from renewable sources: the higher
the energy efficiency of the whole building+HVAC system,
the lower the size, and hence the cost, of the renewable
energy production system.
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FIGURE 1.3-5 THE EARLIER THE INTEGRATION OF EXPERTISE IN THE DESIGN PROCESS, THE GREATER
THE IMPACT ON PERFORMANCE, AND THE SMALLER THE COST
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1.4 CONSTRUCTION MATERIALS

About 40% of the raw materials and energy produced
worldwide are used in the building sector.

The production of cement, steel, glass, aluminium and
baked bricks, which are the basic building materials for
most modern constructions, have very high environmental
impacts, consume the most energy and cause the majority
of the GHG emissions in the construction sector® because
their production requires the processing of mined raw
materials at a very high temperature.

The cement industry is responsible for ~1/4 of the annual
worldwide COz emissions from fossil fuels®.

The production of iron and steel, which is also used
in reinforced concrete, is responsible for more than 4%
of the total energy use worldwide and the related GHG
emissions’.

The production of glass also causes immense GHG
emissions because its production is very heat energy
intensive, but glass can also help to save and gain energy
if it is utilised in an appropriate way, not according to the
present architectural fashion. Intelligent use of the available
natural materials such as inorganic materials (e.g. natural
stones and clay) and especially the utilisation of building
materials made out of organic raw materials, produced
from biomass which is renewable, can lead to a significant
reduction in the GHG emissions and the environmental
impacts caused by the production of building materials.

Developing countries need not go through the same
process of development as that followed by developed
countries. Instead these countries can choose to base all
future development on the principles of sustainability®.

Sustainable construction practices in the developing
world have to be achieved as soon as possible, because
the building and construction sector in these countries
is growing very fast. Additionally the shift towards
sustainability in the construction sector may play an
important role in shifting the economic structure towards
sustainability and in improving the quality of life of the
poor. Innovations in sustainable building materials,
construction methods and architectural design can be
based on traditional knowledge and practice, which
are in general relatively well adapted to local climates
(see chapter 4) and use locally available materials.

5 (B, UNEP - IETC; “Agenda 21 for Sustainable Construction in Developing
Countries”; South Africa 2002

6  UNEP DTIE IETC, Basic Principles and Guidelines in Design and Construction to
Reduce Greenhouse Gases in Buildings

7 World Resources 2000-2001, http.//www.wri.org

C. du Plessis, Agenda 21 for Sustainable Construction in Developing Countries,

CSIR Building and Construction Technology, 2002 - http://www.cidb.org.za/

documents/kc/external_publications/ext_pubs_a21_sustainable_construction

pdf
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Development also has to be adapted to specific
ecological, economic and social conditions in order
to meet present and future needs and requirements.

However, the majority of people want to use “modern”
and “fashionable” building materials, such as metal sheets
as roofing material and cement blocks and cement plaster
as wall building materials, not because the indoor climate
is better than in houses built with traditional materials and
methods, but because it looks “modern”. The utilisation
of these techniques in cities requires rethinking; politicians,
investors, city planners and architects in particular should
abandon the vision of the architecture and town planning
of the 20th century, which has proved to be unsustainable.

1.5 ARCHITECTURE IN TROPICAL
CLIMATES

In developed countries, which are mostly located in
cold climates, the main cause of energy consumption
in buildings is heating, but the efforts to curb this
consumption are being more and more frustrated by the
growth of air conditioning. In EAC climates the challenge is
only the latter®. The growth in energy consumption for air
conditioning is due to the need to live in more comfortable
spaces, and this is justified, but it is exacerbated by two
other factors: inappropriate architecture and the wrong
approach to thermal comfort. The former can be offset
by following the principles of sustainable building
design, but the latter requires a behavioural change.
Temperatures in North American air conditioned buildings,
and unfortunately also in buildings in most developing
countries, are far below the physiological requirements
for thermal comfort. Temperatures set below 24 °C are
common in all commercial buildings, often requiring
occupants to wear a pullover or a jacket and — in hotels
— to use blankets. This does not happen in Europe, where
temperatures in air-conditioned spaces do not usually fall
below 25 °C.

In tropical climates, therefore, the challenge for
containing the growth of energy consumption in buildings
is not limited to a change in the mentality of architects and
builders, but also in the mentality of final users.

The combination of both a well-designed building,
where solar gains are controlled and natural ventilation is
fully exploited, along with a change in comfort principles,
can dramatically reduce energy consumption for air
conditioning and provide very good conditions of comfort.

Sustainable architecture in tropical climates is a still
an unexplored field, and it is an extraordinary challenge
for architects, who should be willing to integrate basic
information about building physics and aesthetics, and to

9 Some increase of energy consumption for heating can be expected in
high upland climate, but is absolutely negligible compared to that of air
conditioning in all other climates
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abandon the approach, (now old and out-dated) which
imitates the architecture of developed countries.

1.6 ANEW ENERGY SYSTEM FOR CITIES

When, about two centuries ago, the first gas networks
were built in our cities, the basis for the present urban
energy system was set up. At that time coal was the only
fossil energy source used. A little more than a century
ago urban electric grids appeared, and coal was slowly
replaced by oil and natural gas. Wood and charcoal soon
disappeared; horses were substituted by cars and public
transportation systems started to develop. At the beginning
of the last century the main cities of the western world
were provided with a sewage system, a water network and
a solid waste collection system. There was no more hard
work carrying water from the fountains, there were no
more epidemics, instead there were comfortable interiors
with heating, cooling and electric lighting, an easier life
at home with domestic appliances, and fast mobility. The
quality of life was revolutionised thanks to cheap fossil
fuels and to the technologies fed by them.

Cities slowly changed, and learnt to metabolise fossil
fuels, building up an urban energy system and an overall
metabolic system that left no room for recycling: the
saturation of the environment with wastes was not an
issue. At the end of the process a new organism, the
modern city, was born, fit for an environment that was
assumed to be an infinite source and an infinite sink.
The present urban energy system is designed on this
assumption, and for this reason, it is incompatible with
the extensive use of renewable energy sources; in the
same way you cannot feed a lion with vegetables, it needs
meat. Our task is to transform, with some sort of genetic
engineering, our carnivore — the fossil energy based
city — into a herbivore, the renewable energy based city.
Unfortunately we do not have two centuries in front of
us; we must do it in less than forty years. Forty years to

redesign the energy systems of our existing settlements
and less than twenty to learn how to design all the new
ones in a different way. In the 1970s — after the first oil
shock — a few pioneers began to introduce the energy
issue into architectural design. Guidelines for low energy
building design were implemented, and now they are
becoming compulsory practice in the European Union and
in some other countries .

Now is the time to introduce the energy issue into urban
design, since the most significant energy savings can be
obtained on this scale by redesigning the overall energy
system.

This implies changing the priorities in the formal design
of urban layout and in the organization of urban functions,
but this is not all. The Distributed Energy Resources (DER)
approach must be introduced. This consists of many small
scale interconnected energy production and consumption
units instead of a few large production plants.

It is the only way to design new settlements (or re-
design existing ones) that are capable of relying mostly on
renewable energy sources. It also implies an evolutionary
jump towards a far more “intelligent” urban energy
system, because a distributed control system is also
needed — made possible by the present developments
in the information and communication technologies. A
change in the energy paradigm is the only chance we have
of coping with the present world trend, which is leading to
either economic or ecological catastrophe, or both.

Itis not an easy task, because it is a technological change
that implies a cultural change. The culture of architects
and city planners, of citizens, of entrepreneurs, of city
managers and politicians has to change.



\\

CLIMATES AND BUILDING DESIGN

2.1 CLIMATIC PARAMETERS

Weather is the state of the atmospheric environment
over a brief period of time in a specific place. Integrated
weather conditions over several years are referred to as
climate.

Different terms are used depending on the size of the
geographical area considered. We refer to macroclimate
for a large territory, meso-climate for a medium-size area,
local climate and microclimate for a small area at the level
of the individual or of a single confined space.

Local climate is generally related to an area ranging from
a few square meters to a few hectares. For example, it
can apply to the side of a hill, a valley or a portion of the
built area, and is characterized by more or less marked
changes in temperature, relative humidity, wind, sunshine,
etc., due to the particular nature of the topography, urban
morphology, orientation, nature of materials, proximity to
water, presence or absence of vegetation, etc.

The main climatic parameters influencing the energy
performance of a building are:

e solar radiation;
e air temperature;
¢ relative humidity;

e wind.

Solar radiation is the main driver of climate, since it
influences temperature and gives rise to regional winds.
The temperature at a given latitude depends on the angle
of incidence of solar rays to the ground: it is highest at the
equator and lowest at the poles. The higher the angle of
incidence (and thus the lower the latitude) the more energy
reaches the ground and the higher the air temperature.

Regional winds derive from the difference in air
temperature (and thus pressure) between northern and
equatorial latitudes.
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2.1.1 SOLAR GEOMETRY

The earth moves along an elliptical orbital trajectory
around the sun in a little more than 365 days, and also
rotates around its own axis, which is inclined by about
67° to the plane of the orbit. It takes about 24 hours
to perform a complete 360° revolution (Fig. 2.1-1). The
earth’s position during its own rotation may be defined by
the hour angle w, which is the angular distance between
the meridian of the observer and the meridian whose plane
contains the sun. This angle varies 15 degrees per hour, is
zero at noon and has positive values in the morning and
negative values in the afternoon (for example: at 10 a.m.
w=+30%at 13 p.m. w=-15°

Seasonal climate change is the result of the different
ways in which the sun’s rays hit the various regions of the
earth during the year. This is due to the inclination of the
plane of the equator, thus to the inclination of earth’s axis.
The tilt of earth’s axis with respect to the plane of the orbit
is constant but the angle formed between the line joining
the centre of the earth with the centre of the sun and the
equatorial plane changes day by day, or, it is better to say,
instant by instant. This angle is called the solar declination
8, is equal to zero at the spring and autumn equinoxes,
and is +23.45° at the summer solstice and -23.45° at the
winter solstice.

The angle of solar declination varies continuously, very
slowly, and for our purposes it can be assumed that its
value is approximately constant in a single day; it can be
calculated using the formula:

d = 23.45 si 360 N + 284
= 23. '5”!13(5(] ]I

i1
Where N is the progressive number of the day of the
year (N = 1 for 1°t Jan., N = 365 for December 31%; for
example: March 215t corresponds to N = 31 +28 +21 =
80).
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FIGURE 2.1-1 SOLAR DECLINATION ANGLE. (A) SUMMER SOLSTICE; (B) AUTUMN EQUINOX;

(C) WINTER SOLSTICE; (D) SPRING EQUINOX

As a consequence of the earth’s movements around
the sun, in the course of the year an observer on earth
perceives different solar paths, which are characterized
by variable heights and lengths, depending on time of
year and latitude. The latitude is represented by the angle
between the equatorial plane and the radius from the
earth’s centre to its surface at the specific location and
ranges from 0° at the Equator to 90° (North or South)
at the poles. Generally, in the calculations, the northern
latitudes are considered positive and the southern ones
negative.

In order to make the study of the solar geometry
more intuitive, it is convenient to refer to the apparent
movement of the sun, assuming that it moves on the inner
surface of a sort of dome (the sky dome), having as its
base the horizon line of the site (Fig. 2.1-2). In this way
(and it is consistent with our perception), the sun rises in
the east, climbs in the sky with a trajectory depending on
the hemisphere, the latitude angle ® and on the day of the
year, and sets in the west.

FIGURE. 2.1-2 APPARENT SUN PATH (EQUATOR)
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FIGURE 2.1-3 ANGULAR COORDINATES OF THE SUN

According to this assumption, the solar paths can
be defined, and the consecutive positions of the sun
in different days and months of the year can be found
through two angular coordinates (Fig. 2.1-3): solar
altitude, represented by the angle B between the direction
of the geometric centre of the sun’s apparent disk and
the horizontal horizon plane, and the solar azimuth angle
a, which is the angle, measured on the horizontal plane,
from the south-pointing' coordinate axis to the projection
of the line of sight to the sun on the ground.

Generally it is assumed that a is zero when the sun is
exactly in the south, has positive values eastward and
negative westward.

[t should be noted that, in some of the literature,
instead of the angle B, the angle 8, is used, which is its
complementary angle; this is the zenith angle.

Knowledge of solar geometry is very important for
architectural design and energy efficiency strategies, since
solar energy greatly influences the energy performance of
buildings. When the sun is low on the horizon, it is more
difficult to control its effect and the rays can penetrate
deeply through the windows. The contribution of light
could certainly be useful, but the associated thermal loads
can result in heavy energy consumption or in conditions
of discomfort.

It should be noted that in tropical and equatorial regions,
the sun has an altitude higher than 30° for about 75% of
the year. However, the high solar altitude makes the south
or north facades, on which more inclined rays fall in the
central part of the day, less critical than the east and west
ones during morning and evening, when the sun is low
and can penetrate more deeply into the buildings.

10  North as reference for measuring the azimuth angle may also be found

2.1.1.1 SOLAR AND LOCAL TIME

Solar time is usually used in solar work. This is measured
from the solar noon, i.e. the time when the sun appears to
cross the local meridian. This will be the same as the local
(clock) time only at the reference longitude of the local
time zone'. The time adjustment is normally one hour for
each 15° longitude from Greenwich, but the boundaries of
the local time zone can be different, for social, economical
or political reasons. In most applications in architecture
it makes no difference which time system is used: the
duration of exposure is the same; it is worth converting to
clock time only when the timing is critical.

Clocks are set to the average length of day, which gives
the mean time, but on any reference longitude the local
mean time deviates from solar time of the day'? by up to
-16 minutes in November and +14 minutes in February
(Fig. 2.1-4) and its graphic representation is the analemma
(Fig. 2.1-4).

2.1.1.2 SUN CHARTS

The apparent position of the sun can be calculated at
any place and time, using different algorithms taking into
account geographical, astronomical and time variables.

Alternatively, accepting some simplification, specific
charts can be used, referring to the latitude of the site, in
which the values of monthly average hourly solar elevation
and azimuth are shown.

11 This means that, if the site is located east of the reference meridian, when the
clock marks noon, the sun has already passed its highest point in the sky, and
vice versa if the site is located west

12 The variation of day length is due to the variation of the earth’s speed in its
revolution around the sun (faster at perihelion but slowing down at aphelion)
and minor irreqularities in its rotation.
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FIGURE 2.1-4 EQUATION OF TIME DIAGRAM
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FIGURE 2.1-5 ANALEMMA

Sun path diagrams are a convenient way to represent
. [ —— the annual changes in the sun path through the sky on a

L ol ol R o o o

T single 2D diagram.

gllSTC=IsaIoarIc SEE ey o] .L” (o e T ol G
=HH =y LridmamEsy tansuasas .
= e s T There are several ways of showing the 3-D sky
wERHE A - oo hemisphere on a 2-D circular diagram. They can be
R ‘L‘L—*ﬁg&,-,:__ R thought of as paths traced on the overhead sky dome,
w - J_?‘_’ ~HET projected on a horizontal plane (polar diagrams, or on
w R : E’-‘”ﬂjﬁ' i a vertical plane' (cylindrical diagrams). The most widely
HaEes ERaRE” dbk AN RAREEEEES used is the stereographic (or radial) representation, which
W i .,-.J"f’.- LVesEEEEEEEE uses the theoretical nadir point as the centre of projection
$ Sy AtaEass | (Fig. 2.1-6).
v P At o
g - e AEEEEEEEEEEEERESCE 41 s Polar diagrams
A EANNAEENENENENEEEES PE The polar sun charts are obtained by projecting the solar
r;;}* S e e paths onto a horizontal plane, on which the four cardinal
f nm Pt 1 T 1 o E axes are represented. These charts have a common base,
:rw}- 1 amua *-.-EL:?H; represented by a series of concentric circles and radial
e mE i straight lines that branch out from the centre (Fig. 2.1-7).
w;“ \LQ :, ‘ 1 1 'l I
T SR et The values of solar altitude B are represented by the
T e HE D"':" dﬁ""{.‘}. === DU circumferences (the outermost corresponds to B = 0°,

horizon, while the centre corresponds to B = 90°, zenith).

13 In this text we will refer only to the polar diagrams, more suitable in the
equatorial belt.



FIGURE 2.1-6 STEREOGRAPHIC POLAR DIAGRAM
CONSTRUCTION
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The values of solar azimuth a are indicated by the radial
lines, and can be read out as the angular distance from
the south-pointing coordinate axis. Polar diagrams show
seven curves, different for each latitude, plotting the
average path of the sun in two particular months (solstices,
December and June) and 5 pairs of symmetrical months (in
which the plots are practically coincident), i.e. :

e January and November;

e February and October;

e March and September (equinoxes);
e April and August;

e May and July.

The slightly curved lines intersecting the seven monthly
paths join the points corresponding to the same hour of
the different months. (Fig. 2.1-8).

Designing with sun charts

Sun path diagrams are used to evaluate how the sun
affects the design context. For instance, once the sun’s
position (that corresponds to a point on the chart) at a
given monthly average day and hour has been found, it
is possible to draw an imaginary line, ideally representing
the sun’s rays, from this point to the building (Fig. 2.1-
9). In this way one can predict which part of the building
will receive direct solar radiation at that time and at which
angle.

FIGURE 2.1-7 PROJECTION OF SOLAR PATH ON THE POLAR CHART

Solstice
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FIGURE 2.1-8 POLAR SUNPATH DIAGRAM OR SUNCHART AT THE EQUATOR

Latitvde:0°N

FIGURE 2.1-9 USE OF SUNCHART EXAMPLE

2.1.1.3 SURFACE SPATIAL COORDINATES

Once the position of the sun has been defined, the
description of the spatial position of irradiated surfaces is
needed, in order to analyse mutual interactions. For this
purpose, the following parameters are used (Fig. 2.1-10):

- vy, surface azimuth, is the angle between the horizontal
projection of the normal to the surface with the
south-pointing axis. It is 0° when the orientation
coincides exactly with the south, and takes positive
values eastward and negative westward, so that

Lﬂ*l."'uole: 0°N

how 4

you have y = 90° for east, y = -90° for west and
y = 180 ° for north orientation.

Y, tilt angle of the surface, indicates the angle formed
by the surface with the horizontal plane. It is ¢ = 0°
for horizontal and = 90° for vertical arrangement.

6, angle of incidence; it is formed by the sun’s rays
with the normal to the irradiated surface. It is 0° when
sun’s rays are perpendicular to the surface and 90°
when they are parallel to it.



FIGURE 2.1-10 SURFACE AZIMUTH v, TILT ANGLE v
AND INCIDENCE ANGLE 6

2.1.2 SOLAR RADIATION

The sun emits electromagnetic waves characterized
by wavelengths of between 0.1 nm and 10 km, which
include, among others, the ultraviolet, visible and infrared
bandwidths;. However, the range in which most of the
energy falls is much more restricted: 95% of all the energy
that reaches the earth falls between 300 and 2400 nm. A
more detailed analysis of the spectrum (Fig. 2.1-11) shows
that nearly 50% of the solar energy reaching the earth
falls in the visible range (380-780 nm).

FIGURE 2.1-11 SOLAR SPECTRUM
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The average power density of solar radiation on a
perpendicular surface outside the earth’s atmosphere is
about 1370 W/m2. On the earth’s surface, however, the
maximum value rarely exceeds 1100 W/m?, because of
the filter effect due to the atmospheric components (gas,
vapour, dust), which absorb and scatter part of the energy.
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The attenuation of the radiation penetrating the
atmosphere depends on the thickness it crosses. When
the sun is low on the horizon, the ray’s path through the
atmosphere is longer and the radiation undergoes a higher
attenuation, and vice versa when the sun is high in the sky
(Fig. 2.1-12).

FIGURE 2.1-12 SUN PATH LENGTH ACROSS
THE ATMOSPHERE
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The attenuation of the radiation is due to the absorption
and the scattering caused by the components of the
atmosphere (oxygen, ozone, nitrogen and nitrogen
oxides, carbon dioxide, water vapour, aerosol, etc.).
Both phenomena modify the solar spectrum; absorption
because it is selective (i.e. it takes place only for certain
wavelengths); scattering because the ratio of the energy
scattered in all directions (and thus also back towards space)
to that transmitted varies as a function of wavelength
and of the characteristics of the medium crossed. The
guota of radiation that reaches the earth’s surface after
the scattering process is called diffuse radiation, while the
radiation that comes directly from the sun and penetrates
the atmosphere is called direct radiation.

Diffuse radiation is a significant part of the radiation flux
incident on a horizontal surface. On a clear day, when the
sun is low on the horizon, the share of diffuse radiation
can be up to 50%. On a cloudy day scattered radiation
represents the total solar energy available at ground level.

2.1.2.1 SOLAR RADIATION ON A SURFACE

When calculating the solar radiation incident on a
surface, one can refer to two parameters, irradiance and
irradiation. Irradiance is the instantaneous solar power
incident on the surface; it varies instant by instant and is
measured in W/m?. Irradiation is the cumulative energy
captured from the surface in a given period (day, month,
year) and is measured in kWh/m?.
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Different methods can be applied to calculate the two
parameters, using mathematical algorithms or deriving
values from databases. For example the values referring
to a clear day may be derived from calculations that take
into account the latitude, the day and the thickness of
the atmosphere passed through hour by hour. It should be
noted, however, that not every day is clear and therefore,
for evaluations of long periods, it is convenient to refer
to average data, which take into account all the weather
conditions that may occur during the period under
consideration. These data may refer to the mean monthly
days or to the typical reference day, whichever one is
included in the typical reference year.

Any oriented and inclined surface on the earth
receives global solar radiation, which is the sum of three
components: direct, diffuse and reflected from the ground
or the surrounding surfaces (Fig. 2.1-13). It has to be
noted that in the case of a horizontal surface, which does
not “see” the ground, the reflected component is zero.

FIGURE 2.1-13 DIRECT, DIFFUSE AND REFLECTED
RADIATION

Global irradiation can range from a few dozen watts
per square metre (at sunrise, sunset, or when the sky
is overcast) to over a thousand (at noon or when the
sky is clear), while the value and the ratio of the three
components are highly variable and depend on specific
location, time, weather conditions and context.

In general, global irradiation increases from dawn until
noon and then decreases until sunset, but its values are
greatly affected by cloud cover and possible shading
obstructions.

Direct irradiation, which comes straight from the sun,
is influenced by the spatial disposition of the surface: the
more perpendicularly the rays strike it, the higher the
amount of energy incident on it.

Diffuse irradiation also depends on the spatial disposition
of the surface, and more precisely on how this “sees”
the sky dome. Since we can assume that the diffuse
component comes from all directions of the atmosphere,
the greater the portion of sky seen from the surface, the
greater the collected diffuse irradiation.

Reflected irradiation depends on the mutual spatial
disposition of the absorbing and the reflective surface,
on the incident radiation onto the reflecting surface and
on the albedo of the reflecting surface. The albedo is
the fraction of the total radiation that is reflected from
the irradiated surface and characterizes the reflective
properties of a surface, of an object or of an entire system.
Thus we speak of the albedo of desert, steppe, forest,
glacier, clouds, atmosphere, sea, of a continent or of the
Planet as a whole.

The local albedo is a fairly stable function of solar height
and varies considerably in relation to the colour, texture
and moisture of the surface. The values are lowest in
the case of ploughed and humid soil, and higher with
light-coloured sand (Table 2.1-1). By decreasing the
compactness of the soil or increasing its moisture content,
the albedo substantially decreases.

TABLE 2.1-1 ALBEDO OF SURFACES

Sand 0.75
Body of water 0.07
Soil, clay 0.14
Dirt roads 0.04
Forests, plants 0.26
Worn asphalt 0.1
Worn concrete 0.22
Fallen leaves 0.3
Dry grass 0.2
Green grass 0.26
Bricks 0.27
Dark plaster 0.2
Clear plaster 0.6
Field with woods on the edge 0.7
Large field with soil and dry grass 0.65
Field with scattered trees 0.62
Parks 0.5
Urban areas 0.25



2.1.2.2 LOCAL SOLAR RADIATION

Solar radiation incident on a surface varies continuously
depending on geographic location, slope, orientation,
season, time of day and atmospheric conditions (see
paragraph 2.1.2).

At a local level, the amount of solar radiation incident on
a surface is mainly affected by three parameters: the length
of the path of the sun’s rays across the atmosphere, the
composition of the atmosphere and shading obstructions.

Length of the path of the sun’s rays across the
atmosphere

On clear days solar radiation incident on a surface
increases with elevation. This is due to the fact that the
higher the site, the shorter the path of the solar rays
through the atmosphere before they reach the ground (Fig.
2.1-12). Diffuse radiation varies differently with altitude on
clear and cloudy days. Daily global radiation increases on
average by 1% for every 100 meters above sea level on
sunny days and 4% on overcast days.

Composition of the atmosphere

The effect of the composition of the atmosphere
is related mainly to the amount of water vapour and
suspended particulate. The influence of humidity is
particularly evident by comparing the blue colour of the
sky on a hot, dry day with the whitish colour typical of a
hot, humid day.

Due to air pollution, particulate is present mainly in urban
areas; for this reason solar radiation is typically attenuated.
In general there is an attenuation of direct radiation and
an increase in diffuse radiation.

Shading obstructions and topography
The shadows cast by surrounding obstructions can
change the actual availability of solar radiation on a given
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site, as can mountains or hills. The topography can also
influence the local intensity of solar radiation due to cloud
formations around the peaks or behind mountain chains.

Coastal areas

Coastal areas are subject to various factors that can
affect solar radiation. The development of sea breezes
sometimes leads to the formation of clouds which move
inland with increasing speed and density during the day,
and so the local solar radiation pattern is also affected.

Another factor to be considered is that the atmosphere of
the coastal zones is characterized by greater turbidity than
that of the inner zones, due to the presence of aerosols
and saltiness; this factor can contribute significantly to a
change the in the ratio between the values of direct and
global radiation.

On the other hand it can also happen that, thanks to
the breezes, some of the convective phenomena that
create the clouds are suppressed, and the mean values of
radiation on the coast are higher than those found inland.

2.1.2.3 IRRADIANCE AND IRRADIATION DURING

THE YEAR

Solar radiation incident on a surface at a given time
of the year depends on the spatial arrangement of the
surface and the solar path, as shown in figures 2.1-14,
15, 16, where solar radiation in Nairobi (latitude ® = 1.6°
South) is plotted for 3 characteristic days: the two solstices
and the vernal equinox; monthly mean daily solar radiation
values are used.

It can be seen that horizontal surfaces, or those slightly
inclined (depending on season and orientation), always
collect the greatest amount of daily solar radiation.

FIGURE 2.1-14 NAIROBI, DECEMBER SOLSTICE IRRADIANCE (ALBEDO = 0.2)
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FIGURE 2.1-15 NAIROBI, VERNAL EQUINOX IRRADIANCE (ALBEDO = 0.2)
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FIGURE 2.1-16 NAIROBI, JUNE SOLSTICE IRRADIANCE (ALBEDO = 0.2)
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FIGURE 2.1-17 MONTHLY IRRADIATION IN THREE SITES
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SOLAR IRRADIANCE CALCULATION

Solar energy incident on a given surface at a given time and in a given

site, known as the hourly direct and diffuse irradiance values on the

horizontal plane, can be evaluated with:
I, =1,R, +1,F, +plIE, (2.1-1)

where:

I, is the total instantaneous irradiance incident on the surface

considered [W/m?];

I, is the direct irradiance incident on the horizontal plane [W/m?;

R, represents the ratio between the direct solar irradiance on the

horizontal and that on the surface considered, as shown below;

I, is the diffuse irradiance on the horizontal plane [W/m?];

F oo I +coswy s the view factor of the sky dome from the surface

* 2 considered, as shown below;

Vertical surfaces display great variability during the day
and the year. East-facing surfaces collect more radiation
in the morning. After midday they are hit only by diffuse
radiation, because they don't “see” the sun directly any
more. West-facing surfaces, on the other hand, are more
radiated in the afternoon. Vertical north and south-facing
surfaces are constantly exposed to or hidden from direct
solar radiation, depending on the season (the sun travelling
in the northern or in the southern quadrant).

The final graph (Fig. 2.1-17) shows the overall trend
of monthly irradiation on a horizontal surface for three
locations: Nairobi (®: 1.6° South, upland climate), Dar es
Salaam (®: 6.8° South, hot-humid climate) and Lodwar
(®: 3.12° North, hot-arid climate).

As can be seen, values are contained in a range between
120 and 180 kWh/m? per month, where the oscillations
depend on the season and the specific climatic context.
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p is the albedo;

Iis the total irradiance (I = I, + 1)) on the horizontal plane [W/m?];
F_=1-Fs represents the view factor of the surrounding context, from
which the reflected radiation reaches the surface considered, as shown
below.

The R, ratio depends on surface position, site, day and time. It is
therefore a function of solar azimuth a, solar altitude B, surface’s
inclination w and orientation y, local latitude @, day’s declination 6,
hour angle w, and is given by the following expression:

_ cosPeos(o—y)siny +sin feos y
cos @ cos & cos m+sin D sin b

(2.1-2)

Rn

If there are obstructions around the surface considered, then the values of
F.and F_must be appropriately corrected. For the above calculations, the
monthly average hourly values of I, and I, and are available in databases.

Note that Lodwar, with a less cloudy climate, is
characterized by higher solar radiation values during the
summer period.

Solar radiation data are provided for selected EAC
locations in the form of “radiation squares”, as shown in
Tables 2.1-2, 3 and 4.

Each radiation square shows the mean monthly hourly
solar irradiance on a horizontal surface, subdivided into its
direct () and diffuse (lq) components. In order to better
display the magnitude of solar radiation, the boxes in the
chart are given different backgrounds, depending on the
value of the total irradiance (I = Ib + la).
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TABLE 2.1-2 RADIATION SQUARE, NAIROBI
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TABLE 2.1-3 RADIATION SQUARE, LODWAR
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TABLE 2.1-4 RADIATION SQUARE, DAR ES SALAAM
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2.1.3 AIR TEMPERATURE

Air temperature is greatly influenced by context,
depending primarily on geographical factors (latitude
and hydrography), topography (altitude and topography),
surface textures (composition and colour of the soil) and
location (urban or rural ), as well as solar radiation and
wind, which, through hot or cold airstreams, can cause
more or less significant variations, which can be permanent
or temporary.

Temperature is subject to cyclical variations during
the day and throughout the year, following periodic
oscillations, with maxima and minima delayed in relation
to peak sunshine. In the course of the day, air temperature
reaches its minimum value just before dawn, then increases
until it reaches its maximum value in the early afternoon,
and then begins to decrease slowly (Fig. 2.1-18). The daily
temperature range is very important because it allows us
to predict the effect of thermal inertia on comfort and
energy consumption.

Temperature data are available in different forms:
maximum and minimum annual, monthly and daily
averages, or as a frequency distribution of hourly values,
etc. For the purposes of evaluation of the climatic context,

the values most commonly used are the monthly average
daily temperature, and the difference between the mean
maximum and minimum (Fig. 2.1-19).

Close to ground level when wind speed is low, local
temperatures are mainly influenced by topographic,
orographic, surface, and location factors.

2.1.3.1 TOPOGRAPHICAL FACTORS

Height above sea level is one of the most significant
topographical factors. Temperature variation due to
altitude takes place in relation to the temperature itself,
air pressure and absolute humidity. Usually, for rough
evaluations, it can be considered that air temperature
decreases with altitude by about 0.5 °C/100 m.

Topography also has an impact on air temperature.
On clear, calm nights the ground cools down due to the
infrared radiation towards the sky dome, and a layer
of cold air in contact with the surface is generated. On
a slope, the layer of cold air flows down and collects in
hollows in the ground or in depressions. In this way so-
called cold air lakes are formed (Fig. 2.1-20).
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According to this phenomenon, a valley carved in a
plateau should contain a deep cold air lake. This, however,
does not happen because of the large size of the valley,
which allows a certain amount of air circulation between
the coldest area along the slope and the warmest above.
The cold air lake, for this reason, is formed only at the
bottom of valley (Fig. 2.1-21).

FIGURE 2.1-18 TEMPERATURE TYPICAL PATTERN
(MONTHLY AVERAGE VALUES)

; . S The maximum height of cold air lakes depends on the
__:\\q___— //_.,J bn | 2 width of the valleys:

= PRl e o e e * narrow valleys: 3 m;

e average valleys: 8 m;

i E e wide valleys: 30 = 75 m.

e 2.1.3.2 SURFACE FACTORS

T T T 1 D 45 Salasm

& Generally, air temperature decreases or increases with

soil temperature. The heat balance on the surface of the

T ground- and hence its temperature - is affected by its

-t colour and texture (solar reflection coefficient, or albedo,

see Table 2.1-1, paragraph 2.1.1.1), infrared emissivity

and specific heat of the material the soil is made of, as
shown in figure 2.1-22.

2.1.3.3 LOCATION

Since air temperature depends significantly on that of
the ground or surrounding context, areas of urbanized land
have — because of the their morphological configuration
and the characteristics of the materials they are made
of - a greater capacity to absorb solar radiation; to this
has to be added the heat generated due to the heating
and cooling of buildings and vehicular traffic. For these
" reasons, temperatures in urban areas are higher by a few
. degrees than in their rural surroundings (Fig. 2.1-23). This
i g e phenomenon, called the urban heat island, increases with
Sl - T ; the size of the city and towards its centre (which generally
b = "’x_\;a_. has higher building density).

: e In other words, the urban heat island occurs because
i oo+ the materials and morphology characterising the urban
o & context act as a heat trap (Fig. 2.1-24). The heat island
T effect in warm to hot climates exacerbates the amount of
energy used for cooling, but this can be reduced by using
materials with high reflection coefficients, as well as by
applying sunscreens (e.g. vegetation) in the most critical
areas.

Urban size influences the heat island effect, as shown
Source: Climate Consultant in figure 2.1-25, where the correlation between the
maximum urban-rural temperature difference and urban
size, expressed as urban population, is plotted for North
American and European cities.
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FIGURE 2.1-19 MONTHLY PATTERN AND TEMPERATURE VARIATION
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FIGURE 2.1-20 COLD AIR LAKE

a:lmk ar 1aL‘e

W \".\y‘ B\ o )

N irrycorrt ST

T3S
X

FIGURE 2.1-21 COLD AIR LAKE STRATIFICATION
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2.1.4 RELATIVE HUMIDITY

Relative humidity expresses the ratio of the quantity of
water vapour actually contained in the air, to the maximum
amount that can be contained before condensation
occurs. It is normally expressed as a percentage.

Relative humidity is subject to cyclical fluctuations;
it generally increases during the night and during the
cold season, when air temperature is at its lowest, and
decreases as air temperature rises (Fig. 2.1-26).

At local level, relative humidity can be affected by
various factors, such as vegetation, distance from water
bodies and solar exposure.

The presence of vegetation, in particular, due to
evapotranspiration, generally increases the relative
humidity, so that values recorded in urban areas are
typically lower than 5 - 10% compared to those recorded
in rural areas.

Humidity generally increases in proximity to seas, lakes
and rivers, due to evaporation.

On a shaded slope or in a valley bottom relative humidity
is generally higher than elsewhere, because of the lower
temperature.

Relative humidity and temperature follow an opposite
trend during a clear day: when the temperature reaches its
maximum, humidity reaches its minimum, and vice versa.
This is due to the fact that the amount of water vapour in
the air (grams of water per kilogram of dry air) is almost
constant.

FIGURE 2.1-22 SOIL NATURE AND TEMPERATURE
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FIGURE 2.1-23 EFFECT ON AIR TEMPERATURE OF THE URBAN HEAT ISLAND
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FIGURE 2.1-25 EFFECT OF URBAN SIZE ON HEAT ISLAND
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Adapted from: T.R. Oke, City size and the urban heat island. Atmospheric Environment 7: 769- 779, 1973
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FIGURE 2.1-26 RELATIVE HUMIDITY VS. DRY BULB TEMPERATURE
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2.1.5WIND

Wind is the movement of air masses caused by
differences in atmospheric pressure related to land, water
and air temperature gradients, which may occur at a
macro-territorial level (between one geographical region
and another) or on a local scale (waterfront, lakeside area,
valleys, etc.).

In the first case we refer to regional winds, in the second
to local winds.

The parameters which characterize wind are: speed,
direction from which it flows and frequency.

A schematic representation of the three parameters is
given by the wind rose (Fig. 2.1-27). Presented in a circular
format, the wind rose shows the frequency of winds
blowing from particular directions. The length of each
“spoke” around the circle is related to the frequency with
which the wind blows from a particular direction in a given
period of time (month, season, year). Each concentric circle
represents a different frequency, ranging from zero at the
centre to increasing frequencies at the outer circles. A
wind rose plot may contain additional information, in that
each spoke can be broken down into colour-coded bands
that show wind speed ranges. The most useful values are
the averages over a long period of time.
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2.1.5.1 REGIONAL WINDS

The effect of topography on regional winds is remarkable
and can be quantitatively assessed. On flat ground, without
obstructions, wind speed varies as a function of two
parameters: surface roughness of the ground and height.
In figure 2.1-28 some examples of wind speed profiles are
shown; it may be noted that - at the same height - velocity
is greater in open countryside than in an area of high
building density. Wind is measured by weather stations,
situated in a given topographical context. Changing this
context also changes the speed, which also changes, in
the same site, in relation to the height.

Usually, wind data available for a location are those
measured at the nearest airport, at a height of 10 m from
the ground.

To calculate wind speed at different heights, the
following formula can be used:

Vy
T (2.1-3)
where:

V, = wind speed at the height Z [m/s];
V,, = wind speed at 10 m [m/s];

K and a are two coefficients that vary depending on the
type of ground, as shown in Table 2.1-5.

FIGURE 2.1-27 WIND ROSE

TABLE 2.1-5 CORRECTION FACTORS AS A FUNCTION OF
THE HEIGHT AND ROUGHNESS OF THE GROUND

Terrain type a K
| - Open countryside, flatland 0.17 0.68
Il - Low-density urban periphery 0.20 0.52
Il — Urban area 0.25 0.35
[V — Downtown 0.33 0.21
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FIGURE 2.1-28 WIND SPEED PROFILES
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The graph shown in Fig. 2.1-29 enables us to calculate
graphically the average wind speed at a height Z from the
ground, with respect to a given type of soil, once the value
measured at 10 meters is known. If, for example, we want
to know the average wind speed at the level of the tenth
floor (about 30 m) of a building located in a low-density
urban area, we read in the graph the corresponding value
V.V, (= 0.82 in our case); knowing that at the airport the
average speed is 4 m/s, the speed at 30 meters is: 0.82x4
=3.28 m/s.

In areas characterized by complex orography, winds can
be reinforced, deviated or weakened, as shown in Fig. 2.1-
30.

2.1.5.2 LOCAL WINDS

A combination of contrasting thermal environments
results in the development of horizontal pressure
gradients that, in the absence of regional winds, cause air
movements, and thus local winds.

In some cases, such as breezes over seas and lakes and
in mountain valleys in summer, these movements can be
predicted.

The soil-water temperature difference and its inversion
during 24 hours (in daytime soil is hotter than water, but
it is colder at night) produce a corresponding pressure
difference of the air above the water and the ground. This
difference, in turn, causes an air flow across the coastline.
The breeze reverses direction from day to night, and vice
versa (Fig. 2.1-31).

In a valley, air movement is more complex, as shown
schematically in figure 2.1-32. In general the prediction
of local air movements on the basis of a few parameters
is very difficult, because of the large number of variables
involved. Wind speed and direction also undergo
variations on a smaller scale: buildings or rows of trees
change, sometimes significantly, the characteristics of the
local wind, as shown in figure 2.1-33.
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FIGURE 2.1-29 WIND SPEED VARIATION ACCORDING TO TYPE OF GROUND
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FIGURE 2.1-32 AIR MOVEMENT IN A VALLEY

FIGURE 2.1-33  BUILDINGS AND ROWS OF TREES EFFECTS ON THE WIND'S CHARACTERISTICS
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2.1.6  AGGREGATION OF CLIMATE DATA

The most common methods for calculating the energy
performance of buildings are based on the use of Degree
Day, on the mean monthly average daily values (for steady-
state calculations) and of the TRY, Test Reference Year (for
dynamic simulations).

Degree Days

Closely interconnected to that of the air temperature
is the degree-days parameter, which expresses the sum
of the differences between the average daily outdoor
temperature and a given constant temperature inside
buildings, in a selected period of time (generally the
heating and the cooling season).

The indoor temperature taken as reference for the
calculation of the degree-days (DD) is usually 20 or 18 °C
for heating DD. The number of winter degree-days is a
rough measure of the heating needs of a building.

Similarly, the cooling degree-days are calculated, as a
sum of the difference between the average daily outdoor
and indoor temperatures; the indoor temperature used as
reference is usually 24 or 18 °C, but 10 °C is also used in
order to obtain higher, more significant, values.

Monthly averages of daily mean values

These are the values of temperature, humidity and solar
radiation on a horizontal plane, and they are used to
evaluate the energy performance of buildings by making
use of semi-stationary calculation methods.

TRY, Test Reference Year

To remedy the simplifications of the monthly average day
and in order to obtain more accurate calculations of the
energy balances of buildings, especially in cooling mode,
it is necessary to use hourly values of the meteorological
parameters.

For this purpose, TRY(Test Reference Year), is used,
which is defined as a set of measured hourly values of
air temperature and humidity, global and diffuse solar
radiation, wind velocity and direction. The data are in true
sequence within each month. The data are selected from a
multiple year data set of observations for a given location
processed in such a way that the resulting TRY is typical
for the location.

2.2 CLIMATES IN THE EAST
AFRICAN COMMUNITY

The first, comprehensive, climate classification system
was developed by Wladimir Képpen in 1884.1t is based on
the concept that native vegetation is the best expression
of climate. Thus, climate zone boundaries were selected
with vegetation distribution in mind.

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
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Existing classifications of the climatic zones of EAC
countries are based on the same concept.

Buildings, to be low energy and sustainable, must be
climate responsive, i.e. their features must be climate
dependent. This dependence, however, is different
from the kind of dependence shown by vegetation.
Both, buildings and vegetation, are best suited to the
environment according to climatic parameters such as
temperature, humidity, solar radiation, and wind (for
vegetation precipitation has to be added), but they react
differently to the same climatic input.

For this reason, the climate classification developed for
this Handbook is based on a building’s response to climate
and not on the response of vegetation.

To accomplish this task, a methodological approach
based on the processing and analysis of climatic data in
relation to their impact on building design strategies was
used. Mahoney Tables' and Givoni bioclimatic charts (see
paragraph 3.2) were used and, in addition, data were
analysed in detail according to their average hourly trend,
and thereby design strategies were derived.

The combination of these three methods led to the
development of a map of climate zones based on the effect
of the climatic context on building design strategies. On
this basis, six homogeneous climatic zones were defined,
each characterised by a set of strategies that should be
adopted to minimize energy consumption and maximize
thermal comfort.

Within each zone, some of the strategies may be more
or less critical, in relation to the specific local climate.
So, for some climate zones, if in general a medium-high
thermal inertia of the wall is recommended, the thickness
of the wall should be calibrated on the basis of climatic
data specific to the location. Also, the same strategy can
provide higher or lower thermal comfort, in relation to the
more or less severe external environmental conditions of
the specific place. It should be noted that the deviation
from comfort conditions in the absence of air conditioning
is an indicator of the potential energy consumption when
air conditioning is used.

The EAC can be divided into the following six bioclimatic
zones for energy efficient building design (Fig. 2.2-1):

Zone I: Hot-humid

Zone lI: Hot-arid

Zone llI: Hot semi-arid/savannah
Zone IV: Great lakes

Zone V: Upland

Zone VI: High upland

14 The Mahoney tables are a set of reference tables used in architecture, used
as a guide to climate-appropriate design. They are named after architect Carl
Mahoney. They were first published in 1971 by the United Nations Department
of Economic and Social Affairs.
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FIGURE 2.2-1 CLIMATE ZONES FOR EAC
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ZONE I: HOT-HUMID

This zone includes the coastal areas, islands and a strip
of land from 20 to 100 km wide along the coast. Most
of the zone is less than 300 m above sea level. It is never
excessively hot, but has high humidity, which causes
discomfort. The zone is characterized by permanent
high humidity, generally high temperatures, small daily
temperature swing, moderate breezes and high values of
solar radiation, except on cloudy days. Along the coast
and up to 2-8 km inland, depending on the terrain the
prevailing north-east and south-east monsoon winds are
modified by sea-land breezes during the day and, to a
much lesser extent, by land-sea breezes at night.

Inthe hottest month, the mean maximum air temperature
is about 32 °C, the mean minimum air temperature is 25-
26 °C, and the mean temperature swing is about 3-7 °C.
The mean relative humidity along the coastal area is about
80%, and for the strip of land from 20-100 km along the
coast, the mean relative humidity is 65%-72%. A more
comfortable season is experienced between June and
September due to a small temperature drop together with
a lower humidity level and relatively higher wind velocity.

Global solar radiation over a horizontal surface is 5.0-
5.4 kWh/m? day and progressively lowers to 4.5 kWh/m?
moving away from the coastline. The cooling degree days
(base 10 °C) are in the range of 5500-6200. The monsoons
blow from the northeast from November to March and
from the southeast from April to September.

The average annual precipitation is 900-1250 mm.

Some of the representative locations for this zone are:
Mombasa, Malindi (Kenya), Dar es Salaam and Tanga
(Tanzania).

Comfort

The combination of high temperatures and high
humidity causes discomfort. Ventilation that facilitates
convective and evaporative cooling of the body is essential
for comfort by both day and night.

Nights, which are often still and sultry, bring little or
no relief to the heat of the day. Even correctly designed
lightweight houses will release heat, very often causing
an indoor temperature higher than that of outdoors
Therefore, minimizing discomfort at night is of utmost
importance.

The period from June to September is less critical.

A high incidence of glare can be expected from bright
overcast skies.
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ZONE II: HOT-ARID

The hot-arid zone includes the areas that are far from
the sea, with altitudes ranging from 0 m to 500 m.

Maximum temperatures are high, higher than those
of the hot-humid climate and the daily temperature
variation is also high. Humidity, especially in the hottest
hours, is low. Breezes are generally light with no strong
predominant direction.

The wet and dry seasons correspond to the wet and dry
seasons on the coast at the same latitude, and both these
seasons are much drier.

For the hottest month, the mean maximum air
temperature is about 36 °C, the mean minimum air
temperature is 23 °C, the mean temperature swing is
about 12 °C, mean relative humidity is about 40%, and
global solar radiation over a horizontal surface is about
7.0 kWh/m? day. The cooling degree days are about 6700-
7200. The average annual Rainfall is 0-500 mm.

Some of the representative locations for this zone are:
Garissa and Lodwar (Kenya).

Comfort

Days are invariably very hot. The high daytime
temperatures are accompanied by moderate to low
humidity such that even a gentle breeze will usually be
sufficient to prevent skin surfaces from becoming moist.
Low humidity in the hottest hours attenuates the level
of discomfort and a wider daily temperature swing
means that nights are relatively comfortable. Winds are
generally weak, and persistent, at times strong winds are
experienced locally. Sudden severe and violent windstorms
accompanied by thick rising sand occur from time to
time in some parts of the zone (e.g. Lake Turkana). Fresh
breezes from mid to late evening are common in some
places (e.g. Garissa).

Heat during the day imposes severe restrictions on
people’s outdoor activities. Houses should aim at keeping
indoor temperatures low during hot days, and should be
provided with shaded outdoor areas where occupants can
carry out various activities. Very often people like to rest
and sleep inside during these hot hours.

ZONE Ill: HOT SEMI-ARID / SAVANNAH

This zone covers the widest area of the EAC, and
includes some parts of Kenya and a large part of Tanzania
and Uganda, with altitudes ranging from 500 m to 1500
m. The difference between this zone and the hot-arid zone
is that it has relatively higher humidity values, lower peak
temperatures and smaller daily temperature swings.
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The mean air temperature range is 20-22 °C. In summer
the temperatures are about 29-31 °C and can rise to 33 °C
in semi-arid areas. Mean relative humidity is about 65%,
but it can go as low as 40% in parts of the savannah
plains. Global solar radiation over a horizontal surface is
about 6.3 kWh/m? day. The cooling degree days are 4600-
5400.

The mean annual rainfall varies according to topography
and ranges from 500 mm-750 mm in semi-arid areas to
1000-1500 mm in savannah regions.

Some of the representative locations for this zone are:
Machakos, Isiolo, Mavoko, Thika (Kenya), Tabora, Dodoma
(Tanzania), Gulu, Kabale, Iganga, Kasese, Lira (Uganda).

Comfort
The comfort conditions are similar to those in the hot-
arid climate zone.

The discomfort caused by the high daytime temperatures
that prevail during most of the year can be critical, though
steady breezes often alleviate the heat of the afternoon. It
can be chilly during the cloudy months of July and August
and during and immediately after rains.

Mosquitoes are troublesome in some of the small
townships, particularly where stagnant water abounds.

Comfort conditions at night vary considerably over the
year. It is often likely to be uncomfortably warm inside
massive walls and poorly ventilated houses. From June to
August and during the rainy season it can, however, be
distinctly cool at night.

ZONE IV: GREAT LAKES

This zone includes a strip 0-25 km wide along the shores
of Lakes Victoria, Nyasa, Rukwa and Tanganyika. The zone
ranges in average from lake level to about 150 m above
lake level.

The temperature is slightly lower than that in the
savannah zones, but daily variations are comparable.

Due to the lakes, humidity is higher than in the savannah
zone, even though it is in the same altitude range.

In the hottest month, the mean maximum air
temperature is about 28-29 °C, the mean minimum air
temperature is 16-17 °C, the mean temperature swing
is about 12 °C, the mean relative humidity is about 60-
70%, and global solar radiation over a horizontal surface
is about 5.5 kWh/m? day. The average annual precipitation
is more than 1200 mm.

The cooling degree days are about 4100-4800.

Some of the representative locations for this zone are:
Kisumu, Homabay, Kakamega (Kenya), Bukoba, Mwanza
(Tanzania), Kampala, Hoima, Jinja (Uganda), Kibuye,
Gisenye (Rwanda), Bujumbura (Burundi).

Comfort

This is a remarkably stable climate. There are very slight
seasonal and daily differences in temperature and humidity.
Day temperatures are rather similar to those in the hot-
humid Coastal Zone, but nights may be uncomfortably cold
for some periods of the year. The hot and comparatively
humid climate of this zone is considerably modified by
the zone’s altitude, from 475 m (Lake Nyasa) to 1133 m
(Lake Victoria). Due to the high altitude of Lake Victoria,
early mornings may be uncomfortably cold during the cold
season and the rains. Therefore, complete sun exclusion
is not desirable in this area, whereas in other parts of the
zone sun exclusion is required. Shaded outdoor spaces
facing the lake in order to catch the cooling afternoon
breeze are highly appreciated.

During chilly and rainy mornings, the heat from a fire is
most desirable.

ZONE V: UPLAND

This zone refers to areas at altitudes between about
1500 and 2000 m, mainly mountains and plateaus. They
are generally cool areas where some heating is welcome
on the coolest days of the year. High relative humidity is
rare during the day, but is the norm at night. Breezes are
moderate with no predominant direction.

For the hottest month, the mean maximum air
temperature is about 26-27 °C, the mean minimum air
temperature is 14-16 °C, the mean temperature swing is
about 10-12 °C, mean relative humidity is about 60-65%,
and global solar radiation on horizontal surface about 6-7
kWh/m? day.

For the coldest month, the mean maximum air
temperature is about 20-24 °C, the mean minimum air
temperature is 14-15 °C, the mean temperature swing
is about 6-10 °C, mean relative humidity is about 60-
75%, and global solar radiation over a horizontal surface
is about 5-6 kWh/m? day. The heating degree-days are
about 25-370 (base 18 °C) and the cooling degree days
are about 3000-3700.

The average annual precipitation is more than1200 mm.
Some of the representative locations for this zone are:

Nairobi, Kitale, Nakuru (Kenya), Arusha, Mbeya, Iringa
(Tanzania), Mbale (Uganda), Kigali (Rwanda).



Comfort

The upland zone has a pleasant climate. Because of the
high altitude, the conditions in this zone are similar to
spring or autumn in a temperate climate. Temperatures
are moderate and during daytime rarely exceed the
upper limits of the comfort zones. During nighttime, the
temperature is likely to drop below the lower limit of the
comfort zone.

The low night temperatures are a major source of
discomfort.

ZONE VI: HIGH UPLAND

This zone refers to altitudes above 2000 m. These are
generally cold areas where heating is necessary for most
of the year. The humidity is fairly high. For the coldest
month, the mean maximum air temperature is about 20
°C, the mean minimum air temperature is 12 °C, the mean
temperature swing is about 8 °C, mean relative humidity
is about 80%, and global solar radiation over a horizontal
surface is about 5.3 kWh/m? day. The heating degree-
days are more than 480. The cooling degree-days are less
than 3700. The average annual precipitation is more than
1200 mm.
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One of the representative locations for this zone is
Eldoret (Kenya).

Comfort

Due to the altitude, daytime temperatures are never high,
but nights are very cold. During most nights, temperatures
are well below the comfort zone, and a rapid temperature
drop takes place at sunset.

The zone contains a large number of exposed localities
with brisk winds and good air movement, which in cold
weather may be uncomfortable. However, high wind
velocities are uncommon.

The frequent cold and rainy weather makes people stay
indoors close to the fire.
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CLIMATE RESPONSIVE
BUILDING DESIGN

3.1 PASSIVE DESIGN

The term “passive design” refers to a building whose
architectural features are such that they take advantage of
local climatic resources to provide an indoor environment
which is as comfortable as possible, thus reducing energy
consumption due to the need for mechanical heating or
cooling.

So-called solar architecture has been classified as passive
or active, depending on the technologies/techniques
used for solar collection. Solar passive is a term applied
to a building where solar radiation enters the interior
space through windows, while solar active refers to a
building where solar thermal collectors are added to the
architectural envelope. It should be noted that in solar
passive buildings solar energy can be used only for space
heating, while in solar active buildings solar energy can
be used for space heating, space cooling and hot water
production.

Another term often used to define passive architecture
is “Bioclimatic architecture”, which was introduced for the
first time by Olgyay (1963) and later developed by Givoni
(1969). More recently the term “green architecture”

is also used, which includes the principles of passive or
bioclimatic architecture.

Conventional buildings do not use the resources of their
natural environment effectively, but consume energy and
materials and produce waste (Fig. 3.1-1). Houses like these
create costs and environmental problems by necessitating
extensive supply and disposal facilities.

A bioclimatic building is completely integrated into the
cycles of nature and is able to use them without causing
damage (Fig. 3.1-2). The interaction of the main cycles
involving the basic elements of soil, water, energy and
air should be carefully considered and integrated into the
design of buildings and residential developments.

In passive architecture the means that the architect
can use for creating a thermally and visually comfortable
indoor environment are: solar radiation, wind, orientation
and shape of the building, thermal mass of walls and roof,
thermal transmittance and colour, opening size and type
of glazing.

FIGURE 3.1-1 CONVENTIONAL BUILDING DESIGN
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3.2 BIOCLIMATIC CHARTS

Passive strategies for building design derive from climatic
conditions, since it is the gap between these and comfort
conditions, and the reasons for this gap, that create the
need to take appropriate measures to reduce the gap as
much as possible, without using any artificial heating or
cooling systems.

In the 1950s, to help the designer choose the most
appropriate design strategies for local climatic conditions,
Victor Olgyay developed what he called a “bioclimatic
chart”.

Olgyay’s bioclimatic chart (Fig. 3.2-1) is a simple tool for
analysing the climate of a particular place. It indicates the
zones of human comfort based on ambient temperature
and humidity, mean radiant temperature, wind speed, solar
radiation and evaporative cooling. On the chart, dry bulb
temperature is used as the ordinate, and relative humidity
as the abscissa. Based on the dry bulb temperature and
humidity of a place, one can locate a point on the chart.
If it lies within the comfort zone, then the conditions
are comfortable. For any point falling outside this zone,
corrective measures are required to restore the feeling
of comfort. For example, at dry bulb temperature 25 °C,
relative humidity, 50%, none are needed as the point is
already in the comfort zone. If it is above the zone, cooling
is required; if it is below the zone, heating is needed. For
example, at dry bulb temperature 15 °C, relative humidity
50%, the need is: 500 W/m? solar radiation. If the point
is higher than the upper perimeter of the comfort zone,
air movement needs to be increased. For example, at dry
bulb temperature 30 °C, relative humidity 70%, the need
is: 0.4 m/s wind to reach the comfort level. For conditions
when the temperature is high and relative humidity is low,
air movement is not enough. If the point lies below the
lower perimeter of the comfort zone, heating is necessary
to counteract the low dry-bulb temperature. If the point
lies to the left of the comfort zone, either radiant heating
or cooling is necessary. Thus, a bioclimatic chart can give
information about the requirements for comfort at a
particular time. Design decisions can be taken accordingly.

In 1969 Givoni developed a bioclimatic chart for
buildings, correcting some of the limitations of Olgyay’s
diagram. While Olgyay applied his diagram closely to
outdoor conditions, Givoni's chart is based on the indoor
temperature of the building, and suggests design strategies
to adapt architecture to climate. The chart uses as a basis
a psychrometric chart (see Appendix 1 — Principles of
Building Physics) on which temperature and humidity data
(monthly, daily or hourly) are plotted for a given site',

15 The most reliable way to use the Givoni bioclimatic chart is by plotting hourly
data on it, since average daily and monthly even out actual temperatures
and humidity too much and the most uncomfortable conditions are not
recorded, even if they are frequent. For example, in a climate with a large daily
temperature and humidity variation, the daily or monthly averages do not
represent correctly the actual climatic conditions in terms of the consequent
comfort level and —thus — of design strategies to apply.
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Givoni's chart identifies a suitable cooling or heating
technique on the basis of the outdoor climatic conditions.

3.2.1 GIVONI CHARTS

There are different types of Givoni charts, adapted to
specific climates, and with a large number of strategies
(Fig. 3.2-2). Software has also been developed that, in
conjunction with a climatic data base, plots on the chart
the values of temperature and humidity, suggests the best
strategies and shows the corresponding improvement in
the comfort conditions for each strategy?®.

Six zones for passive design strategies are identified on
Givoni’s chart (Fig. 3.2-2):

—_

Comfort zone;

Natural ventilation zone;
Evaporative cooling zone;
High Thermal mass;

High Thermal mass and night ventilation;

o oA W

Passive heating.

Three other zones corresponding to different strategies
e.g. air-conditioning, humidification and artificial heating
are not passive design strategies, so are not discussed here.

Climatic data (outdoor temperature and relative
humidity) can be plotted directly onto the chart, and
we can check which of the six zones of the chart those
conditions fall into.

The zones are defined, in the chart, as follows.

Comfort zone

In the conditions defined for this zone, it is assumed that
a person is in thermal comfort conditions in the indoor
space (Fig. 3.2-3). According to Givoni, it can be noted that
people can be in thermal comfort conditions in different
boundaries of relative humidity (between 20% and 80%)
and air temperature (between 20 °C and 26 °C). When
the indoor air temperature is near 20 °C, the effect of
wind must be prevented, because it can cause discomfort.
When the air temperature is near 26 °C, solar radiation
control is necessary to avoid overheating; thermal comfort
is assumed to be close to 26 °C if people are wearing light
clothes and there is a small amount of ventilation.

16  Climate Consultant, http://www.energy-design-tools.aud.ucla.edu
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FIGURE 3.2-1 OLGYAY'S BIOCLIMATIC DIAGRAM, CONVERTED TO METRIC
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FIGURE 3.2-2 GIVONI BIOCLIMATIC CHART
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FIGURE 3.2-3 COMFORT ZONE
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Natural Ventilation zone

If the temperature in the indoor space exceeds 26 °C
or relative humidity is quite high, natural ventilation can
improve the thermal comfort (Fig. 3.2-4). In hot and
humid climates, cross ventilation is the simplest strategy to
adopt if the indoor temperature is almost the same as the
outdoor temperature. Givoni assumes that the maximum
allowed indoor air speed is about 2 m/s, thus ventilation
maintains comfort up to an outdoor temperature limit of
32 °C (see Appendix 2, Thermal and visual comfort).

When the temperature is well above 26 °C and relative
humidity is lower than 50%, night cooling is more
appropriate than day ventilation. This may happen in hot
arid regions, where the daytime temperature is between
30 °C and 36 °C and the nighttime temperature is below
20 °C. In these conditions daytime ventilation is not
suitable because it would warm up the building. The best
strategy is to limit ventilation during the day to reduce the
flow of hot air coming in and to use nighttime ventilation,
exploiting the cooler air to cool the indoor space.

Evaporative cooling

Water evaporation can reduce air temperature and at
the same time increase the relative humidity of a living
space. The direct cooling of the indoor spaces through
evaporative cooling needs a good ventilation rate to avoid
the accumulation of water vapour.

In the evaporative cooling process, both the temperature
and the humidity of air change along the lines of constant
wet bulb temperature and enthalpy. There is no change
in heat content and the energy is merely converted from
sensible energy to latent energy (Fig. 3.2-5).

High thermal mass

The use of high thermal mass in a building can reduce
the variation of the indoor temperature compared to
the outdoor space, reducing peaks. This solution can be
successfully used in places where the temperature and
relative humidity are within the limits of the thermal mass
zone in figure 3.2-6.

The levelling out of indoor temperature is due to:

e stored heat in the building structure during the day is
released to the indoor space during the night when
outdoor temperatures decrease;

¢ in a complementary way, the thermal structure is
cooled during the night and remains cool during
the greater part of the day, reducing daytime indoor
temperatures.

In addition to the use of the thermal mass of the
envelope, the thermal mass from the ground can also be
exploited.
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FIGURE 3.2-4 NATURAL VENTILATION ZONE
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FIGURE 3.2-6 HIGH THERMAL MASS ZONE FOR COOLING
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High thermal mass and night ventilation

Thermal mass can be used in conjunction with night
ventilation of to provide passive cooling (Fig. 3.2-7).
During the night outside air is circulated through the
building, cooling the building fabric. The cooling that is
stored in the building fabric is then available to offset heat
gains the following day and keep temperatures closer to
comfort limits.

Night ventilation is most effective in a hot-arid climate
where the diurnal temperature swing is high and the
nighttime temperature falls below 20 °C. The use of
thermal mass in conjunction with night ventilation can
be used to minimise or eliminate the need for mechanical
cooling. This solution can be applied in locations where the
conditions of temperature and relative humidity are within
the limits of the high thermal mass and night ventilation
zone.

Passive solar heating

The use of the passive solar heating is more suitable for
the locations where seasonal air temperatures are lower
than 20 °C (Fig. 3.2-8). Thermal insulation of the building,
because of the heat losses, and appropriately sized glazed
windows facing towards the sun in the coolest period are
recommended.

3.2.2 COMBINED STRATEGIES

Some intersections can be found between the natural
ventilation zone (2), the evaporative cooling zone (3), the
high thermal mass (4) and the high thermal mass and
night ventilation (5) as highlighted in figure 3.2-9.

Region A represents the intersection between the
natural ventilation zone and the high thermal mass zone
(along with night ventilation). For this situation both the
strategies can be adopted at the same time. In the same
way, in region B, the advantages of high thermal mass
(along with night ventilation) and evaporative cooling
can be exploited. In region C, the three strategies can be
adopted separately or together.

Hot-humid climate (Dar es Salaam, Tanzania)

According to the Givoni bioclimatic chart (Fig. 3.2-10), in
a hot-humid climate like Dar es Salaam, natural ventilation
and solar shading are the most effective passive design
strategies for improving thermal comfort.
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FIGURE 3.2-7 HIGH THERMAL MASS AND NIGHT VENTILATION ZONE FOR COOLING
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FIGURE 3.2-9 INTERSECTION BETWEEN NATURAL VENTILATION, HIGH THERMAL MASS (AND NIGHT
VENTILATION) AND EVAPORATIVE COOLING
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FIGURE 3.2-10 GIVONI BIOCLIMATIC CHART FOR DAR ES SALAAM
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Hot-arid climate (Lodwar, Kenya)

In a hot-arid climate like Lodwar (Fig. 3.2-11), natural
ventilation (night ventilation), high thermal mass, solar
shading and evaporative cooling are the most effective
passive design strategies for improving thermal comfort.

Hot semi-arid/Savannah climate
(Tabora, Tanzania)

In a hot semi-arid/savannah climate like Tabora (Fig. 3.2-
12), natural ventilation (night ventilation), high thermal
mass and solar shading are the most effective passive
design strategies for improving thermal comfort.

Great lakes climate (Kampala, Uganda)
In a Great Lakes climate like Kampala (Fig. 3.2-13),

natural ventilation, passive heating and solar shading
are the most effective strategies for improving thermal

comfort.
Upland climate (Nairobi, Kenya)

In an upland climate like Nairobi (Fig. 3.2-14), passive
heating and medium thermal mass are the most effective
strategies for improving thermal comfort.

Upland climate (Eldoret, Kenya)
In a high upland climate like Eldoret (Fig. 3.2-15), passive

heating is the most effective design strategy for improving
thermal comfort.

FIGURE 3.2-11 GIVONI BIOCLIMATIC CHART FOR LODWAR

Location: LODWAR, KENYA

Climatic zone: HOT ARID
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FIGURE 3.2-12 GIVONI BIOCLIMATIC CHART FOR TABORA

Location: TABORA, TANZANIA
Climatic zone: HOT-SEMI ARID / SAVANNAH
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FIGURE 3.2-13 GIVONI BIOCLIMATIC CHART FOR KAMPALA
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FIGURE 3.2-14 GIVONI BIOCLIMATIC CHART FOR NAIROBI

Location: NAIROBI, KENYA
Climatic zone: UPLAND
Givoni's bioclimatic chart
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FIGURE 3.2-15 GIVONI BIOCLIMATIC CHART FOR ELDORET

Location: ELDORET, KENYA
Climatic zone: HIGH UPLAND
Givoni‘s bioclimatic chart
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3.3 SITE PLANNING

When urban planners start to design a new settlement,
they usually look for pre-existing landmarks, such as roads,
railways, rivers etc., and align the new buildings and streets
accordingly. Very rarely do they look for the most ancient
pre-existing landmarks: solar path and prevailing winds.
However, analysis of these is very important in order to
optimise the energy efficiency of the urban layout.

Low energy urban design means that shading and
illumination of surfaces as well as wind must be analysed
so that shape, orientation and distances between buildings
can be optimised in order to control solar radiation and
ventilation, with the aim of reducing the energy demands
of individual buildings.

Sustainable site planning begins with an assessment of
the building site in terms of its capability to provide natural
resources, such as light, air, and water, and the extent to
which the existing natural systems will be required to
support the new development.

The process encompasses many steps, such as site
selection, inventory, analysis, and development procedures.

The process is based on the concept of an interdependent
natural system that links a series of interconnected
geological, hydrological, topographical, ecological,
climatological, and cultural attributes.

3.3.1 METHODOLOGY

The first step of energy conscious urban design is based
on data collection and analysis as follows.

Data to be collected are:

e data about the macro and micro climate: detailed
information about solar path, sky conditions and
radiation, temperature range (seasonal minimum
and maximum temperatures during night and day),
humidity, precipitation, air movement etc.;

e data about the building site: topography, ventilation,
orientation, vegetation, neighbouring structures, soil,
water and air quality.

The analysis involves the adoption of solar diagrams,
shading diagrams, comfort diagrams and tables.

Other information required is:

e data about building usage and cultural background:
type of usage, period of usage, clothing, traditions
and aesthetic values of occupants, traditional
techniques and building materials;

¢ data about economic aspects: financial resources,
available labour, materials and technologies.
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3.3.1.1 MICROCLIMATE

The conditions which allow energy to flow through
the building fabric and determine the thermal response
of people are local and site-specific. These conditions are
generally grouped under the term microclimate, which
includes the wind, radiation, temperature, and humidity
experienced around a building. A building by its very
presence will change the microclimate by causing an
obstruction to the wind flow, and by casting shadows
on the ground and on other buildings. A designer has to
predict this variation and take its effect into account in the
design.

The microclimate of a site is affected by the following
factors: landform, vegetation, water bodies, street width
and orientation, open spaces and built form.

An understanding of these factors greatly helps in the
preparation of the site layout plan.

The density and size of the built area affect the degree
to which the microclimate can be modified in terms of
wind conditions, air temperature, radiation balance, and
natural lighting. This density depends on the proportion of
the land covered by the buildings and the average height
of the buildings (the effect of which can be modified by
the relative heights of individual buildings on site).

Density also creates the heat island effect, which can
be mitigated by reducing the total paved area allowed
on site, and the services networks in terms of cost and
technologies.

Each building type and combinations of different
building types (i.e. detached/semi-detached, courtyard/
patio, high rise and row buildings) form a matrix of
environmental conditions that affect both macro and
microclimate around and inside the building.

A correct mix of building types could help in achieving
adequate sun protection and ventilation: high-rise
buildings can increase ventilation in a dense development;
low-rise buildings should be sited so that they avoid
excessive heat exchange with the environment and utilize
their link with open spaces.

3.3.1.2 URBAN LAYOUT AND EXTERNAL SPACE

Urban layout greatly depends on climate and should
be designed differently in each climatic zone. The basic
concerns are the provision of shading and air movement.
The orientation of streets and the layout have a significant
effect on the microclimate around buildings and on the
access to sun and wind.
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The urban form cannot change the regional climate, but
can moderate the microclimate and improve the conditions
for the buildings and their inhabitants.

The influence of the climate on the layout of traditional
settlements around the world is clearly illustrated by the
following examples:

e settlements in hot-humid areas (such as Zone I) are
laid out to make maximum use of the prevailing
breeze (Fig. 3.3-1). Buildings are scattered, vegetation
is arranged to provide maximum shade without
hindering natural ventilation;

e settlements in hot-arid climates (such as Zone I) are
characterized by optimal protection against solar
radiation by mutual shading (Fig. 3.3-2), which leads
to compact settlements, narrow streets and small
squares which are shaded by tall vegetation;

* settlements in cool areas (such as Zone VI) are
generally laid out to make use of solar radiation
during the coldest period and for protection from cold

winds.
Although  modern requirements are often in

contradiction with traditional patterns, their advantages
should be taken into consideration as much as possible.

FIGURE 3.3-1 TYPICAL SETTLEMENT FOR
HOT-HUMID REGIONS
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3.3.2 RECOMMENDED URBAN PATTERNS

In tropical climates many of the activities associated
with indoor spaces in moderate or cold climates (washing,
cooking, eating, playing, working etc.) are most often
performed outdoors. So, as the area adjoining the building
becomes an extension of the indoor space, it must be
treated with equal care by the designer.

FIGURE 3.3-2 TYPICAL SETTLEMENT FOR
HOT-ARID REGIONS

Solar radiation control

Balanced urban patterns of streets and blocks can be
oriented and sized to integrate concerns for light, sun and
shade according to the characteristics of the local climate.

A cardinal orientation will generally cast more shade
on buildings facing north-south streets than a rotated
orientation, and thus do a better job of shading buildings.
In contrast rotated orientations provide more shade on the
streets for longer periods during the day (Fig. 3.3-3).

Depending on the climate, different combinations of
strategies may be appropriate. Table 3.3-1 shows potential
solutions for three basic climate zones.

Wind effects

In hot-humid climates loose urban patterns should be
preferred in order to maximise cooling breezes.

Breezy streets oriented to the prevailing wind maximize
wind movement in urban environments and increase the
access of buildings to cross ventilation. To maximize access
to cross ventilation and air movement in streets, orient
primary avenues at an angle of approximately 20°-30°
in either direction from the line of the prevailing summer
breeze (Fig. 3.3-4).
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FIGURE 3.3-3 URBAN LAYOUT AND SHADING

Fevo nlto‘)’etﬂ Istitude (cTsaTw)
45 vstated

22.5° volated

cavainal

Further, it should be taken into account that dispersed
buildings with continuous and wide open spaces preserve
each building’s access to breezes.

Generally speaking, buildings in which cross ventilation
is important should be separated by a distance of 7 times
the building height to assure adequate airflow if they
are directly behind one another' (Fig. 3.3-5); far less if
staggered (Fig. 3.3-6).

In dense urban areas this rule cannot be followed. The
reduction of cross ventilation deriving from a high-density
layout can be overcome by providing ventilating ducts or
shafts for deeper rooms.

When cooling is the priority, windbreaks should be
avoided. The unique exception is in relation to hot-arid
climates, where windbreaks provide important dust and
sand protection. Along tropical coasts there is usually a sea
breeze. The strength of the breeze is directly proportional
to the temperature difference between the land and the
sea, and its speed depends on whether it is assisted or
hampered by the prevailing wind, and the strength of the
thermal contrast between land and sea.

17 V. Olgyay, Design with climate, Princeton University Press, 1963

FIGURE 3.3-4 URBAN LAYOUT AND WIND ACCESS

Lakes may also develop similar local wind circulation
patterns.

In both cases the direction of the winds is perpendicular
to the coast; this effect should be taken into account in
order to improve the urban layout: it could also give rise
to completely different optimal urban layouts in a small
region.

FIGURE 3.3-5 CFD SIMULATION OF THE AIRFLOW
PATTERN IN ROW ARRANGEMENT WITH A RATIO
DISTANCE/HEIGHT =7




SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

FIGURE 3.3-6 CFD SIMULATION OF THE AIRFLOW
PATTERN IN ROW ARRANGEMENT WITH A RATIO
DISTANCE/HEIGHT = 3. AIR FLOW PATTERNS IN ROW
ARRANGEMENT (ABOVE) AND STAGGERED (BELOW)
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In urban settlements,the optimum distance for ventilation may be in
contradiction with social issues. This is the case when people living
in low rise buildings are used to having social relationships in the
street, which is narrow and considered as an extension of the house.
If buildings are too far away, these social relationships are precluded
or at least made more difficult. The use of the street as an extension
of the house, at urban level, is in contradiction also with the choice
of the north-south orientation of the main facades of the building,
because the street would be in the sun most of the time (Fig. 3.3-3).
So as to favour street life, buildings should be elongated north-south
with fagades facing east and west, so maximising the shading of the
street. In an urban layout with narrow streets this orientation is only
partially penalised, as the buildings shade them and each other (with
the exception of the first building on the east and west borders of
the settlement). If, as in the hot-humid climatic zones of the EAC,
monsoon winds are blowing in the north-east/south-west direction,
this could be the direction of the main streets which best favours their
shading, but ventilation would be penalised.

Table 3.3-1 summarises the recommendations for three
climates. Hot-arid, hot-humid and high uplands climates
are at the vertexes of a triangle encompassing the complex
variety of climates in EAC countries. These climates (hot
semi-arid/savannah, great lakes and upland) are more or
less close to each of the basic three, and the requirements
they impose regarding settlement lay-out according to
climate, are intermediate, as described more in detail in
chapter 4.8.

Effects of water

Combinations of interwoven buildings and water can be
used to reduce the ambient air temperature.

In hot-arid climates water evaporation can cool air
temperature. This evaporation rate depends on the surface
area of the water, the relative humidity of the air, and the
water temperature. Since the heat transfer between air
and a horizontal film of water is poor, the evaporating
surface area of water should be increased by spray and
fountains with very fine droplets.

Green borders

In hot-arid and semi-arid climates, green borders of
irrigated vegetation can be planted to cool incoming
breezes.

Planted areas can be as much as 5-8 °C cooler than
built-up areas due to a combination of evaporation and
transpiration, reflection, shading and storage of cold.

For this reason, the presence of vegetation of compatible
height is recommended in hot regions where climatic
conditions permit it to be grown.

Overhead shades

A layer of overhead shades can protect outdoor space
between buildings from the high sun.

In many hot climates, both humid and arid, groups of
buildings may be linked by shading pedestrian streets or
pedestrians may be protected by arcades at the edges of
streets and open spaces.

3.4 BUILDING DESIGN

Building shape and orientation are the first choices in
the design process. They are also the most critical because
they have the most impact on both thermal and visual
comfort and on energy consumption. The third most
important decision is related to the thermal mass and the
insulation of the envelope, together with the sizing of
openings. This applies to building design in any part of the
world. In addition, the designer of a residential building
in the EAC and in general in all developing countries
with similar climates has to face a special challenge when
dealing with low cost housing: the design of the kitchen.
This is because of the cooking technologies used and their
impact on comfort and health.
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TABLE 3.3-1 STREET ORIENTATION AND LAYOUT BY CLIMATIC PRIORITY

Climate 1%t priority 2" priority

Response Recommendations

Hot-arid Shade Night wind

Compact layout.

Narrow N/S streets for shade.

Rotate from cardinal to increase street shading.

Rotate from cardinal according to prevailing night winds in hottest season.
Elongate blocks E/W.

Hot-humid Wind Shade

Dispose buildings in a staggered pattern to favour ventilation.

Orient streets 20°-30° oblique to predominant wind.
Elongate blocks E/W.
Wide streets for wind flow.

Solar access in
cold season

High upland Wind protection in

cold season

Cardinal orientation to favour solar gains on north facing facade.

Provide solar access with appropriate building height to distance ratio.

Vegetation to protect from predominant wind in cold season.

3.4.1 BUILDING SHAPE

The capability of a building to store or release heat is
related to its volume (and to its mass and shape), since
losses or gains take place through its surfaces. Thus, the
ratio of surface to volume determines the heating rate
during the day and the cooling rate during the night.

At a constant volume (and therefore usable floor
surface), heat losses and gains increase as we move
away from the more compact form, the cube (Fig. 3.4-1).
Furthermore, reducing the surface to volume (S/V) ratio
also reduces the amount of material needed to make the
envelope, with consequently lower construction costs and
a smaller amount of embodied energy.

On the other hand, for the purposes of natural lighting
and natural ventilation, a long, narrow shape is better
than a square one (Fig. 3.4-2).

The optimum shape depends upon the type of tropical
climate: in hot-arid zones, where the daily temperature
swing is high (hot days and cool nights) a compact shape
is best (low surface to volume ratio), to minimise the area
of envelope exposed to the sun. By contrast, in hot-humid
zones, where the daily temperature swing is small and
relative humidity is high, the shape should be as open as
possible in order to allow natural ventilation. At the same
time, however, sun protection is essential and all possible
measures should be taken to provide it.

In climates in between hot-arid and hot-humid, the
choice between compactness and openness depends
upon the prevailing climatic conditions, i.e. if the climate is
closer to hot-arid or to hot-humid, and on the availability
of wind.

High rise buildings have a lower S/V ratio than low rise
ones; moreover, they expose less roof area to the sun, with
the same volume, i.e. floor area (Fig. 3.4-1). Since solar
gains from the roof are a critical issue in tropical countries,
medium rise (4-5 floors) buildings should be preferred.
We should also take into account the negative effects of
urban sprawl, which is exacerbated by the use of low rise
buildings.

The building’s depth, i.e. the distance between the
opposing facades, is another deciding factor from the
conceptual point of view.

In hot-humid climates, this depth should be limited in
order to promote air circulation, and the rooms should be
arranged in a row and provided with large openings on
the opposite exterior walls.

In hot-arid climates, however, natural ventilation should
be avoided during the day, and night ventilation should
be favoured for cooling the structure. The most efficient
way to optimise these contrasting needs is provided by
the traditional courtyard building (Fig. 3.4-3). Closely
linked to the shape of the building is the distribution of
the interior spaces. Layout and spacing are very important,
determining dimensions, proportions and the relationship
between inside and outside, and then, thermal flow,
ventilation, daylight and view.
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FIGURE 3.4-1 TOP: VARIATION OF SURFACE TO VOLUME RATIO (SHAPE COEFFICIENT) FOR INCREASING VOLUME
OF A CUBE. BOTTOM: EVOLUTION OF THE SHAPE COEFFICIENT FOR DIFFERENT COMBINATIONS OF A 125 M3
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FIGURE 3.4-2 EXAMPLES OF BUILDING PLANS WITH GOOD ACCESS TO NATURAL LIGHT AND WITH GOOD
POTENTIAL FOR NATURAL VENTILATION
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FIGURE 3.4-3 COURTYARD
COURTYARD

In most warm climates, much of the day-to-day activity takes place
outdoors. Appropriate design of comfortable outdoor spaces is
therefore a critical issue in tropical regions. The best example of a
well-designed outdoor space is the courtyard, which is especially

suitable in hot-arid climates, where it is traditional and common. In a Z 1 7 /';/Wlll'z‘
courtyard a pool of cool night air can be retained, as it is heavier than % 'Zi?:’L wat
the surrounding warm air. If the courtyard is small (width not greater E:> . y //////”ﬂ///
than height), breezes will leave such pools of cool air undisturbed. m*zfam "-l f 2 7
The small courtyard is an excellent thermal regulator. High walls 78 : .

2 o g

e

cut off the sun, except for around midday, and large areas of the
inner surfaces and of the floor are shaded during the day, preventing
excessive heating; moreover, the earth beneath the courtyard
draws heat. During the night the heat accumulated during the day
is dissipated by re-radiation. Heat dissipation through the inside
surfaces should be assisted during the night by adequate ventilation.
Thus, the design of openings should be guided by two requirements:
during the day small openings would be most desirable; during the
night the openings should be large enough to provide adequate
ventilation so as to dissipate the heat emitted by the walls and the
floor of the courtyard.

A solution satisfying both these contradictory requirements is to use
large openings, with high thermal resistance shutters, e.g. heavy,
made of wood and partially glazed to let the light in. They would be
kept shut during the day and open during the night.

3.4.2 BUILDING ORIENTATION FIGURE 3.4-4 ORIENTATION ACCORDING TO SUN AND

Building orientation in tropical climates is very critical, WIND

and the basic rule is: minimise fagades facing east and west
(Fig. 3.4-4) and take into account local prevailing winds, _
because of their connection with natural ventilation. i dows b va

The best orientation of a building with respect to the
sun is common to all climates in EAC countries, because
they spread over a small range of latitudes around the
equator (from about + 5° N to — 10° S). In this range
the solar path is such that a significant amount of solar
energy can fall on east and west-facing facades, where
solar protection is difficult. Therefore the most suitable
building orientation and shape is that which is elongated
along the east-west axis, in order to maximise the north
and south-facing facades (which are easy to protect with
small overhangs) and minimise the east and west-facing
ones (which are difficult to protect), thus reducing heat
gains to a minimum.
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A westerly orientation of the largest facades has to be
avoided, since in the afternoon both solar radiation and
temperature reach their peak. The spaces that are used less
frequently (such as bathrooms, storage rooms, etc.) can
be an effective thermal barrier if they are located on the
east or, better, west side of the building. Rooms needing
better daylight conditions should be located towards the
facade that requires less solar protection, according to
its orientation. Bedrooms, where thermal comfort is the
most important requirement, should not have a western
orientation in a warm and humid climate, because solar
protection is very difficult and the mass-delayed solar
radiation effects on the thermal indoor environment take
place in the late evening and night, coinciding with the
time the bedroom is being used. Lightweight walls give
more freedom in the choice of orientation.

In hot-humid climates the building should be open to
the exterior, elongated (high surface to volume ratio) and
oriented in such a way as to capture the slightest breeze,
otherwise the air temperature inside will be higher than
outside. Unfortunately, very often the best orientation
from the point of view of sun is not the best from the point
of view of wind. In these circumstances it is necessary to
undertake the rather difficult task of optimisation, taking
into account that, if natural ventilation (i.e. wind direction)
is favoured, it will be necessary to provide solar protection
for the windows exposed to sun, and this solar protection
may be an obstacle to air circulation.

In a highlands climate, where some heating is needed, a
compromise has to be found in the size of the area of east
and west-facing facades, to allow some sun to enter the
building in the cooler months.

3.4.3 BUILDING FABRIC THERMAL
TRANSMITTANCE AND MASS

In air-conditioned buildings, a certain amount of
insulation and thermal mass is always recommended, in
order to reduce heat flow and to even out the effect of
the changes in external energy inputs (solar radiation,
temperature, wind). In the absence of an air conditioning
system, or in the periods in which it is not used, the
optimum amount of insulation and mass of walls and
roofs depends on the type of climate.

3.4.3.1 THERMAL INSULATION

Thermal insulation in tropical climates has to be
considered both in the highlands, where temperatures
can be such that some heating is required, and in hot-
arid lowlands, where it is necessary to reduce the heat
flow entering a wall or a roof because of the intensity
of solar radiation incident on it. In warm humid climates
with adequate natural ventilation indoor and outdoor
air temperature is the same. Insulation would have the

function of reducing the heat flow due to solar overheating
of external surfaces. Roofs receive far more solar energy
than walls and, unlike them, cannot be shaded; thus roof
insulation is most critical.

A surface exposed to the external environment is
subjected simultaneously to radiative (short and long-
wave) and convective heat exchanges. Particularly if the
surface is dark and exposed to the sun, the surface reaches
temperatures that can greatly exceed that of the air, thus
affecting the heat flux through the wall, which may be
very high.

The optimum insulation of a roof depends on a variety
of factors; the outside temperature, the resistance and
thermal inertia of the material forming the wall or the
roof,the air velocity, the intensity of the incident radiation,
the coefficient of absorption of solar radiation and on the
emissivity in the far infrared.

A minimum requirement is that the temperature
difference between air and ceiling does not exceed 1-2 °C;
starting from this assumption it is possible to calculate (see
Appendix 1 — Principles of building physics) the amount
of insulation required. A U value of 0.8 W/mK for the
combination roof-ceiling is a reasonable first guess.

In less extreme climates and in the highlands insulated
roofs are also advisable.

3.4.3.2 THERMAL MASS

In hot-arid tropical climates, where the daily temperature
swing is high, thermal mass plays a crucial role, absorbing
the heat during the day and returning it at night, thus
maintaining the environmental conditions in the comfort
range (Fig. 3.4-5); resistive insulation alone would not
be effective. Thermal mass also proves to be useful, if
combined with some insulation, in a tropical highlands
climate, mainly because it allows storage of heat gained
due to solar radiation during the day, avoiding overheating,
and then releases it at night.

Thermal mass, however, is of little or no use in a humid
lowland tropical climate, where the daily temperature
swing is very low, because the heat stored during the day
from incident solar radiation would be released at night,
worsening the comfort conditions.



FIGURE 3.4-5 EFFECT OF THERMAL MASS ON
THE BEHAVIOUR OF A BUILDING WITHOUT AIR
CONDITIONING. THE HIGHER THE MASS, THE
SMALLER THE FLUCTUATION AND THE LONGER
THE TIME WITHIN THE COMFORT RANGE.
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3.4.4 ROOF AND WALL DESIGN

Decisions about roof shape, colour and composition,
and the colour and composition of walls are crucial
because they determine the overall performance of a
building. Design choices about the roofs in single storey
buildings are especially critical, while the decisions about
the walls are equally critical in both low and high rise
buildings.

3.4.4.1 ROOF

The roof is the part of a building which receives the
most solar radiation. The outer surface absorbs radiation
and heats up; the roof then transmits this heat to its inner
surface, which increases in temperature, radiating inwards,
heating up the indoor air, and finally being absorbed by the
occupants and objects inside. The thermal performance of
the roof is critical for thermal comfort

Thermal performance depends to a great extent on
the shape of the roof, its construction and the materials
used. The first prerequisite is a highly reflective surface, to
minimise the amount of solar energy absorbed. Polished
metal sheets and light-coloured finishes are the most
common technological solutions. More technologically
advanced, so-called “cool roofs” are also available on the
market'®.

18  The term “cool roof” is typically used to describe surfaces with high solar
reflectance and high far infrared emissivity. Ordinary finishes reflect the short-
wave infrared of the solar spectrum much like the visible, “cool” coatings also
reflect the solar infrared as well as the visible radiation

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

The shape of the roof should be designed in accordance

with precipitation, solar impact and utilisation pattern
(pitched, flat, vaulted, etc., figure 3.4-6).

FIGURE. 3.4-6 BASIC ROOF TYPES

To keep roofs cool, they should be sloped towards the

prevailing breeze and any obstructions that would prevent
the airflow along the roof surfaces should be avoided.

Domed and vaulted roof

Domed roofs have been traditional in hot-arid regions

for thousands of years. These roofs have small openings
at the top, are made of locally available materials such
as stone or brick masonry and have a plaster finish. The
opening at the top provides ventilation and an escape
path for hot air collected at the top. They have several
advantages:

in vaulted roofs in the form of a half-cylinder and in
those domed in the form of a hemisphere, at least
part of the roof is always shaded, except at noon
when the sun is directly overhead;

due to thermal stratification, all the hot air within
buildings with curved roofs gathers in the space
under the roof, hence creating a more comfortable
feeling at floor level;

domed and vaulted roofs also increase the speed of
the air flowing over their curved surfaces due to the
Bernoulli effect, making cooling winds more effective
at reducing the temperature of such roofs.
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Even though curved roofs absorb almost the same
amount of beam radiation as flat ones, they absorb more
diffuse radiation. The increased input in solar radiation
is offset by the greater convective heat exchange with
the outside air, due to the larger surface area and to the
higher convection losses; moreover, the larger surface
favours heat losses during the night because of the re-
irradiation in the far infrared, with the resulting cooling
effect, which is especially effective in the clear nights of
hot-arid climates (Fig. 3.4-7). For this reason curved roofs
are suitable for areas with intense total radiation and
low sky diffuse radiation e.g. hot-arid regions. To be fully
effective, however, they must be appropriately designed
with an opening at the top for natural ventilation at night.

FIGURE 3.4-7 ROUNDED ROOFS GENERATE
THEIR OWN SHADE THROUGHOUT THE DAY (LEFT)
AND RE-EMIT THE HEAT OVERNIGHT (RIGHT)
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In some hot-arid regions the vault, the dome and the
flat roof are the traditional roof shapes. The common
construction method of today, a 10 to 15 cm thick exposed
concrete roof, is the worst possible solution, because the
inner surface temperature can go up to 60 °C and the heat
remains until late in the evening. This means that the roof
radiates heat towards the inhabited space, creating a very
uncomfortable environment. The choice of material used
and its thickness are therefore as important as the shape.

Single leaf roof

Most common in hot-humid climates, the single leaf
roof should be made of lightweight materials with low
thermal capacity and high reflectivity. Metallic and light-
coloured surfaces have the best reflectivity. Painting the
surface in light colours, e.g. a coat of whitewash applied
yearly, is an economical method of increasing reflectivity.
It must not be forgotten that soiling or ageing worsen the
reflective properties. Regardless of the type of material
used, aluminium, cement or galvanized sheet metal, the
temperature difference between the underside of the
sheet and the indoor air will be, in the hot hours of a
clear day, about 35 °C™. To give an idea of the impact on
thermal comfort, it can be estimated that — for a person
lying down — an increase of 1 °C of the underside of the

19 J. Dreyfus, Le comfort dans I'habitat en pays tropical, Eyrolles, 1960

sheet has the same effect as an increase of 0.3-0.5 °C
in air temperature. Thus, the lower layer of the single
leaf roof should be heat insulating'. For these reasons, a
single leaf construction without insulation will not satisfy
comfort requirements.

The most suitable material for the upper roof layer is
aluminium sheeting. However, this material has some
drawbacks, such as the glare from dazzling sunlight and
the noise from rain, wind or other materials striking it
(twigs, fruit, etc.). Even the sound of animals (birds, small
animals) walking across the upper roof surface can cause
a noticeable disturbance.

Another problem that may arise if a roof made of light
material is not insulated below is the condensation that
may occur because of its cooling down during the night
through re-radiation.

The roof is also important for providing shade to the
walls. How much the roof should overhang depends on
the local solar path and the design of the facade. Warm
air rising up a facade should be able to escape through
suitable vents.

Double leaf roof

The most effective roof type for all EAC climate zones is a
ventilated double skin. The outer skin shades the inner layer
and absorbs solar heat according to its reflectivity, which
should be as high as possible.

Ventilation of the space between the roof and the ceiling
is essential for comfort, as shown in Table 3.4-1, where
the temperature difference between indoor air and the
underside of the ceiling is given for various combinations,
in the absence of ventilation.

TABLE 3.4-1 ORDER OF MAGNITUDE OF TEMPERATURE
DIFFERENCES BETWEEN CEILING UNDERSIDE AND INDOOR
AIR FOR DIFFERENT COMBINATIONS OF LIGHT-WEIGHT
ROOFS, AT THE TIME OF MAXIMUM SOLAR IRRADIATION ON
A CLEAR DAY

Roof Ceiling Temperature dif-
ference (°C)
Calherises] dhest Asbestos-cement 3.5
S5y Insulation, 12 mm 2.5
Galvanised sheet Asbestos-cement 14
oxidised Insulation, 12 mm 8
Aluminium, after Asbestos-cement 4
some months age- i
ing Insulation, 12 mm 3

Source: J. Dreyfus, Le comfort dans I'habitat en pays tropical,
Eyrolles, 1960



In ventilated roofs like the ones shown in figures 3.4-8
and 3.4-9, the heat between the two skins is removed
by the airflow crossing the roof space through openings
facing the prevailing winds. The outlet opening should be
larger than the opening for the inlet; they should also be
placed at different heights in order to obtain air movement
by the stack effect when the wind is not blowing. The heat
load is reduced by ventilation in the daytime and rapid
cooling is allowed at night.

FIGURE 3.4-8 ATTIC VENTILATION
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FIGURE 3.4-9 VENTILATION OF THE SPACE BETWEEN
ROOF AND CEILING

In ventilated roofs of the kind shown in figure 3.4-9, roof
slopes should be oriented towards the prevailing breeze.

In both types of ventilated roof any obstruction which
would interrupt the airflow next to the surface of the roof
should be avoided.

In figure 3.4-10 some solutions for roof ventilation are
shown.

A reflective surface in the cavity (e.g. aluminium foil)
is highly recommended since it reduces the radiant heat
transfer by reflecting the long-wave radiation emitted
by the hot upper layer. This foil (called a radiant barrier)
should be applied to the inner surface of the roof (Fig. 3.4-
11). In this way, radiant heat is prevented and convective
heat is removed by ventilation.

A simple and effective solution in hot-humid climates is
a flat roof shaded by an aluminium screen (Fig. 3.4-12).
The performance of the screen can be improved if the
lower surface is covered with a low emission layer, or the
upper surface of the flat roof is covered with a reflective
layer.
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A sloping roof with wall shading overhangs and a
well-ventilated space between roof and ceiling is also an
appropriate solution, provided that the ceiling below the
roof is massive (e.g. concrete a minimum of 10-15 cm
thick, covered with 5 cm insulation, figure 3.4-13).

If, instead of aluminium, galvanised corrugated sheets
are used, insulation thickness has to be increased by
at least 3 cm. In both cases a reflective surface on the
insulation layer or in the lower surface of the roof would
improve the performance.
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FIGURE 3.4-10 VENTILATION OF THE GAP BETWEEN THE
TWO ROOF LEAFS

FIGURE 3.4-11 ALUMINIUM LAYER BETWEEN THE ROOF
AND THE CEILING
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FIGURE 3.4-12 ALUMINIUM SUN SCREEN ABOVE A
FLAT ROOF
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FIGURE 3.4-13 ALUMINIUM ROOF; CONCRETE CEILING
AND INSULATION
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Flat roof

The flat roof is practical in areas where it seldom rains.
It is also a good reflector and re-radiates heat efficiently,
especially if it consists of a solid, white painted material.
High solid parapet walls along the edge of the roof can
provide daytime shade and privacy, but can also have the
disadvantage of creating an undesired stagnant pool of
hot air. The construction and exact placement of parapet
walls should therefore be carefully examined.

The performance of a flat roof can be improved by
separating roof and ceiling with a ventilated cavity (Fig.
3.4-14). If this technique is used, the material of the roof
should be light and the ceiling material should be massive.
Aluminium foil between the cavities is recommended for
improving the roof’s performance, as in pitched roofs.

GENERAL RULES FOR ROOF DESIGN BY CLIMATIC AREA

The roof in a tropical climate should be, as far as
possible, reflective, insulated and ventilated. In hot-arid
climatic zones the roof should also be massive; in hot-
humid zones, however, it should be lightweight. Both
insulation and thermal mass can be moved to the ceiling,
with similar results. In the highlands roof ventilation may
not be necessary, but insulation is necessary and some
thermal mass is helpful.



FIGURE 3.4-14 TOP: FLAT ROOF; BOTTOM: VENTILATED
DOUBLE ROOF WITH HEAVY CEILING

3.4.4.2 WALLS

Walls constitute the major part of the building envelope.
A wall which is not protected from the sun heats up and
transmits heat to the inside. The thickness and material of
a wall can be varied to control heat gain. The resistance to
heat flow through the exposed walls may be increased in
the following ways:

® increase the thickness of the wall;
¢ adopt cavity wall construction;
¢ use walls made of suitable heat insulating material;

¢ fix heat insulating material on the inside or outside of
the exposed wall;

e use radiant barriers;

¢ apply light coloured whitewash on the exposed side
of the wall.

Appropriate wall thickness varies with the material
used. Regardless of the material used, it can be expected
that while thick walls will produce both minimum and
maximum temperatures at different times of day than
thin walls, due to the additional time it takes heat to be
conducted, their capacity for assimilating and radiating
heat will also be much greater.
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North and south-facing walls receive moderate radiation
because of the steep angle of incidence. At certain times
of day, when the sun is low, east and west-facing walls
receive a much greater heat load, against which it is very
difficult to achieve effective solar protection by using roof
overhangs or horizontal lamellae.

Wall Insulation

The use of multi-layered construction has to be seriously
considered for east and — especially — west-facing walls;
in many cases the decision depends on economic factors.
Where the resources are available, it should be used;
however, a careful assessment of its thermal performance
is needed.

Placing a lightweight insulating material on the outside
of a massive wall will give a time lag and decrement factor
greater than that of the massive wall alone; on the other
hand it prevents heat dissipation to the outside at night,
thus making internal ventilation imperative.

Placing insulation on the inside will result in an indoor
climate performance similar to that in a lightweight
structure with a highly reflective outer skin, because the
balancing effect of the thermal mass of the outer wall is
cut off. As with external insulation, heat dissipation at
night is prevented.

Thermal mass of walls

What really counts is not the mass of the wall but the
combination of mass and thermal resistance and the ability
of this combination to attenuate and delay the external
heat wave. Except in hot-arid climates, where thicker walls
are recommended, to go above a thickness of about 30
cm of a heavy material (concrete, clay) is of little use for
attenuating daily temperature variations.

Brick, cement and earth walls provide thermal mass,
which adds to energy efficiency by slowing heat transfer
through the wall. They can also be efficiently used in hot
humid areas if a thickness of only 10 cm is used without
plastering.

However, the optimum thickness for a given material,
type of insulation and climate should possibly be derived
from a parametric analysis carried out by means of
computer simulations.

Solar protection of walls
East and west-facing walls especially should be shaded,
by pergolas or other means, as shown in figure 3.4-15.
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FIGURE 3.4-15 WALLS SOLAR PROTECTION
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Ventilated wall

A ventilated and reflective outer skin is an efficient,
although expensive, solution to the problem of reducing
radiant daytime heat (Fig. 3.4-16). Heat dissipation at
night is more efficient than with a structure using outside
insulation.

FIGURE 3.4-16 DIAGRAMMATIC SECTION OF DOUBLE-
SKIN WALL
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One way of reducing the radiant heat transfer between
the two skins is the use of a low emission surface on the
inside of the outer skin (radiant barrier). Bright aluminium
foil can be used.

GENERAL RULES FOR WALL DESIGN BY CLIMATIC ZONE

In hot-arid climates, walls of daytime living areas should
be made of heat-storing materials; walls of rooms for
nighttime use should have low heat storage capacity. East
and west-facing walls should preferably be shaded. Highly
reflective finishes are desirable.

In climates with a less extreme diurnal temperature range
and where the night temperature does not fall below the
comfort zone, such as in the savannah zones, the internal
walls and intermediate floors should have little thermal
mass, whilst the outer walls and roof need highly resistive
insulation and reflectivity. Double walls with insulation in
between are a suitable solution.

In climates with large diurnal temperature ranges and
night temperatures below comfort level, such as Great
Lakes and upland zones, inner and outer walls should
possess a large thermal capacity with an appropriate time
lag to balance temperature variations. To achieve this
they must be constructed of heavy materials. The use of
exterior or interior insulation has to be considered carefully
and its suitability depends on the particular requirements
and technical possibilities.

These  considerations point to  double-walled
construction, especially for the hot-arid zones. Their
effectiveness depends primarily on the surfaces of the
materials enclosing the air gap. It is improved considerably
if the surfaces are reflective, such as aluminium foil. Part
of the radiation between the walls is converted into heat;
therefore, the warm air should escape through high
vents to permit an inflow of cooler air lower down. The
less reflective the material used, the greater the heat
penetration in the air space, and the faster the airflow
needs to be.

The usually thin, outer leaf of a cavity wall can be of brick-
work, concrete or suitable panels fixed to a framework.

All types of clay, stone and brick are traditionally used
for such walls in the hot-arid savannah, Great Lakes
and upland zones. Concrete blocks have more recently
replaced these materials. Where the storage of coldness
is required, solid blocks are more effective than hollow
blocks.

It is not only external walls that play a role in thermal
comfort inside a building: heat is also absorbed and
released by internal partitions. Nor is the effect of
the volume of spaces negligible: in small volumes, air
temperature during the day, when windows are closed,
increases more than when the volume is large.



These two considerations mean that it is preferable to
use high ceilings and internal layouts that are not too
regular, in order to increase the amount and the total
surface of internal partitions as shown in the example in
figure 3.4-17. The thickness of internal partitions does not
need to be more than 15 cm.

In hot-humid climates, walls - both external and internal
- should be as light as possible with minimal heat storage
capacity: the diurnal temperature swing is small and for
buildings occupied at night thermal mass is a disadvantage
since the heat stored in the structure will contribute to
discomfort by overheating the space when the occupants
are sleeping.

FIGURE 3.4-17 INCREASING THE SURFACE AREA OF
INTERNAL PARTITIONS IN A LARGE ROOM
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Walls should obstruct the airflow as little as possible
and should reflect radiation, at least in places where solar
radiation strikes the surfaces. The outer surface should be
reflective and light coloured.

Walls should be shaded as much as possible. If, however,
they are exposed to the sun, they should be built in the
form of a ventilated double leaf construction, the inner
leaf having a reflective surface on its outer side (or on the
inner side of outer leaf). Some thermal insulation could
also help. In the absence of a double leaf wall, thermal
insulation would be necessary.

Light, thin materials such as timber are recommended.
Other materials forming light panels can be used, together
with a frame structure to take care of the structural
requirements.

In an upland climate, solar radiation can be used in
such a way as to improve comfort and reduce, or even
eliminate, any need for a heating system.

There are rules of thumb that can be followed regarding
thermal mass, insulation and solar gains.

These rules, however, are dependent on the design of
openings, for the following interrelated reasons:

e the amount of solar energy that enters the building
(which in turn depends on the orientation, on the size
of the window, the type of glass and on its shading);

e the thermal mass of the room, which influences the
amount of excess heat accumulated during the hours
of sunshine and its return during the other hours (Fig.
3.4-18).

FIGURE 3.4-18 SOLAR ENERGY DURING THE DAY IS TRAPPED AND STORED IN THE MASS DUE TO THE
GREENHOUSE EFFECT; THE ENERGY STORED IN THE MASS IS RELEASED DURING THE NIGHT
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If the window is too large, the building is well insulated
and the thermal mass is insufficient, there will be
overheating in some hours of the day as a result of the
excessive incoming solar energy. In addition, if a window
is large, the losses will be large, even though they may be
mostly offset by gains during the hours of sunshine; when
there is no sun, the window loses more heat than it gains.

If the window is too small, on the other hand, its
contribution of solar gains to the overall energy balance of
the building is also small.

Optimization is a process which should be performed
with the aid of appropriate calculation tools.

In relation to thermal mass, a few rules of thumb can be
followed as a starting point for more accurate evaluations.
It is intuitive that the best place to create thermal mass is
the floor, on which most of the solar radiation is incident;

it is also intuitive that to take full advantage of this, it is
advisable to use a dark colour, and to avoid rugs or carpets,
which act as a thermal resistance. The mass, however, can
also be placed on the walls, if the floor is lightweight, but
in this case it is necessary for the latter to be light-coloured
(Fig. 3.4-19). For concrete, brick or stone, a thickness of
just 10-15 cm is sufficient if they receive direct radiation,
5-10 cm if they receive reflected radiation. Thicker walls
do not help.

Another potential way to exploit solar radiation in a
highlands tropical climate is the sunspace. The sunspace
is very critical in terms of comfort and energy, and its
design must be accurate, with careful analysis of energy
and comfort, to avoid its proving counterproductive (for
example, during the hot season, overheating may occur).
A mandatory rule, however, is that sunspaces can be fully
opened in warm periods.

FIGURE 3.4-19 FLOORS SHOULD BE DARK-COLOURED IF MASSIVE; LIGHT-WEIGHT FLOORS SHOULD BE LIGHT
COLOURED, TO REFLECT THE SOLAR RADIATION ONTO MASSIVE SURFACES.
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3.4.5 OPENINGS

Roughly 40% of the unwanted heat that builds up in a
house comes in through windows: their protection from
the sun is thus imperative.

Sunscreens are an effective means of reducing
undesirable solar light. Louvres are an effective shading
system only if they reflect light towards the ceiling.

Openings should be large, in order to allow natural
ventilation. It is best to expand them horizontally (Fig.
3.4-20). Not all types of window favour natural ventilation
to the same extent (Fig. 3.4-21). The best ones are those
which permit the maximum adjustable effective open area
(also called permeability), such as the casement, jalousie
and awning types. In hot-arid climates the casement type
is the most advisable, as it allows for good airtightness
during the day and has the largest effective open area for
ventilation at night.
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THERMAL MASS OF THE ENVELOPE IN
AIR-CONDITIONED NON-RESIDENTIAL BUILDINGS

The above rules apply to residential buildings which are not air-
conditioned. However, in air-conditioned non-residential buildings,
thermal mass plays a different role, especially in hot-arid climates.
This derives from the different use of the building, from the fact that,
during the time when it is occupied, indoor temperature is kept at a
constant value which is lower than outdoor temperature, and from
their intermittent use (only during working hours and days). In such
buildings it is always better to use a low or medium weight envelope,
even in hot-arid climates. In order to determine the optimum weight
of the walls and roof, it is necessary to carry out computer simulations.
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FIGURE 3.4-20 IMPACT OF WINDOW SHAPE ON AIR VELOCITY
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Source: Chandra, Subrato, Philip W. Fairey, and Michael M. Houston. 1986. Cooling with ventilation, Solar Energy Research Institute.

http:/lwww.fsec.ucf.edu/en/publications/pdf/FSEC-CR-1658-86.pdf

FIGURE 3.4-21 DIFFERENT WINDOW TYPES; IN BRACKETS THE EFFECTIVE OPEN AREA (PERMEABILITY) AS

PERCENTAGE OF THE OPENING AREA
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In an upland climate, openings should be sized according
to the orientation, to optimise the balance between solar
heat gains and heat losses.

Whatever the window used, it should be able to
accommodate a flyscreen in all the climates in which the
incidence of air borne diseases - such as malaria - is high,
as in almost all EAC countries. Mosquito nets help keep
mosquitoes away from people, and thus greatly reduce
the transmission of malaria. Insect screens may be made
either of metal or nylon mesh. Metal mesh corrodes easily
due to the high salt content of the air, while nylon mesh
disintegrates due to exposure to ultra-violet from the sun.

As flyscreens are not a perfect barrier, because some
damage may occur and because of weathering, they
are often treated with an insecticide designed to kill the
mosquito before it has time to search for a way past the
net. Insecticide-treated nets are estimated to be twice as
effective as untreated nets, and offer greater than 70%
protection compared with no net.

3.4.6 THE KITCHEN

The current use of biomass for cooking in developing
countries adversely affects health and the environment,
because of the use of three-stone open fires and of
charcoal, the latter mainly because of the deforestation
that it creates.

The well-known disadvantages of the open fire are:
smoke; the slow pace of cooking; health risks; and high
fuel consumption. All of these can be eliminated or
reduced with the use of improved stoves.

On the other hand it should be remembered that some
of these inefficiencies are also welcomed due to their
positive side effects:

e smoke can chase away mosquitoes in malaria-infested
areas;

¢ open fires burn slowly and do not require frequent
attention. This is welcome if other household tasks
have to be carried out at the same time;

e open fires emit heat, which is welcome in cold areas.

Thus, additional solutions must be provided to
complement the introduction of the improved cooking
stoves:

e an extra space heater for the cold season, where
appropriate ;

¢ openings equipped with fly screens.

However, in spite of the availability of new, more efficient,
safe and healthy improved stoves, switching away from
the use of traditional biomass is not feasible in the short
term. One reason is the cost of new equipment; the other

is that households do not simply substitute one fuel for
another as income increases, but instead add fuels in a
process of “fuel stacking”. The most energy-consuming
activities in the household — cooking and heating — are
the last to switch. Use of multiple fuels provides a sense
of energy security, since complete dependence on a
single fuel or technology leaves households vulnerable to
price variations and unreliable service. Some reluctance
to discontinue cooking with fuelwood may also be due
to taste preferences and the familiarity of cooking with
traditional technologies. As incomes increase and fuel
options widen, the fuel mix may change, but wood is
rarely entirely excluded. Improving the way biomass is used
for cooking is, however, an important way of reducing
its harmful effects. This can be achieved either through
transformation of biomass into less polluting forms or
through improved stoves and better ventilation. Adding
chimneys to stoves is the most effective improvement that
can be made from the point of view of health. Increasing
household ventilation is also a very cost-effective measure.

In order to design the kitchen to minimise the negative
effects on health and on the environment arising from the
use of biomass for cooking, the architect should reject
the common approach in which the kitchen is neglected,
even in newer houses, and left to the occupants to design,
especially when we consider that the kitchen is?°:

e where most household energy is used in developing
countries;

* where cooking and related activities are carried out.
It is one of the main workplaces in the home, but the
one with the worst indoor environment - air pollution
from smoke, high temperatures and humidity, and in
general a messy and dirty place;

¢ ahazardous and often unhealthy place where many
children are burned;

e anintegral part of most homes, with a significant
impact on the overall indoor environment if it is not in
a kitchen-house;

e 3 workplace where most activities are carried out
by women and children. Thus the kitchen should be
designed with the aim of making it a safe and healthy
workplace and, possibly, a place for the family to
meet and for the children to do their homework.

The location of activities (i.e. indoors or outdoors)
is a basic question for architects. It is the starting point
for design and for giving activities a physical form and
expression. For the kitchen, the location of the stove and
its type is crucial, since it has a great impact on the overall
kitchen environment and influences kitchen design. The
kitchen should be defined from the user’s perspective, the
culinary activities, and the use of water and the cooking
stove/energy/fuel involved in the process. These factors

20 B. Westhoff, D. Germann, Stove Images, Brandes & Apsel Verlag, 1995



define how much space is needed in the kitchen. Their
effects on the kitchen environment, indoor climate and
indoor air quality as well as function interact and should
determine the design of the kitchen and its relationship to
indoor and outdoor space.

Whatever the kind of fuel — firewood or charcoal —
and the stove used — traditional or improved — the main
aim should be to design the kitchen in such a way as to
maximise natural ventilation. This kind of approach can be
found in some vernacular architecture examples in Europe,
before fossil fuels were available and affordable, and for
some time after that. These examples could still be used
as valuable examples, as shown in figure 3.4-22, where
the kitchen ceiling is shaped to act as a hood, inducing

FIGURE 3.4-22 A KITCHEN-IN-CHIMNEY ONCE USED IN
TRADITIONAL HOUSES IN THE ITALIAN ALPS

vigorous air movement by the stack effect and removing
the smoke even if an open fire is used. At the same time
the kitchen becomes a gathering place for the family.
Another common solution to the problem of smoke was a
hood above the cooking stove (Fig. 3.4-23).
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FIGURE 3.4-23 AWOOD OR CHARCOAL COOKSTOVE
AND A HOOD TO EXTRACT SMOKE IN AN OLD
TRADITIONAL KITCHEN IN SICILY

[

FIGURE 3.4-24 A KITCHEN  IN PARAGUAY.

Perforated wall for ventilation

Source: B. Westhoff, D. Germann, Stove Images, Brandes & Apsel
Verlag, 1995

In climates where the cool season is mild, the approach
shown in figure 3.4-24, where natural ventilation is
enhanced by perforated walls, can be considered.

3.5 NATURAL VENTILATION

The term natural ventilation is used to indicate the
intentional airflow through windows, doors or other
openings designed for the purpose, obtained without the
use of fans; it is created by pressure differences caused by
the wind and/or by temperature differences between the
inside and the outside.

Natural ventilation affects three issues: health, the
energy balance of the building and thermal comfort.
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It affects health because of the relationship between air
changes and air quality. It affects the energy balance of
buildings because the flow of external air subtracts heat
from or adds it to the internal space: it subtracts heat
if the outdoor air temperature is lower than the indoor
air temperature and adds it if it is higher (see Appendix
1 — Building physics). Thermal comfort is also indirectly
affected as a consequence of the change in indoor air
temperature due to ventilation,

It directly affects thermal comfort because air velocity
affects the body’s energy balance through convective
exchange and perspiration: the higher the air velocity the
greater the body's heat loss (see Appendix 2 — Thermal
and Visual Comfort).

Because of the effects on the energy balance of the
building and on thermal comfort, natural ventilation
strategies differ according to the local climate. A high
air flow rate, and hence air velocity, is beneficial all day
in hot-humid climates, whereas in hot-arid climates
with a significant daily temperature variation, only
night ventilation should be used (a high ventilation rate
during the day would warm up the building structure,
which would release the heat at night, leading to an
uncomfortable indoor environment; night ventilation, on
the other hand, because of the low air temperature during
the night, cools the building structure down, creating a
more comfortable indoor environment the following day,
provided that the windows are kept closed). In upland
climates, by contrast night ventilation should be kept to
the minimum compatible with the needs of air quality, and
day ventilation should be modulated according to outdoor
temperature.

3.5.1 BASIC PRINCIPLES OF NATURAL

VENTILATION

Natural ventilation is driven by some basic principles,
which we recall below:

1. Air always moves from a higher pressure zone to a
lower pressure one;

2. An air flow is called laminar when the speed is low
and the fluid streamlines all move in parallel (Fig.
3.5-1a); When the speed increases or there is a
pronounced change of direction, the motion becomes
turbulent, and fluid streamlines cease to move in
parallel, giving rise to significant changes in direction
and to eddies (Fig. 3.5-1b);

3. Air, as all fluids, is subject to the Bernoulli effect,
because of which there is a reduction of pressure
when speed increases; this effect is exploited in the
wing of an aeroplane, whose shape is such that it
forces air passing above it to follow a longer path,
resulting in greater speed than that of the air flowing
beneath it (Fig. 3.5-2); the pressure at the top is then

FIGURE 3.5-1 LAMINAR AND TURBULENT FLOW
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FIGURE 3.5-3 VENTURI EFFECT

lower than at the bottom and there is a push from
the bottom upwards: the lift;

4. Because of the Venturi effect, when an air stream is
forced through a smaller section (Fig. 3.5-3) there is
an increase in speed and a decrease in the pressure in
correspondence to the narrowing;
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5. As an effect of a combination of the factors described
above, when the wind hits a building it causes areas FIGURE 3.5-6 LOW-RISE BUILDING TO WINDWARD OF A

of low pressure to be created along the sides parallel HIGH-RISE ONE
to its direction and on the leeward side (Fig. 3.5-4);

FIGURE 3.5-4 PRESSURE DISTRIBUTION
AROUND A BUILDING

* In a building on stilts leeward pressure is reduced
and in correspondence to the stilts wind speed
significantly increases, figure 3.5-7;

FIGURE 3.5-7 BUILDING ON STILTS

6. When the air inside a room or building is warmer

than the outdoor air, it triggers the stack effect (Fig. >
3.5-5): the pressure inside is lower than it is outside —
due to the lower density of warmer air. | , -;‘f?"‘\‘\

FIGURE 3.5-5 STACK EFFECT
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¢ To maximise the cooling effect of wind, trees with
high canopies should be used and bushes should be
kept away from the building, figure 3.5-8;

FIGURE 3.5-8 EFFECT ON WIND OF TREES WITH HIGH
CANOPIES AND OF BUSHES
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3.5.2 WIND DRIVEN AIR MOTION ) f ‘_3__

Although the physical laws that cause the phenomena e
are known and well defined, it is not an easy task to predict
the flow of air around and through buildings, especially
with regard to the path of the fluid streamlines. In the
past, knowledge in this field was mainly built up with scale
models, smoke tests and wind tunnels. More recently
Computerised Fluid Dynamics allows designers to predict
with very good accuracy the effects of their choices. A
large set of general rules were derived from these studies:
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¢ When a low-rise building is to windward of a higher
one, considerable turbulence is created between the
two, figure 3.5-6;
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The air flow pattern due to the wind depends on the
relative position of the openings. The best conditions
are created when the outlet opening is higher and
wider than the inlet (the ideal is to have them of
equal area), figure 3.5-9;

FIGURE 3.5-9 AIR FLOW PATTERN, ACCORDING
TO THE RELATIVE POSITION OF THE OPENINGS

A horizontal overhang above the opening deflects

flow upwards. If the overhang is spaced away from
the wall, the flow is deflected at half height, figure
3.5-10;

When inlet and outlet openings are aligned, cross
ventilation is activated by wind. If the openings are
aligned in the direction of the wind, the air flow
passes right through the space influencing a reduced
part of it and giving rise to modest induced air
movements. If the wind blows obliquely, however,
the ventilation involves a wider zone and more air
movement is induced. If the wind blows parallel to
the openings, there is no significant air movement in
the space, figure 3.5-11;

FIGURE 3.5-10 EFFECT OF A HORIZONTAL OVERHANG
ABOVE THE OPENING

FIGURE 3.5-11 EFFECT OF ALIGNMENT OF OPENINGS
ON CROSS VENTILATION
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e |f the room has openings on adjacent walls, wing
walls can significantly increase the effectiveness of
natural ventilation, figure 3.5-12.

In most cases rooms have only one wall facing outside
and a single opening; ventilation is derived only from the
turbulence induced by wind fluctuations and the resulting
air movement is quite poor (if the window is on the
windward side, the available wind velocity is about 10% of
the outdoor velocity at points up to a distance one sixth of
the room width; beyond this, the velocity decreases rapidly
and hardly any air movement is produced in the leeward



portion of the room?'). This situation can be improved
by splitting the single opening into two, positioning the
parts as far apart as possible; if the wall is to windward, a
further improvement is obtained by constructing a vertical
fin (wing wall, figure 3.5-13).

FIGURE 3.5-12 IMPROVING VENTILATION WITH
OPENINGS ON ADJACENT WALLS, AND WING WALLS

FIGURE. 3.5-13 VENTILATION, WITH WING WALLS, IN
ROOMS WITH ONLY ONE WALL FACING OUTSIDE AND
TWO OPENINGS
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21 N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of
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3.5.2.1 SIZING OPENINGS FOR CROSS-VENTILATION

To estimate the size of the openings (opposite) in the
case of cross ventilation, the following equation can be
used?2:
V=KAv (3.5-1)
where:

V= air flow rate [m3/s];

K= coefficient of effectiveness;

A = net free area of inlet openings, equal to outlet [m?];
v = outdoor wind speed [m/s].

The coefficient of effectiveness depends upon the
direction of the wind relative to the opening, and on
the ratio between the areas of the two openings. It is
maximum when the wind blows directly onto the opening
and it increases with the relative size of the larger opening.

For opposite openings of equal area, K= 0.6 for wind
perpendicular to opening (or 0°) and K= 0.3 for wind at
45°,

Changes in wind direction up to 30° on either side of
the normal to the window wall have little effect on the
values of K For wind directions outside these limits, the
value of K'may be considered to change linearly with
wind direction.

According to the type of window (jalousie, sash,
casement, etc. - see figure 3.4-21), the net free area of an
opening is different and it is obtained by multiplying the
gross opening area by the window permeability.

The air flow rate can also be obtained using the graphs
of figure 3.5-14 (wind 0° to opening) and figure 3.5-15
(wind at 45° to opening), providing the air flow rate per
square meter through the smaller opening (coincident
with the air velocity in m/s) with different wind speed.

3.5.2.2 INDOOR AIR VELOCITY

When we know the air flow rate, combined with
the outdoor and indoor temperature, it is possible to
calculate the amount of heat added to, or subtracted
from, the internal space, i.e. the thermal load deriving
from ventilation: this is information related to the energy
balance of the building (see Appendix 1 — Building
physics). But ventilation also has a beneficial effect on
thermal comfort, this effect being linked to the air velocity
in the place where the subject is situated (see Appendix
2 — Thermal and Visual Comfort). As seen previously, local
values of air velocity depend on many factors (wind velocity
and direction, size and position of openings, etc.) and they
can only be accurately predicted with CFD simulations or
experimental evaluation.

22 N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of
natural climatic control, Elsevier science, 1994
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FIGURE 3.5-14 AIR FLOW RATE PER SQUARE METER THROUGH THE SMALLER OPENING
(OR AIR VELOCITY IN M/S) WITH DIFFERENT WIND SPEED — WIND INCIDENT AT 0°
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Adapted from: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of natural climatic control, Elsevier science, 1994

FIGURE 3.5-15 AIR FLOW RATE PER SQUARE METER THROUGH THE SMALLER OPENING
(OR AIR VELOCITY IN M/S) WITH DIFFERENT WIND SPEED — WIND INCIDENT AT 45°
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Adapted from: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of natural climatic control, Elsevier science, 1994



A compromise between the absence of information
about air velocity and the detailed knowledge of the
values of air velocity in each part of the internal space,
is an evaluation of the average wind velocity. From the
average wind velocity it is possible to derive, as a first
approximation, an indication of the effect of the airflow
on comfort. The relationship between the area of the

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
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openings and the internal air velocity as a percentage
of external wind speed, for a cross ventilated room with
centred opposite openings, is plotted in figure 3.5-16, for
different values of inlet area expressed as % of total (inlet
+ outlet) net fenestration, to take into account the effect
of different inlet and outlet sizes.

FIGURE. 3.5-16 AVERAGE INTERNAL AIR SPEED FOR DIFFERENT AREAS OF THE OPENINGS FOR CROSS

VENTILATION
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Adapted from: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of natural climatic control, Elsevier science, 1994

The values of internal air speed deriving from figure 3.5-
16 change if the location of windows is changed, i.e. if
they are not centred and opposite. For a given external
wind velocity, the value of the average internal air velocity
must be corrected according to Table 3.5-1.

Effect of louvers

Louvers used for protection against direct solar gains
significantly affect the average indoor air speed and the
airstream pattern. Table 3.5-2 summarizes the effect of
some simple types of louvers on room air motion, giving
the corrective factors to be applied to the average indoor
air velocity obtained with the figure 3.5-16.

Effect of verandas

The presence of a veranda on the windward or leeward
side of a room influences the air motion. The correction
factor to be applied to the average indoor air speed
obtained with figure 3.5-16 is given in Table 3.5-3.
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TABLE 3.5-1 EFFECT OF WINDOW LOCATION ON
INDOOR AIR MOTION

c,l«aw*e. w4

TABLE 3.5-2 EFFECT OF LOUVERS ON INDOOR AIR

MOTION

Type of louver

% change of average

internal air speed

. -h -0 -15

L-——d

l '—: 0 ~6o

I -20° -Ao
e =20 ~ 6o

Source: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a
handbook of natural climatic control, Elsevier science, 1994

ot wind 0
ovieniaiiou l = ""‘“J Horizontal (sunshade) -20
d .
w\mo\w N i - _:;2( L-type (horizontal and vertical) +5
location [ ] Multiple horizontal -10
\L } ! Multiple vertical -15
— Source: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a
O 0 handbook of natural climatic control, Elsevier science, 1994
e
TABLE 3.5-3 EFFECT OF VERANDAS ON INDOOR AIR
A -4o +4o MOTION
% change of aver-
Type of veranda Location age internal air
-0 =A5 speed
s Snd
' Windward 15
-15 indwar +
0 Open on three sides
_— Leeward +15
- Windward 0
-15 0 Open on two sides
Leeward 0
- Open side parallel to the | Vindward -10
l 0 0 room wall Leeward 0
Open side perpendicular | Windward -50
r- ’ P -|-A0 to the room wall Leeward 0

Source: N. K. Bansal, G. Hauser, G. Minke, Passive building design: a
handbook of natural climatic control, Elsevier science, 1994

Effect of flyscreens

Flyscreens or mosquito nets are an absolute necessity
not only in malaria infested areas but also if any kind of
lamp is used indoors at night, to prevent large amount of
insects entering, attracted by the light. Such screens and
nets substantially reduce the air flow. A cotton net can
give a reduction of 70% in air velocity. A smooth nylon net
is better with a reduction factor of about 40% of the air
flow rate and about 35% of average indoor air speed. The
reduction of the latter increases, but not dramatically, with
outdoor wind speed, and it is also affected by the wind’s
angle of incidence, as shown in figure 3.5-17.
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FIGURE 3.5-17 FLYSCREEN. REDUCTION OF WIND VELOCITIES WITH THE INCIDENT ANGLE
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Adapted from: O.H. Koenisberger, T.G. Ingersoll, A. Mayhew, S.V. Szoklay, Manual of tropical housing and building, Longman, 1975

3.5.3 STACK EFFECT

Heated by internal loads (people, lights, equipment) air
entering a building that is not air-conditioned tends to
rise, because it warms up and its density, and therefore its
weight, is lower than that of the outside air. If there is an
opening at the top, the warm air escapes through it, and is
replaced by the outer, colder and heavier air, which enters
from the bottom.

In the absence of wind, if internal resistance to flow is
not significant, the air flow rate V crossing two equal size
openings at different heights through the stack effect,
depends on the difference between the internal average
temperature T, and the external one T_ [K], on the height
difference H [m] between the openings and on their net
equal area A [m?], figure 3.5-18 (A, = A), and can be
calculated with?3:

Ti-T,
Ve 2884 |H—
Ti

If the inlet and outlet areas are not equal, the air flow is
first determined using the smallest of the two areas and
then, according to the ratio of outlet to inlet, or vice versa,
the percentage of the flow increase is provided by the
graph of Figure 3.5-19.

(3.5-2)

Where appropriate, the same correction factors for
louvers and fly screen, as for cross ventilation, should be
applied.

23 ASHRAE Handbook of Fundamentals, 1993

Since the air flow increases with the stack height and the
temperature difference, the height difference H between
the openings should be increased as much as possible, as
should their size.

To enhance the flow rate, an effective solution is to
increase the temperature difference between inside and
outside, using the solar chimney, exploiting solar energy
to heat the rising air flow (Fig. 3.5-20).

3.5.4 VENTILATION DUE TO COMBINED
EFFECT OF WIND AND THERMAL FORCES

The actual air flow in a building results from the
combined effect of thermal (stack effect) and wind forces.
The two forces may either reinforce or oppose each other,
depending on the direction of the wind and on whether
the internal or the external temperature is higher. When
acting simultaneously, the resulting air flow rate through
the building can be calculated as?*:

V= ’vﬁ,+v§

where:

V = resultant air flow rate [m3/s];

V,, = air flow due to wind [m%s];

V_ = air flow due to stack effect [m%s].

(3.5-3)

24 N. K. Bansal, G. Hauser, G. Minke, Passive building design: a handbook of
natural climatic control, Elsevier science, 1994
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FIGURE 3.5-18 AIRFLOW DUE TO THE HEIGHT FIGURE 3.5-19 INCREASE IN STACK FLOW RATE DUE TO
DIFFERENCE BETWEEN THE OPENINGS AND THE DIFFERENTIAL OPENING SIZES

TEMPERATURE DIFFERENCE BETWEEN INSIDE AND

OUTSIDE, IN THE ABSENCE OF WIND
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3.5.6 ROOM ORGANISATION STRATEGIES

When designing so as to profit as much as possible from
the benefits of natural ventilation, both cross and stack,
organisation of the rooms plays an important role. The
best strategies are shown in figure 3.5-21.

3.5.7 WIND CATCHERS

There are cases in which it is difficult to provide adequate
ventilation even if the location is fairly windy. This is the case
in low-rise, high density settlements, where it is difficult
to get good wind access, because upwind buildings block
breezes, or when conflict between the best orientation for
shade and wind forces sun protection to be favoured, or
when the shape of the plot does not allow the building
to be oriented to take advantage of the prevailing wind
direction.
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In some countries, a traditional solution to this kind of
problem is the wind catcher: a tower capable of capturing
winds above the building, bringing in fresh air from outside
(Fig. 3.5-22). A prerequisite for using a wind catcher is
that the site should experience winds with a fairly good
consistent speed.

Windcatchers can be categorized in two groups:
vernacular windcatchers (Fig. 3.5-23) and modern or
commercial windcatchers (Fig. 3.5-24). The foundation of
these three types of windcatchers is almost the same.

Wind catcher inlets, in order to rise above the layer of
turbulence and drag, should be at least 2.4 meters above
the height of surrounding buildings and obstructions.

The size of the wind catcher opening required to attain
a given airflow rate, as a percentage of floor area can be
determined from the graph of figure 3.5-25.

FIGURE 3.5-21 ROOM ORGANISATION STRATEGIES FACILITATING BOTH CROSS AND STACK VENTILATION
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Source: G.Z. Brown, M. DeKay, Sun, Wind & Light, Wiley, 2001

FIGURE 3.5-22 UNIDIRECTIONAL (LEFT) AND MULTIDIRECTIONAL (RIGHT) WIND CATCHER
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FIGURE 3.5-23 CATCHING EFFICIENCY FOR DIFFERENT WIND CATCHER DESIGN
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FIGURE 3.5-24 SPINNING WIND CATCHER Enter the design wind speed on the vertical axis of the

graph, move horizontally until the curve for the required
ventilation airflow rate is intercepted; then drop to the
horizontal axis to read the size of inlet as a percentage of

=t floor area.

The graph is based on an incident wind angle of between
0° (normal) and 40° to the wind catcher opening.

For wind catcher designs with openings in multiple
directions, the opening in each direction should be sized
m to meet the airflow rate required. The inlet from a single

~ | direction should be no larger than the cross sectional area
of the tower, while operable windows used for outlets
should be about twice as large as the inlets.

Source: G.Z. Brown, M. DeKay, Sun, Wind & Light, Wiley, 2001

FIGURE 3.5-25 SIZING WIND CATCHERS FOR COOLING
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Despite all the advantages of a windcatcher, an
argument against using it is that it is a place that insects
and dust may enter easily. This problem is greater in Africa
where dengue fever and malaria kill thousands of people
every year. Flyscreens must thus be used at the inlet or
outlet, with the consequent reduction in the air flow
(about 50%).

Another weakness of a windcatcher is that control of
the volumetric flow rate is almost zero, unless adjustable
dampers are used.

Wind catchers, in hot-arid climates, should be used
only for night ventilation but, if water is available, their
effectiveness can be extended to daytime by exploiting
the principle of evaporative cooling (see paragraph 3.8 —
Natural cooling systems).

3.5.8 INDUCED VENTILATION

Induced ventilation can be very effective in hot and humid
climates as well as in hot and dry climates. Ventilation can
be induced in three ways. One way involves heating air
in a restricted area through solar radiation, thus creating
a temperature difference and causing air movements,
as in solar chimneys. The draught causes hot air to rise
and escape outdoors, drawing in cooler air and thereby
causing cooling (Fig. 3.5-26).
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The second way exploits wind velocity, either by
channelling the airflow inside (Fig. 3.5-27) or by creating
a depression with a rotating device moved by wind to
extract air from the building (Fig. 3.5-28).

The third way exploits the Venturi effect as depicted
in figure 3.5-29, where air is extracted from the building
because of the low pressure created by the wind on top of
a shaft. In windy areas it could be an effective alternative
to wind catchers.

FIGURE 3.5-26 INDUCED VENTILATION: STACK EFFECT
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FIGURE 3.5-28 INDUCED VENTILATION: ROOFTOP AIR
VENTILATOR
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3.5.9 RECOMMENDATIONS FOR BEST
EXPLOITATION OF NATURAL
VENTILATION

Orient the building to maximize surface exposure

to prevailing winds. However, a building does not
necessarily need to be oriented perpendicular to the
prevailing wind. It may be oriented at any convenient
angle between 0 — 30 degrees without losing any
beneficial aspects of the breeze.

Consider, in the orientation of the building and in
sizing the windows, the different needs according to
the climate: day ventilation in a hot humid climate;
night ventilation in a hot -arid climate with significant
daily temperature variation; moderate ventilation in a
cool upland climate.

Raising the building on stilts is an advantage: it
catches more wind.

Hedges and shrubs deflect air away from the inlet
openings and cause a reduction in the indoor air
motion. These should not be planted inside a distance
of about 8 m from the building because the induced
air motion is reduced to a minimum in that case.
However, air motion in the leeward part of the
building can be enhanced by planting low hedges at a
distance of 2 m from the building.

Trees with large foliage mass, with trunks bare of
branches up to the top level of the window, deflect
the outdoor wind downwards and promote air
motion in the leeward portion of buildings.

An effective cross-ventilation design starts with
limiting the depth of the building to facilitate inward
air flow from one facade and outward flow from the
other. Architectural elements can be used to harness
prevailing winds: architectural features like wing
walls and parapets can be used to create positive and
negative pressure areas to induce cross ventilation.

FIGURE 3.5-29 VENTURI PASSIVE VENTILATOR WITH
ADJUSTABLE LOUVERS
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Air speed inside a space varies significantly depending
on the location of openings. The most effective
strategy is to provide staggered openings on opposite
walls. Limit room widths if openings cannot be
provided in two walls.

Large openings, doors, and windows are an
advantage provided they are effectively protected
from the penetration of solar radiation.

Inlet and outlet openings at a high level would

only clear the air at that level without producing air
movement at the level of occupancy. Maximum air
movement at a particular plane is achieved by keeping
the sill height of the opening at 85% of the critical
height (such as head level). The following levels are
recommended according to the type of occupancy.

e For sitting on chair =0.75 m
e For sitting on bed = 0.60 m
e For sitting on floor = 0.40 m

Greatest flow per unit area of openings is obtained by
using inlet and outlet openings of nearly equal areas
at the same level.

In rooms of normal size which have identical windows
on opposite walls, the average indoor air speed
increases rapidly by increasing the width of window
by up to two-thirds of the wall width. Beyond that
the increase in indoor air speed is in much smaller
proportion to the increase in window width.

In the case of rooms with only one wall exposed to
the outside, provision of two windows on that wall is
preferred to a single window.

A single-side window opening can ventilate a space
up to a depth of 6-7 m. With cross-ventilation,

a depth up to 15 m may be naturally ventilated.
Integration with an atrium or chimney to increase the
stack effect can also ventilate deeper plan spaces.



e Provision of horizontal sashes inclined at an angle of
45 degrees in an appropriate direction helps promote
indoor air motion. Sashes projecting outwards are
more effective than those projecting inwards.

¢ Roof overhangs help promote air motion in the
working zone inside buildings. A veranda open on
three sides is to be preferred as it increases room air
motion with respect to the outdoor wind, for most
orientations of the building.

e Air motion in a building is not affected by the
construction of another building of equal or smaller
height on the leeward side, but it is slightly reduced
if the building on the leeward side is taller than the
windward block.

3.6 DAYLIGHTING

Taking advantage of daylight is essential for sustainable
architecture in any climatic conditions, in order to provide
visual comfort, reduce the amount of conventional energy
used and, at the same time, to diminish thermal gains
indoors caused by artificial lighting.

Sky luminance and thus passive design strategies
are different in hot-humid and hot-arid climates. In the
clear skies typical of hot-arid climates, brightness is not
uniform, diminishing from the horizon to the zenith, with
a sharp increase at the sun’s position. In the overcast skies
characteristic of hot-humid climates, sky luminance is
more uniform, but by contrast increases from the horizon
to the zenith.

Daylight requirements are usually classified as
guantitative and qualitative. Quantitative requirements
refer to the illumination level indoors and qualitative
requirements are related to the distribution of luminance
in the visual field.

Daylight level

The quantity of light or illuminance level indoors varies
depending mainly on the distance from the opening
through which light is coming in. llluminance level at any
point of a room is the sum of the direct light coming from
the sky, the light reflected from the surfaces of the nearby
buildings or from the ground, and the light reflected from
the internal surfaces of the room (ceiling, walls and floor).

As the sky luminance varies during the day and the year
and, consequently, indoor daylight is also variable, an
index, the daylight factor, was developed (see Appendix
2 — Principles of thermal and visual comfort). The daylight
factor expresses the ratio of the illumination level at a point
indoors to the illumination outdoors on a horizontal plane,
without obstructions. The daylight factor is regulated by
set standards and its compliance with these depends on
the dimension of the windows, the depth of the room, the
shape, location and type of windows and shading devices,
the obstruction provided by the context, and the colour of
the external and internal surfaces.

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

Light colours outside contribute to indoor daylight,
because they increase the reflected light coming in, thus
the required window area is less when the surfaces of the
surrounding buildings are light coloured. Light coloured
interior surfaces increase the illumination level indoors,
allowing smaller windows. The appropriate size of
windows is usually estimated according to the prescribed
standards. It is related to the floor area of the room and
its depth, since deeper spaces require larger windows
for the same floor area. The proportions and location of
the windows also influence interior daylight. Horizontal
windows or two windows separated in the same wall
are more effective for daylight than only one with the
same area but vertical in shape, stretching from floor to
ceiling. Finally, the window frame also influences daylight,
depending on the reduction coefficient, which expresses
the ratio of the real area available for light penetration and
the total area of the opening.

Daylight quality

Besides the quantitative requirements for the minimum
indoor illumination level, qualitative requirements are
related to the uniform distribution of daylight indoors. The
ratio of minimum to maximum illumination levels indoors
has to be controlled to avoid high luminance differences
in the visual field. Another impact on the qualitative
requirements for visual comfort is caused by direct sunlight
indoors, whose reflection may cause glare.

In hot-arid and savannah climates, because of the glaring
nature of light when it is reflected from the ground or from
light coloured buildings, openings should be shaped in
such a way that the view is directed towards the sky rather
than towards the horizon or the ground. Thus, windows
should be located above the visual level or protected by
Venetian blinds, avoiding a direct view to outdoors but
allowing indirect light reflected from the ground outside
to penetrate through the blinds and be reflected on the
ceiling, producing uniform indirect daylight. The colour of
the blinds should not be very light in this case, to avoid
glare from them.

Since internally reflected light is the best for natural
lighting, a window positioned high, i.e. above eye level
for example, will have the effect of reflecting the light
towards the ceiling. A ceiling painted white will, in turn,
provide adequate diffusion of light inside, even if the
openings are relatively small (Fig. 3.6-1). Low windows are
also acceptable if they face a shaded courtyard or non-
glaring surfaces.

In hot-humid and Great Lakes climates, since the sky
and not the ground is the main source of glare, views from
the interior spaces directly to the outdoors are suitable,
but openings should be positioned in such a way that
the sky is not directly seen. Overhanging roofs or large
verandas can be used for obstructing the direct view of
the sky (Fig. 3.6-2).
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FIGURE 3.6-1 OPENING TYPES ALLOWING THE REDUCTION OF GLARE IN A HOT-ARID CLIMATE
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FIGURE 3.6-2 IN A HOT-HUMID CLIMATE OVERHANGING ROOFS HELP TO REDUCE THE GLARE FROM THE SKY
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3.6.1 WINDOW DESIGN AND VISUAL COMFORT

Often, in current design practice, the only constraint
taken into account for the sizing of windows is the one
that derives from the health regulations that stipulate a
minimum area. When this has been complied with, the
size and shape of the windows are generally based more
on aesthetic than functional criteria, in spite of the fact
that window design involves choices that have a great
impact on energy consumption and on visual comfort.

The first concern of the architect, therefore, should be
to size the windows according to the primary function of
providing natural lighting, and then check if the fulfilment
of this requirement is consistent with the other important
function that windows have: to provide an external view
for the building’s occupants.

N\

|

3.6.1.1 A FIVE STEP METHOD TO USE IN THE EARLY
PHASES OF THE DESIGN PROCESS

The method? allows a first, approximate, sizing of
windows - at the earliest stages of the design process - to
obtain a reasonable illumination level.

The method, being based solely on the contribution of
diffuse and reflected radiation, is strictly applicable to:
i) windows not hit by direct radiation (as when they are
protected by an efficient sunscreen), ii) all cases in which
obstructions prevent the entry of direct radiation most of
the time.

25 C. F. Reinhart, V. M. Loverso, A Rules of Thumb Based Design Sequence
for Diffuse Daylight, http://www.gsd.harvard.edu/people/faculty/reinhart/
documents/DiffuseDaylightingDesignSequence.pdf



In sunny climates, therefore, in the case of windows
without obstructions or not completely shaded, rooms
will be over-lit (thus subject to glare and overheating); it is
necessary, in this case, to use simulation models allowing
the designer to take into account the effect of direct
radiation on average annual illuminance values, on glare,
and on the energy balance of the zone.

Even if the windows are always protected from direct
sunlight, the method may overestimate the window
size in tropical climates, because of the high outdoors
illumination level and the number of clear days. Thus
the designer should bear clearly in mind the fact that the
fine-tuning of the optimization process, carried out with
simulation tools, may lead to a smaller area of glass. In
any event, even if the subsequent refinements will not
take place because of time or economic limits, it is always
preferable to use this simple method than not to use any.

The steps:
1. Assess how much natural light the space receives, by
calculating the effective sky angle;

2. Assess how much lighting the space needs, by setting
the target mean daylight factor desired (DF,,);

3. Calculate the window to wall ratio (WWR) required to
achieve the set daylight factor;

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
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4. Evaluate the dimensional constraints imposed by
the target DF,, chosen in step 2, by calculating the
appropriate depth of the space and the colour of the
walls;

5. Determine the required glass area.
Step 1 - Calculate the effective sky angle

The sky angle is determined graphically as shown in
figure 3.6-3, or analytically:

(8) = 90° - arctan(y'/x) — arctan (y/d) (3.6-1)

In cases when it is not yet known where to place the
window, just pick the centre of the facade for your sky

angle calculation. More complex obstruction conditions
can be analysed using a 3D model and a ray-tracer.

Step 2 - Determine the value of DF,,

According to the outdoors average illumination levels
in EAC countries on cloudy days, a space with a mean
daylight factor of between 1% and 2% can be considered
well lit, and requires little or no additional lighting
during daytime. A reasonable first guess of the value is
DF,,=1.5%

FIGURE 3.6-3 SKY ANGLE EVALUATION
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Step 3 — Calculate the window to wall ratio (WWR)
required

The window to wall ratio (WWR) corresponds to:

(3.6-2)

Aren of Exterior Openings (exchuding mullions sed window fiumes) A

WWH = =
Total Wall Area of Exterior Fagade (width x floor - to-celing height] A

The minimum WWR required for a side-lit space, taking
into account external obstructions, glazing type and target
mean daylight factor is given by:

0.088 - DF,, (3.6-3)

WWk =
rlil.‘

where:

DF,, = targeted mean daylight factor in %;

6 =sky anglein

1,5 = glazing visual transmittance.

The maximum value of WWR is 0.8, since about 20% of
the opening area has to be taken into account for mullions
and window frames.

Step 4 - Calculate the maximum depth of the room
and the surfaces reflectance required

In addition to the daylight factor requirement, three
factors limiting room depth should be considered in
daylight design:

¢ daylight uniformity (distance at which the uniformity
of daylighting levels throughout the space drops);

* no sky line depth (distance away from the windows at
which the sky is no longer visible);

¢ depth of daylight area (distance to which ‘meaningful’
levels of daylight extend throughout the space).

The mean daylight factor becomes a poor representation
of the daylighting levels in spaces under overcast sky
conditions in the case of deep rooms, since they have very
high daylight levels near the windows and very low values
at the rear. Therefore a maximum room depth has to be
established. A first approximation of the maximum
acceptable depth of a space as far as daylight uniformity is
concerned can be calculated by:

Liniting depth = 2/ (1=£x) (3.6-4)

L +1/k

where:

pm = Mean surface reflectance, weighted on areas. If
data are not available, p,, = 0.5 can be used as first
approximation?®;

| = room width [m];
h = window-head-height [m].

26  Desirable reflectances” to have a well daylit environment : ceiling > 80%,
walls > 50-70%, floor > 20-40%,
furniture > 25-45%

Spaces with depth lower than this limiting depth usually
exhibit relatively uniform levels of daylighting throughout.

To increase the value of the limiting depth very light
colours for the walls can be used, thus increasing the
average reflectance of surfaces.

The room depth (at the height of the working plane)
past which there is no direct view of the sky is defined as
(Fig. 3.6-4):

Na skyline depth = h' tan(a) (3.6-5)

Where:

cr = 0, when h>>x

Daylight penetration in a space varies linearly with
window head height. The relationship factor varies
depending on whether or not a shading device (curtains,
blinds, etc.) is used

The limiting depth beyond which the natural light is
insufficient, is given by (Fig. 3.6-5):

Limiting depth = 2.5 h without shading elements
Limiting depth = 2 h with shading elements

Considered together, the three limiting factors yield
the following equation for determining the constraint on
room depth:

No skyline depth =h’ tan(a)

Room depth <
minimum

Limiting depth = 2.5 h without
shading elements

Limiting depth = 2 h with shading
elements

The greatest room depth that can be used for daylighting
is the smallest of the three values prescribed by the daylight
uniformity, no sky line depth and the depth of daylight
equations.
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FIGURE 3.6-4 EVALUATION OF THE ROOM DEPTH PAST WHICH THERE IS NO DIRECT VIEW OF THE SKY
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Step 5 — Determine the required glazed area

In order to calculate the minimum required glazed
area, Agnsing, required for each daylight space, the room
depth of the zone may be assumed to be the depth of
the daylight zone calculated in step 4. Calculate the total
interior surface area (including windows), A, according
to this ‘virtual room depth’ and derive Agp;ing USING:

DF,- 24, (1-p.) i}
Amﬁ% (3.6-6)
Where Ay is the total area of all interior surfaces,
including windows; if the actual room depth is greater
than the maximum calculated in step 4, use the latter to

calculate Awtal.

To obtain the total area of the window, including frames
and mullions, in a first approximation multiply by 1.20.

The net glass area can be lowered by increasing the light
transmission 1,5, appropriately selecting the type of glass,
or by increasing the sky angle, changing the shape and
position of the openings, or by choosing very light colours
for walls and ceiling.

3.6.1.2 CHECK LIST

If minimization of energy consumption is not a priority

1. Minimize the glass surfaces in the east, and,
especially, in the west facades.

2. Keep WWR factor around 0.3 - 0.4.

3. If you do not know who will occupy the building, use
ribbon windows.

4. Provide light-coloured interior walls and finishing.

If minimization of energy consumption is a moderately
important parameter

In addition to the above:

1. Revise the size of the windows with the help of an
energy calculations expert.

2. If expert advice is not available, explore alternative
envelope designs that can incorporate shading
devices or light shelves.

3. By means of a simple model (physical or virtual, by
computer) check the quality of light and control glare.



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

If minimization of energy consumption is among the
priorities

In addition to the above:

1. Use a more accurate model, and refine the choices in
relation to the results of the analysis.

2. Ask the energy expert to perform a parametric
analysis in order to optimize the facade both from the
point of view of the quality of natural lighting and
energy consumption, using simulation models.

3.6.2 SYSTEMS TO ENHANCE NATURAL
LIGHTING

Even if windows are sized to make the most of natural
light, it may be insufficient or poorly distributed. When it is
not possible to obtain the desired natural lighting or light
penetration due to obstructions or to glare caused by the
excessive size of the glass surface or due to a conflict with
solar gains, solutions can be adopted that allow better
control of natural lighting.

3.6.2.1 LIGHT SHELF

The “light shelf” is a well established way to facilitate
the penetration of light into a room, and has been known
and used since the times of the ancient Egyptians; it is
designed to provide shade, to diffuse light more evenly in
the room and to protect from direct glare.

The light shelf is generally made of a horizontal or nearly
horizontal shelf arranged on the outside and/or inside of
the window, in its upper part. The light shelf must be
positioned so as to avoid glare and maintain the view
outside; in general, the lower the light shelf, the greater
the glare.

Light shelves have a considerable impact on the
architectural design of the building and must be taken into
account at the early stages of the design process, because,
to be effective, they also require relatively high ceilings;
they should be designed specifically for each orientation
of the window, room configuration and latitude. They are
especially suitable for climates with high sunshine levels on
windows facing south or north in near equatorial latitudes.

Orientation, position, type (only internal, only external
or a combination, figure 3.6-6), and depth of a light shelf
is always a compromise between the needs for natural
light and sun protection. A light shelf that is only internal
reduces the total amount of light that is received in the
space.

FIGURE 3.6-6 POSSIBLE POSITIONS OF A LIGHT SHELF
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The minimum depth of an external light shelf is
determined by the shading requirements; the deeper the
shelf, the better it shades the window below, preventing
the penetration of direct radiation, which causes glare and
solar gains. For the interior light shelf, the limiting factor is
still the glare; i.e. it is necessary to prevent the penetration
of direct radiation.

The depth required is greater in the case of east and
west-facing facades, and it varies with the orientation. In
facades oriented within £ 20° off south or north in near
equatorial latitudes), the external light shelf should have
a depth of between 1.25 to 1.5 times the height of the
ribbon window above; for more than +20° off south/
north the depth should be extended to between 1.5 to
2.0 times.



For rooms facing south or north, depending on the
solar path, the depth of the internal light shelf may be
roughly equal to the height of the ribbon window above
(Fig. 3.6-7). In fact, to get a good result the window
height, the depth of the light shelf and the height of the
glazed ribbon above should be calculated in relation to the
specific latitude, climate and orientation, using appropriate
calculation tools.

If the optimum depth of the external light shelf is
excessive in relation to other needs, the same result can be
obtained by recessing the window below (Fig. 3.6-8); with
this type of solution the contribution of natural light can
be further increased by appropriately tilting the sill.

The depth of the internal light shelf can be extended
so as to always intercept the direct radiation through the
window above; in the case of east or west-facing windows
it may happen that direct radiation is able to penetrate the
space between the light shelf and the ceiling, and then
it becomes necessary to provide some means of shading.
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FIGURE 3.6-7 SIZING THE LIGHT SHELF
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FIGURE 3.6-8 LIGHT SHELF WITH RECESSED WINDOW
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At low latitudes, if the south or north-facing light shelf
is tilted upwards (Fig. 3.6-9), the contribution of natural
light increases, but the exterior part must be extended to
provide satisfactory window shading. The optimum tilt
angle, at latitudes near the equator depends on the ratio
of X/H, according to figure 3.6-10.
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The use of a light shelf - if the glass ribbon above it is
appropriately sized and the depth of the internal shelf is
such that it prevents direct radiation into the space - allows
natural lighting to be ensured even when, to avoid glare,
the glass area below is protected with a sunscreen. For
south-east or south-west (north-west or north-east) facing
facades, the resulting depth of the inner shelf may be
excessive; in this case a series of smaller shelves, properly
spaced, can be used, (Fig. 3.6-11).
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FIGURE 3.6-9 TILTED LIGHT SHELF

FIGURE 3.6-10 LIGHT SHELF OPTIMUM TILT
ANGLE VS, X/H
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FIGURE 3.6-11 REDUCING THE DEPTH OF THE LIGHT SHELF
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An alternative solution consists of a Venetian blind with
reflective, fixed or mobile, slats on the inside (Fig. 3.6-12)
or outside of the glass strip. In this case the outer shelf
has the sole function of solar protection for the underlying
glass.

The effectiveness of natural lighting with the light shelf
can be increased appropriately by curving the surface hit
by sun’s rays (Fig. 3.6-13). The characteristics of the upper
surface of the light shelf determine its effectiveness, both
in this and in all other configurations. The surface must be
white or reflective, and periodic maintenance is necessary
to avoid losing its features.

()77,

Tips on using the light shelf

The use of light shelves should be considered as they
improve the distribution of the illumination and reduce
glare, bearing in mind that not only are they useful for
natural lighting, but they also serve as sunscreens.

The glass used in the ribbon above the shelf should be
clear.



FIGURE 3.6-12 REFLECTING BLADES INSTEAD OF
INTERNAL LIGHT SHELF
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Light shelves and louvres may be opaque or translucent.
If opaque light shelves are not combined with a lower view
window, there may be a dark space on the wall directly
under them. To address this problem, leave a gap between
the light shelf and the wall. Translucent shelves provide
a soft light below them but must be designed carefully
so that occupants with a view of their underside are not

bothered by glare.

After an initial preliminary design it is advisable to
optimize the light shelf using simulation models, which is
the only way to predict their effect and performance with
reasonable accuracy.

FIGURE 3.6-13 LIGHT SHELF WITH PROFILED SURFACE
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3.6.2.2 VENETIAN BLINDS WITH REFLECTIVE SLATS

Venetian blinds are a classic system for controlling
sunlight, but they can also be used to redirect it. In some
cases, the slats have sophisticated shapes and surface
finishes.

The slats may be flat or curved (Fig. 3.6-14), and can be
placed outside, inside or in the cavity of double glass (not
recommended, since they become very hot and re-radiate
towards the inner pane, which warms up). In any of these
positions, they must be reflective in order to redirect light.

There are several types of slats that are able to redirect
light: fixed or mobile, solid or micro perforated. The
simplest system is the classic Venetian blind, whose slats
are reflective on the upper surface; when the inclination
is adjusted according to the position of the sun, they
reflect the rays onto the ceiling (light-coloured) obtaining
a diffuse illumination. Slats perforated with small holes,
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FIGURE 3.6-14 VENETIANS WITH REFLECTIVE BLADES
TO REDIRECT THE LIGHT
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permit a reasonable level of inside illumination,and some
view outside, even if they are completely shut (Fig. 3.6-15).

3.6.2.3 SYSTEMS WITH ANIDOLIC CEILINGS

Systems with anidolic ceilings are based on non-imaging
optics and take advantage of the optical properties of CPC
(Compound Parabolic Concentrator) to collect the diffuse
light from the sky and convey it to the less illuminated
area part of the room (Fig. 3.6-16). Outside the building

an optical anidolic concentrator captures and focuses
the scattered light coming from the highest part of the
sky, which is the brightest on overcast days; a light pipe
arranged in the ceiling, carries the light into the back of
the room. Corresponding with the outlet of the pipe in
the back of the room, a parabolic reflector distributes
light into the lower parts of the room. On a clear day, the
penetration of direct sunlight can be controlled by a roller
blind that unfolds above the outer glass of the opening.

FIGURE 3.6-15 ADJUSTABLE REFLECTIVE PERFORATED SLATS

FIGURE 3.6-16 ANIDOLIC SYSTEM
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3.7 SHADING

In a space, whether it is air-conditioned or not, the
goal is to control direct solar radiation to ensure thermal
comfort, light and minimization of energy consumption.

The ideal sun-shading device will block solar radiation
while allowing daylight and breeze to enter the window,
and an external view.

Shading is related primarily to the direct component
of radiation, while the diffuse and reflected components
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(unless the latter is mirrored), which propagate in an
almost isotropic way, are much less involved.

Shading may be unintentional or independent from the
design choices, or it can be especially designed to control
the flow of solar energy into a building. In the first case,
the main cause of shading is the profile of the orographic
context and the presence of shading elements such as
trees, buildings, etc. In the second case, specific elements
and components are used, such as overhangs, shading,
etc. (Fig. 3.7-1).
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FIGURE 3.7-1 SHADOWS CAST BY THE CONTEXT AND BY ELEMENTS OF THE BUILDING

There are many methods for evaluating the shadows
cast on a surface by projecting elements or by surrounding
obstructions, based on the use of diagrams or on analytical
tools.

3.7.1 SUNDIAL

The horizontal sundial is a chart showing, in analogy
with charts of the solar path, the paths of the shadow of
a peg (also called a gnomon) at different times of selected
days of the year (Fig. 3.7-2). A specific sundial corresponds
to each latitude.

The sundial method is very quick and easy to use. In
order to apply it a scale model of the building and of the
surroundings is needed (Fig. 3.7-3).

The procedure is as follows:

¢ mount the model of the building on a movable
support plan with 2 axes;

¢ place the sundial next to the model, with north on
the sundial corresponding to north on the model;

¢ mount a peg of the size indicated (the gnomon) at
the cross marker;

e put the model in the sun, so that is hit by direct
radiation;

e adjust the inclination and orientation of the plane and
the model so that the end of the peg’s shadow marks
the time and the month you want to look at;

¢ the shadow and sun penetration in the model
simulate the actual conditions in the building for that
time and day.

Note that, if there is no sun available, a lamp with a
projector can be used. It should be placed at the maximum
possible distance from the table, to reduce the error due
to the fact that the light rays are not parallel.

FIGURE 3.7-3 EXAMPLE OF APPLICATION OF SUNDIAL
METHOD
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Furthermore, if you have a camera with a telephoto lens
you can frame the model with the table so oriented that
you can see the tip of the gnomon touch the desired hour
and month. The resulting picture corresponds to a “view
from sun,” in which the hidden surfaces are those shaded.

Finally, the sundial can also be used to estimate shadows
by analogy. As explained, the chart shows the length and
angular position of the gnomon’s shadow in different
hours and days of the year. Calculating the ratio of the
height of the gnomon to that of the shading element being
analysed, it is possible to estimate the shade projected by
any point of the context at any time (Fig. 3.7-4).

3.7.2 SHADING MASKS

Solar path diagrams can be used for studying the
shading related to a particular site during the year, and
for drawing the profile of the sun obstructions due to the
surroundings (mountains, houses, trees), using the same
angular coordinates that are used to describe the position
of the sun. For example, when the ideal line is drawn from
a treetop to the observer, the two angles o’ and B’ can be
identified (Fig. 3.7-5), and thus the whole profile of the
obstruction can be determined.

FIGURE 3.7-4 EVALUATION OF SHADOWS CAST BY OBJECTS USING THE SUNDIAL

FIGURE 3.7-5 ANGULAR COORDINATES OF A SHADING OBSTRUCTION
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FIGURE 3.7-6 SHADING OBSTRUCTIONS PROFILES ON THE POLAR DIAGRAM

In this way it is possible to obtain the so-called shading
masks by tracing the profile of the obstructions on the
polar diagram. When the solar path falls within the area
of the solar obstructions , that is, inside the mask, the
observer is shaded (Fig. 3.7-6).

The solar shading protractor was developed (Fig. 3.7-7)
to enable us to study the effects of sunshades, overhangs
and fins on the facades of buildings.

The shading protractor has the same dimensions as the
polar diagram which will overlay it. It shows the shading
effects caused by vertical and horizontal overhangs,
viewed from a specific point, which must coincide with
the centre of the chart.

In order to use the diagram, the vertical lower semi-axis
(from the centre to point B) must be overlaid onto the line
perpendicular to the facade drawn in plan at the point
being considered. Furthermore, the diameter A-A” must be
aligned with the profile of the facade.

The semicircle in the upper part of the diagram is divided
into concentric circles and radial lines, just like the polar
diagram.

The part of the diagram of practical interest is, however,
the lower semicircle, which represents half of the sky
dome - the other half being perfectly symmetrical - and
on which one can trace the profiles of the overhangs, as
described below.
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FIGURE 3.7-7 SOLAR SHADING PROTRACTOR
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The pseudo-horizontal curved lines represent the
influence of shadows created by overhangs which have
horizontal edges parallel to the facade, and are drawn
by calculating the angle &. This is the angle lying in a
vertical plane orthogonal to the fagade, formed by the
horizontal line passing through the analysis point P and
the line joining this point with the outer edge of the
horizontal overhang (Fig. 3.7-8a). The corresponding
values can be read on the vertical lower semi-axis of
the diagram (from the centre to the point B in Fig. 3.7-
7). For example, if € = 60°, the corresponding pseudo-
horizontal curved line scaled 60° will be used, as in
Fig. 3.7-8.

The pseudo-vertical curved lines, which are the
extensions of the concentric semicircles contained
in the upper half of the diagram and converge at
point B, take into account both the influence of
shadows created by horizontal overhangs with edges
perpendicular to the facade, and the influence of
the upper limits of vertical overhangs. These lines are
identified through the calculation of the angle o, lying
in the plane of the facade and formed by the horizontal
line passing through point P and the line joining P with
the terminal point of a horizontal overhang (Fig. 3.7-
8b) or with the upper limit of a vertical overhang (Fig.
3.7-9b). The values of ¢ are readable on the upper
vertical semiaxis in correspondence of its intersection
with the semicircles (Fig. 3.7-7). For example, if o =
40°, the corresponding pseudo-vertical line connected
to the 40° semicircle in the upper part of the diagram
will be used, as in figures 3.7-8 and 3.7-9.

&8

Tt

The radial lines that branch out from the centre in the
bottom half of the diagram represent the influence
of shadows generated by vertical overhangs. These
lines indicate the value of the angle », which lies in
the horizontal plane orthogonal to the facade and
is formed by the horizontal line passing through the
point P and the line joining this point with the outer
edge of a horizontal overhang (Fig. 3.7-9a). The values
of ® are readable on the external circumference of the
diagram and are symmetric with respect to B (Fig. 3.7-
7). For example, if @ = 50°, the corresponding radial
line marked 50° in the lower left part of the diagram
will be used, as in figure 3.7-9.

Figure 3.7-8 shows an example of the calculation of the

angles ¢ and o for a horizontal overhang, and the display
of the overhang on the diagram (considering its lateral
extension to be symmetric to point P).

Similarly, figure 3.7-9 shows an example of the

calculation of the angles o and o for a vertical overhang,
and the related display of the obstruction on the diagram.

Finally, for a better understanding of the shading mask,

figure Fig. 3.7-10 illustrates the construction lines related
to the angles ¢, ¢ and .
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FIGURE 3.7-8 CONSTRUCTION OF THE SHADING MASK FOR A HORIZONTAL OVERHANG
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The hatched areas of the diagram represent the portions
of the sky dome obstructed by the shading elements (the
upper semicircle represents the obstruction of the building
to which the facade belongs). When the masks obtained
on the solar chart of the site are overlaid, the times of day
when the observation point is shaded can be found (Fig.
3.7-11).

For example, in correspondence to southern solar paths,
the horizontal overhang in the left-hand chart in figure
3.7-11, always casts a shadow on the underlying window
between 8:45 a.m and 3:15 p.m, while the vertical
overhang drawn in the right-hand chart casts shadows
from 2 p.m. onwards during the months of January,
February, March, September, October, November and
December.

OR A VERTICAL OVERHANG

In the previous examples, situations corresponding
to facades oriented exactly south were shown. It is, of
course, always possible to consider any other orientation
by rotating the protractor and aligning the lower vertical
semi-axis with the facade. For example, in the next picture
(Fig. 3.7-12) a horizontal obstruction on a south-west
facade is displayed.

Note that in this case, the underlying window is always
shaded during the morning hours, up to 2-3:30 p.m.,
depending on the month.
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FIGURE 3.7-10 CONSTRUCTION LINES OF ¢, c AND ®

Note that it is possible to combine the coincident effects
of vertical and horizontal obstructions, by reading on the
same diagram the relative values of ¢, 6 and , as shown
in figure 3.7-13.

Finally, it should be noted that it is the angular geometry,
and not the actual physical size, which determine the mask
generated by the obstruction. For example, a single large
horizontal overhang or a series of horizontal blades, with
the same overall angle of obstruction, generate the same
mask (Fig. 3.7-14).
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FIGURE 3.7-13 SAMPLE OF SHADING MASK FOR A VERTICAL AND HORIZONTAL OVERHANG

FIGURE 3.7-14 THE SAME SHADING MASK COULD BE USED BOTH FOR A SINGLE OVERHANG AND FOR A SERIES
OF BLADES




SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

3.7.3 OVERHANG SHADING CALCULATION

At the design stage it is often necessary to correctly
define the dimensions of the shading overhangs in order
to achieve the required effect where and when it is
considered useful. The problem, in a simplified way, can
be reduced to the calculation of the depth D of the vertical
or horizontal overhang, as illustrated in figure 3.7-15.

In the case of horizontal overhangs, once the height h of
the shadow to be obtained corresponding to a given
position of the sun has been defined, the following
formula can be used:

p=pcos@=7r)
tan 3
where the numerator of the fraction must always be
considered positive and y represents the surface azimuth
of the shaded plane, previously introduced .

(3.7-1)

Similarly, for vertical overhangs (or fins), once the width
w of the desired shadow has been determined, one can
use the expression:

W

L LA— 3.7-2
|tan(ee — )| 3.7

where the denominator of the fraction must always be
considered positive.

If, instead, the purpose is to analyse the shading effects
of overhangs of predetermined dimensions, the same
equations can be used for testing purposes, by inserting
the known values of D, a and y, and resolving them in
respect to the parameters h and w.

FIGURE 3.7-15 CALCULATION SCHEME FOR VERTICAL
AND HORIZONTAL OVERHANGS
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3.7.4 SHADING DEVICES

Solar gains are controlled most effectively with sunshades
outside the windows (Fig. 3.7-16 and Table 3.7-1). As the
sun is always high in the sky at the equator, horizontal
shading devices are the optimal choice for north and
south-facing facades. Horizontal overhangs located above
the windows on the north and south-facing facades are
very effective and should extend beyond the width of the
window to shade it properly. Horizontal overhangs on the
east and west-facing windows need to be very deep for
protection in the early morning and in the late afternoon,
and are not recommended.

FIGURE 3.7-16 SOLAR PROTECTION TYPES
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East and west-facing facades are harder to protect
than those facing north and south, because of the low
position of the sun in the morning and afternoon. Vertical
fins, which are usually recommended for east and west
orientations at latitudes above 40°, are less suitable in the
tropics, because they need to be tilted in order to give
effective protection ,and so preclude the exterior view.

An appropriate shading device for east and west
orientations is the egg-crate type.
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TABLE 3.7-1 CHARACTERISTICS OF DIFFERENT TYPES OF SHADING DEVICES

Hovizoutal '\‘“»c.s

Shaaling olevice Side view Shaoling wasks Commente

awas ave
wmost e&m’ﬁm o
Sovthevn exposure.

Lovvevs Pm\lg] +o wall
allow het aivTo escape
aud ave most effective
o sosthom exposore.

) ave Ll
%\e %or ﬁagina\
conol thoug 2nel west
elleetive on sovthevn

exPos\l ve.

onzonlal lovvevs
w_Solial as.
st oot tHhe lowey vays
ojthe sun. Ejfechive on
Sovth- east and west
exposuyes.

Yertical ship pavallel to
w2l evts ostihe lowex
vays of the suw.

e on south, eag
and west exposores.

ima hovt
vvexs ave ad|wTable
fov olzily avol ceasonal
conalitions. Effective on
South, essl amol west
eXPOBUYES.

AL ECRICRRONC




SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

TABLE 3.7-1 (CONTINUED) — CHARACTERISTICS OF DIFFERENT TYPES OF SHADING DEVICES
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Shading systems can be fixed or movable: FIGURE 3.7-18 THE SHADING EFFECT IS A FUNCTION

e Fixed systems: fixed systems are generally placed OF THE RATIOS k/d AND w/d. 1T 1S NOT A FUNCTION
externally, in order to intercept the incident solar ~OF THE ACTUAL SIZE

radiation before it strikes the glazed surfaces or other
openings, dissipating the absorbed energy into the

outside air;
x
e they include structural elements such as balconies and [ ™
overhangs, but also non-structural elements such as o S

awnings, louvres and blinds;

A
/
7

¢ each facade requires specific treatment: each
orientation has to be evaluated separately;

e the tilt angle has to take into account the direction of
the solar rays hitting each facade at different times of
day.

/.

N
¥

* Movable systems: movable shading systems
“react” in a more suitable way to sun movement, as
compared to fixed systems;

-
e they include systems such as deciduous vegetation, ek
roller blinds, perforated slats, Venetian blinds,
curtains;
e each fagade requires specific treatment: each 3.7.5 RECOMMENDATIONS

orientation has to be evaluated separately;

e Use external shading systems whenever possible; they
are much more effective than interior shading systems
at controlling solar gains, especially if the space is

Shading devices can vary in size without changing their artificially cooled.

shading characteristics, as long as the ratio of the depth

to the spacing of elements remains constant, as shown in e Use horizontal elements for openings facing south

figure 3.7-17. The same applies to vertical fins and egg- and north.

crate types (Fig. 3.7-18).

e the tilt angle can be regulated according to the solar
rays hitting each facade at different times of day.

e Use egg-crate elements on windows facing east and west.

FIGURE 3.7-17 SINGLE OR MULTIPLE HORIZONTAL e Prioritize shading of windows facing east and —
SOLAR PROTECTION OF A WINDOW (SECTION). THE especially — west.

SHADING EFFECT IS A FUNCTION OF THE ANGLE a. IT

IS NOT A FUNCTION OF THE ACTUAL SIZE e The colour of the sunshades affects |Ight and heat.

External solar protection systems should be light if you
want the diffuse solar radiation to be transmitted and
vA v A dark if you want to block the light.
= - "Q’b

54 »

e Choose the materials the shading devices are made of
and their surface properties carefully; they should have
high thermal resistance because, being heated by solar
radiation, they became hot and re-radiate towards the
interior space.

e Use fixed systems if the budget is limited. Using
mobile systems in order to allow a more efficient
use of natural light and natural ventilation. Take into
consideration the fact that the ideal exterior shading
device should not hinder natural ventilation, should
provide security against intrusions, and should allow
natural ventilation at night, when required.
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3.8 NATURAL COOLING

To cool the air without making use of a refrigerating
machine some “natural” technical solutions are available,
which were sometimes adopted in the past.

Natural air cooling systems are usually subdivided into
two categories: those based on the adiabatic humidification
process and those exploiting the low temperature of the
subsoil (which is lower than air temperature in cold and
temperate climates in summer). The latter is not suitable
for hot-humid climates because the temperature of
the subsoil, up to a depth of 3-4 m is very close to air
temperature. In hot-arid climates, where the outdoor air
temperature during daytime is higher than that of the
subsoil, the system would only be effective for one-two
weeks, which is the time taken for the soil around the
buried pipes to warm up. To avoid this effect it would be
necessary for the system to work during nighttime, when
cooler outdoor air would cool down the subsoil around
the pipes, but the effect would be to warm up the air
entering the indoor spaces?’. Alternatively, the evaporative
cooling principle can be exploited, as shown in figure 3.8-
1, where the underground soil is cooled by keeping it wet.
The evaporation cools down the soil and the gravel or
pebble layer protects it from solar radiation.

3.8.1 EVAPORATIVE COOLING

In hot-arid climates, the adiabatic humidification process
(or evaporative cooling) is always effective. Spraying water
into a stream of air cools and humidifies it (see Appendix
1 — Principles of Building Physics). In very hot, dry climates
(or times of year) , this physical phenomenon can be used
to improve environmental comfort. One way to take
advantage of this physical principle and at the same time
to facilitate good ventilation is shown in figure 3.8-2. Here
the air cooled by adiabatic humidification “sinks” in the
tower, and spreads into the space.

For a first approximation of the sizing of a downdraft
evaporative cooling tower as in Fig. 3.8-2, the following
procedure can be followed:

e Step 1 — From climatic data, find the design dry bulb
temperature and coincident relative humidity for the
site?s,

e Step 2 — On the psychrometric chart (see Appendix
1 — Principles of Building Physics) mark the point
corresponding to the chosen design values (as in the
example of figure 3.8-3, where the marked point
corresponds to dry bulb temperature = 35 °C and
relative humidity = 20%).

FIGURE 3.8-1 SOIL TREATMENT WITH WETTED PEBBLES

Wewmbvane

Source: S. Alvarez Dominguez et al., Control climatico en espacios abiertos, Ciemat, 1992

27 This is not in contradiction with the traditional use of underground living
spaces in hot dry climates, since in that case comfort is achieved because
of lower walls and floor temperature, i.e. mean radiant temperature (see
Appendix 2 — Principles of Thermal and Visual Comfort), not because of lower
air temperature.

28 Depending on the aim of the designer, the design temperature and humidity
chosen can be those currently used for sizing air conditioning systems or
according to the maximum mean values of the hottest month. In the latter
case comfort conditions will not be provided in the hours in which temperature
and humidity are above the mean maximum (not so many, however; for this
reason the second approach is recommended)
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FIGURE 3.8-2 EVAPORATIVE COOLING. SUITABLE FOR HOT, DRY CLIMATES
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FIGURE 3.8-3 EVALUATION OF OUTLET TEMPERATURE IN THE TOWER
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¢ Step 3 — Move along the line at constant enthalpy (see
example figure 3.8-3) until the relative humidity curve
60% is reached, to take into account the fact that
not all the air flow will be involved in the evaporative
cooling process, (i.e. the effectiveness of the sprayed
pad system).

e Step 4 — Find the dry bulb temperature after the
adiabatic humidification (Fig. 3.8-3); the value found
in the example is 22 °C.

e Step 5 — Calculate the airflow rate using the equation
(3.5-2) givenin paragraph 3.5 Natural Ventilation, Stack
effect,using T, =22 + 273 =295 K and T; = 32 + 273
= 305 K as a first approximation (indoor temperature
should be calculated iteratively using the room heat
balance as indicated in Appendix 1 — Principles of
Building physics) and H = distance between the centre
of the pad and the centre of outlet.

The procedure assumes that the walls of the tower are
insulated. If this is not the case, the cooling capacity will
be less than that calculated. If there is wind, and the inlet
is properly designed, the cooling tower also acts as a wind
catcher, and the airflow is enhanced.

For optimal operation, the outlet openings should have
a total area not less than that of the cross section of the
tower, which in turn should be about half of the total area
of the inlet openings.

Technological ~advancement has created more
opportunities for control options on cooling towers, with
the use of motorised dampers, variable water flow, various
types of sensors and actuators managed by a computer.

There are several examples of cooling towers in modern
buildings, such as the Zion National Park Visitor Center in
Utah (USA) and the Council House 2 (CH2) in Melbourne,
Australia.

In the Zion National Park Visitor Center (Fig. 3.8-4)
all cooling loads are met with natural ventilation using
computer controlled clerestory windows, evaporative
cooling from the cooling towers, and careful design of
shading devices and daylighting apertures to minimize
solar gains (Fig. 3.8-5). The only mechanical input to the
cooling system is a pump to circulate water through the
evaporative media.

In the CH2 building, the towers along the southern
facade of the building cool air for intake and use in the
ground floor (Fig. 3.8-6). The shower towers are made
from tubes of lightweight fabric 1.4 metres in diameter. As
the water falls within the tower, it sucks in air from above.
This air falls down the tower, and is cooled by evaporation
from the shower of water. The cool air is supplied to
the retail spaces and the cool water pre-cools the water
coming from the chilled ceiling panels.

In climates where the direct evaporation of water in an
air stream would lead to too high a relative humidity, which
would not be comfortable, indirect evaporative cooling
can be used (Fig. 3.8-7). With this technique the air cooled
and humidified by the process of adiabatic humidification
is sent to a heat exchanger, which the ambient air to be
cooled passes through (see paragraph 4.2.1 HVAC types
and features).

FIGURE 3.8-4 ZION NATIONAL PARK VISITOR CENTER (LEFT) AND COOLING TOWER OUTLET (RIGHT)
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FIGURE 3.8-5 CROSS SECTION OF THE BUILDING SHOWING INTEGRATED DESIGN STRATEGIES
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Source: P Torcellini, R. Judkoff, and S. Hayter, Zion National Park Visitor Center: Significant Energy Savings Achieved through a Whole-
Building Design Process, proc. ACEEE, 2002

FIGURE 3.8-6 COUNCIL HOUSE 2 COOLING TOWERS

4

N
J i drarwn i thiough lousres
top of T showar Lower
[ watnt which
piaces the o in font of il

i

WATER ™

A1 the Beginning of B casiing
PIOCOSS, waler e phase
changs’ matarial i fed in at 179G

EVAPORATIVE COCLING

My the waler dropists Tall wiben
Fia £hiwnr iirwar, Ty ovaporatn
shghtly which L up Snorgy.

SHOWER TOWERS

Frop o of ghiwght iabic
13 rratrivs: g By 1.4 rowres
n chamoter

AR OUT

& dewans i Bl e top of B
St iowe & Cooled and
used i wEglement ground -
Fid Cdiieng e

=  WATER OUT

’ = Ad the and of P cpcieg process
winler S ppod bach 10 pRase changs

mstarial & 1T

irc

Source: http://www.melbourne.vic.gov.au/Sustainability/CH2/DesignDelivery/Documents/CH2_Snapshot6. pdf



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

FIGURE 3.8-7 PRINCIPLE OF INDIRECT EVAPORATIVE
COOLING; A) OPEN CIRCUIT; B) CLOSED CIRCUIT

3.8.2 CEILING FAN

In an urban environment, due to the noise of the external
traffic, it is very often not possible to keep the windows
open for natural ventilation. Consequently, even in those
periods when the outside air temperature is such that,
with adequate ventilation, the air conditioning should not
be needed, it becomes necessary to use it. This is the case
especially in workplaces where the internal loads due to
equipment are significant or where it is not possible to
adequately protect the interior space from solar gain.

In these cases, or in spaces with no air conditioning and
where air movement is not sufficient, a ceiling fan can be
used. Ceiling fans are also useful when used in conjunction
with air conditioning, because the increase in air velocity
means that the air temperature can be increased, with the
same comfort level but lower energy consumption (see
Appendix 2 - Principles of thermal and visual comfort).
The simultaneous use of fans and air conditioning allows
the temperature of the thermostat to be raised to 28° C
instead of the usual 26° C, allowing an energy saving in
the order of 15-20% with the same comfort level.

The air movement caused by the ceiling fan varies as a
function of its position, power and rotation speed, as well
as of the size of the blades and the number of fans present
in the room. Moreover, air speed varies greatly depending
on the distance from the fan and on furnishings.

Ceiling fans are suitable for different situations, including
offices and classrooms. They may be less suitable for small
spaces.

Ceiling fans are also very effective when natural
ventilation is not available because of lack of wind or a
weak stack effect. For this reason they should be combined
with natural ventilation strategies for best results.

The minimum ceiling height for the use of fansis 2.7 m.
The blades should be about 30 cm (minimum 25 cm) from
the ceiling and more than 2.4 m above the floor. Tables
3.8-1 and 3.8-2 can be used to size ceiling fans.

TABLE 3.8-1 FAN DIAMETER IN FUNCTION OF THE
LARGEST DIMENSION OF THE ROOM

Minimum fan

Length of the room [m] T ey -

<35 90
3.5-5.0 120
50-5.5 140
55-6.0 160
> 6.0 Two fans

TABLE 3.8-2 FAN DIAMETER IN FUNCTION OF SPACE
AREA

Minimum fan
diameter [cm]

Room area [m?]

10 90
10-20 120
20-30 140
30-40 160
> 40 Two fans

3.8.2.1 MISTING FANS

In hot-arid climates, the effect of a fan can be improved
by exploiting the evaporative cooling effect with the use
of a misting fan. Misting fans are normal fans equipped
with fog nozzles, which are designed to produce a very
fine mist so that the water evaporates quickly (Fig. 3.8-8).
They combine evaporative cooling and convective cooling,
at the same time reducing the temperature and increasing
the velocity of the air. The improvement in the level of
comfort can be significant.

Misting fans are also appropriate outdoors.



FIGURE 3.8-8 TYPICAL MISTING FAN

3.9 BUILDING MATERIALS

Building materials play a significant role in sustainable
architecture. The heat flow rate through the various
components of a building, its time lag and amplitude
decrement (see Appendix 1 - Principles of Building
Physics), as well as the energy storage capability of the
building are all governed by the materials used, which
also determine the embodied energy of the building. The
choice of materials is therefore crucial from the perspective
of both the thermal performance and the environmental
impact of the building.

In all tropical countries, traditional construction
materials and methods are still used in buildings. Some of
the advantages of traditional materials are their plentiful
supply, low environmental impact, low cost, and good
reaction to climate; moreover they can be handled by local
skilled labour, who are familiar with both the production
and repair of traditional constructions.

The use of modern building materials, which are
generally imported, is now developing in towns. These
are the materials used in developed countries and are
characterised by a high environmental impact, especially as
far as the embodied energy is concerned (see Introduction
and Appendix 1 — Principles of Building Physics). It is thus
desirable to focus on alternative materials that combine
tradition and innovation, in order to reduce costs and
energy consumption.

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
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Eco-friendly materials are characterised by low-
embodied energy and low related emissions; they are
durable and convenient for recycling and reuse. Traditional
building materials are mostly made from naturally available
materials such as clay, stone, sand and biomass. The
selection of appropriate materials should be driven by local/
regional and environmental considerations. Unfortunately
however, building design is heavily influenced by prevailing
fashions, especially the fashions in the developed world.

The recommendations for material and product
selection, taking into account climate and sustainability,
are:

* minimize the quantity of the resource used (more
breathing spaces, smaller quantity of materials)
and use materials efficiently in the construction
process. Make choices that ensure reduction of
scrap materials; this is very significant particularly for
materials with high embodied energy;

¢ select materials with low embodied energy and
low energy construction systems. For example, use
domestic, certified timber in place of concrete for
beams, lime-pozzolana mortars in place of cement
mortars, soil or stabilized soil blocks or sand-lime
blocks instead of burnt clay bricks, gypsum and
plasters instead of cement plasters. Use low-energy
structural systems like load-bearing masonry in place
of steel frames;

e use naturally available materials, especially renewable
organic materials like timber, trees, straw, grass,
bamboo etc. Even non-renewable inorganic materials
like stone and clay are useful, since they can be
reused or recycled,;

e use durable materials and components. The utilisation
of durable structural and functional components and
materials allows long-term use as well as a reduction
in maintenance and renovation and refurbishment
costs during the lifetime of buildings;

¢ use locally available materials and technologies, and
employ a local work force;

e use materials with greater potential for reuse and
recycling; pure material like bricks, wood, concrete,
stone, metal sheets are most suitable for this purpose.
Composite materials like prefabricated solid foam-
metal or foam-plaster elements are difficult to
separate and to recycle;

e use industrial waste-based bricks/blocks for non-
structural or infill wall systems;

e reuse/recycle construction debris;
e use water-based acrylics for paints;

¢ use adhesives with no/low Volatile Organic
Compound (VOC) emissions for indoor use;

¢ do not use products containing asbestos (it is
carcinogenic) and CFCs;
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* minimise the use of metallic surfaces and metallic
pipes, fittings, and fixtures;

e use products and materials with reduced packaging.

3.9.1 SUSTAINABLY MANAGED MATERIALS

The use of sustainably managed materials is an
environmental responsibility, contributing to a sustainable
habitat. The degree of sustainability of a material/
component can be evaluated by means of the Life
Cycle Assessment (LCA), a technique for assessing
environmental impacts associated with all the stages of a
product’s life, from-cradle-to-grave (i.e., from raw material
extraction through processing, manufacture, distribution,
use, repair and maintenance, to disposal or recycling
of the materials). The LCA is a tool for measuring the
environmental performance of a building material, which
gives the designer a comprehensive understanding of the
environmental impact and the improvement that can be
offered at each stage in the life cycle of a material; it thus
forms a system for comparing and selecting materials.

The guiding principle remains that all the stages in the
life cycle of a material - right from raw material extraction,
manufacture, and production to operation, installation
and maintenance, and ultimate demolition - have potential
environmental impacts.

3.9.1.1 WALLS

Brick and block products made up of recycled content.

Use brick and block products that have waste and
recycled contents such as fly ash? from coal burning plants,
blast furnace slag, sewage sludge, waste wood fibre, rice
husk ash, etc. Concrete blocks using lime, gypsum or fly
ash, or furnace slag, or waste wood fibre reduce waste
and save energy. Fly ash can be used to replace about
15% to 35% of the total cementitious material. The
slag content should usually be between 20% and 25%.
Concrete masonry units with finished faces can provide
the structure and either the interior or exterior surface of a
wall, thereby reducing whole layers of additional material.
Concrete blocks are also made from sintered clays, PFA
(pulverized fuel ash), lime, which sinter the waste product
using the residual fuel in the waste, and thus have very
a low embodied energy content. Use glass blocks with
recycled content.

Perforated burnt clay and cement bricks also reduce the
energy requirements.

Earth blocks

The production of simple earth blocks only requires
around one thousandth of the energy needed to fire
bricks, and even in cases where the earth is stabilized with
cement it is no more than a sixth per kg of material.

29 Fly ash is a by-product of coal in thermal power plants. It consists of organic
and inorganic matter that is not fully burnt, and can be recycled for use in a
variety of building materials.

Earth blocks stabilized with 5%-15% of cement are
also a good choice for low cost, low-rise construction in
all climates, provided that their thickness is appropriate
(thick in hot- arid, thin in hot-humid, intermediate in other
climates).

Stones.

Native or quarried stones available within a delivery
radius of less than 100 km have a much smaller embodied
energy content, negligible transport energy costs, and
only need shaping.

Organic, vegetal materials.

Matting of bamboo, grass, or leaves is a good material in
hot-humid zones, which has no thermal storage capacity
and no airtightness, thus allows proper ventilation.

3.9.1.2 ROOFS

In the tropics the outer roof covering must satisfy
opposing requirements. Its waterproof capability must
remain unaltered in high humidity and heavy rainfall, as
well as in extremely high surface temperatures combined
with minimum humidity.

All roofing materials such as tiles, metal, etc., are suitable
for the tropics, when appropriately used.

Earth.
Good thermal insulation and emissivity, suitable in arid
climates.

Burnt clay tiles.

A traditional material still very suitable today, with quite
good thermal properties. Although heavier than sheet
roofs, their thermal mass is not great enough to store heat
during the day and release it at night if a ventilated void
is provided. They are relatively heavy, and require a strong
support structure. They are permeable to air through the
gaps between the tiles.

Concrete tiles.
Similar properties as clay tiles but somewhat reduced
heat resistance.

Fibre concrete (FCR) and micro concrete (MCR) tiles.
Similar properties but lighter than concrete tiles, hence
less heat storage capacity.

Monolithic concrete slab.

Poor thermal resistance and high storage capacity. Due
to their large mass they are relatively cool during the
morning, but re-radiate the daytime heat to the interior in
the evening and at night.



Natural stone (flag stone, slate).
Thermal performance similar to concrete tiles depending
on the thickness and the surface (brightness).

Organic, vegetal roofing materials bamboo, leaves,
thatch, wooden shingles.

Climatically and environmentally suitable, but of
relatively low durability. Thatch roofing is widely used in
rural situations throughout East Africa. It is cost efficient
and effective for sound and thermal insulation. The lifespan
of an average thatch roof is 7-10 years if maintained

properly.

Bituminous roofing.

Problematic in the tropics, because of quick deterioration
due to the intense solar radiation combined with the dark
colour.

Single skin corrugated galvanized iron sheeting
(CaGl).

Even though it is one of the most widely used roofing
materials, it has many drawbacks: it has no significant
thermal resistance; aged sheeting has no significant
reflectivity, it re-radiates the received solar radiation into
the building creating intolerably high indoor temperatures
during the daytime. In order to preserve the reflective
quality of corrugated iron sheets, and increase their life
span, such roofs should be painted in a light colour. Lime
wash can be used, but frequent maintenance is required.
Rapid cooling at night may cause condensation in humid
climates. It has a short life-span and it is noisy when it
rains.

Corrugated aluminium sheets

With their high degree of reflection, they have been a
success, but a good quality article is also fairly expensive.
The high initial price is largely compensated for by low
maintenance costs, which are definitely preferable to
those for galvanised corrugated iron roofs, or worse non-
galvanised and just painted. However, an insulating layer
below the sheet is required or a ventilated cavity, for good
thermal and acoustic performance.

Bituminous roofing felt

Guaranteed as suitable for tropical use, roofing felt and
plastic foil are used for flat roofs, as in the temperate zones.
Excessive heating of the material can be prevented simply
by whitewashing it. A layer of gravel is even better because
the durability of the roofing is improved and it is protected
from mechanical damage.

3.9.1.3 INSULATION MATERIALS

Various natural and artificial materials are available and
have to be selected carefully.

Glass fibre insulation
Available as batts (blankets) that can be attached to the
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underside of a roof or laid on top of a ceiling. Glass fibre
insulation is produced from sand and limestone or recycled
glass and typically has a formaldehyde-based binder added
to it. Some manufacturers make glass fibre insulation that
is free of binders or that use acrylic binders.

Cellulose insulation

Typically made from recycled newsprint, and can usually
be produced locally. Since it takes relatively little energy to
produce, it is usually the insulation product with the lowest
embodied energy and lowest environmental impact.
Cellulose is produced by either chopping newsprint into
small pieces (hammer mill), shredding (disk refining) or
disaggregating into fibres (fibrerization).

Moulded Expanded Polystyrene (MEPS)

Commonly known as “beadboard”. Beadboard is made
from loose, unexpanded polystyrene beads containing
liquid pentane and a blowing agent, which are heated to
expand the beads and increase thermal resistance.

Extruded Expanded Polystyrene (XEPS)

This is a closed-cell foam insulation similar to MEPS.
Polystyrene pellets are mixed with chemicals to form a
liquid, and a blowing agent is injected into the mixture, to
form gas bubbles. The liquid mixture is solidified through a
cooling process and the gas bubbles are trapped to give it
an insulating property. It has a higher compressive strength
than MEPS, making it better suited for use on roofs or for
wall panels.

Polyisocyanurate

This is a closed-cell foam typically produced as a foam and
used as rigid thermal insulation similar to polyurethane. All
polystirene and polyisocyanurate based insulations have a
more or less significant environmental impact.

3.9.1.4 SUSTAINABLE LOCAL/INNOVATIVE BUILDING
MATERIALS

Stabilized compressed earth blocks (CEB)*.

These blocks are made of mud stabilized with
approximately four to six per cent of cement lime and
compacted with either motorized hydraulic or hand-
operated machines, a process which requires no burning.

Earth building has a long history in Africa and CEB have
been used in East Africa for the past 25 years.

The advantages of CEB are that they use locally found
materials, shipping costs are eliminated, the blocks have a
low moisture content, and the blocks are uniform thereby
minimizing, if not eliminating, the use of mortar and
decreasing both labour and materials costs. Construction
is fast, minimal cement is used and the blocks produced are

30 Source: Architectural Design Guide EMI EAST AFRICA - http://emiea.org/
documents/eMIEA_Architectural_Design_Guide.pdf
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of comparable strength to locally fired bricks but without
their environmental impact. CEB machines can be used
by supervised unskilled labour and can be transported by
wheelbarrow or cart to remote locations.

The quality of the blocks is dependent on consistent
quality control during the making of the blocks and
throughout the construction process.

Durability may be a problem if the blocks are exposed to
wind and/or rain.

Reinforced concrete columns are required for all CEB
buildings in order to provide lateral stability. Quality control
must be maintained throughout the entire manufacturing
and construction process. Ring beams must be made from
reinforced concrete and tied into the reinforced concrete
columns. Soils must be tested to determine their suitability.
Large overhangs are recommended to protect the blocks
from wind and rain.

Stabilized adobe.

Stabilized adobe is an improvement over the traditional
adobe or hand-moulded, and sun-dried mud block in
which mud is mixed with a small proportion of cement or
lime or broken or cut dry grass to impart added strength
and lower the permeability. It is appropriate in dry climates.

Fly ash/sand lime bricks.

These are bricks produced from fly ash or sand with
lime as the binder. They are strong, have superior water
absorption properties, and crushing strength. However,
they need autoclaving.

Fly ash-lime-gypsum products.

These are products manufactured by binding fly ash, lime
and calcined gypsum (a by-product of phosphogypsum or
natural gypsum) to make ‘Fal-G’, and can be used as a
cement-like material for mortar/plasters, and for masonry
blocks of any desired strength.

Fal-G stabilized mud blocks.

These blocks are stronger, have less water absorption
and are cheaper than cement stabilized blocks. With five
to ten per cent Fal-G (fly ash, lime, gypsum), 30% saving
in cement could be achieved in addition to the utilization
of a waste product like fly ash.

Clay fly ash burnt bricks.

Clay fly ash burnt bricks are produced from fly ash and
clay. They are stronger than conventional burnt clay bricks,
consume less energy, provide better thermal insulation,
and are environmentally efficient as they utilize fly ash and
industrial waste.

Pre-cast stone blocks.

Pre-cast stone blocks are of a larger size than normal
bricks, and are manufactured by using waste stone pieces
of various sizes with lean cement concrete and enable
a rationalized use of locally available materials. This
saves cement, reduces the thickness of stone walls, and
eliminates the use of plaster on the internal or external
surface.

Pre-cast concrete blocks.

Pre-cast concrete blocks are made to dimensions similar
to stone blocks without large sized stone pieces, but using
coarse and finely graded aggregate with cement. They
have excellent properties comparable to other masonry
blocks.

Lato blocks

These are bricks made from lateritic soil and cement or
lime. The blocks are moulded under pressure to produce
strong, good quality blocks that consume less energy
than conventional bricks, and hence are cheaper. They are
available in various colours ranging from cream to light
crimson.

Pre-cast hollow concrete blocks.

Pre-cast hollow blocks are manufactured by using lean
cement concrete mixes, extruded through block-making
machines of egg laying or static type. They need less
cement mortar, and enable speedy construction compared
to brick masonry. The cavity in the blocks provides better
thermal insulation and also does not need external/
internal plastering. These can be used as walling blocks
or as roofing blocks along with inverted pre-cast T-beams.

Fly ash-based lightweight aerated concrete blocks.
These blocks are made for walling and roofing and are
manufactured by a process involving the mixing of fly ash,
quick lime, or cement and gypsum with foaming agents
such as aluminium powder. These are considered excellent
products for walling blocks and prefabricated floor slabs.

Precast/aerated cellular concrete units.

Walling blocks and roofing slabs are manufactured
through an aerated cellular concrete process. When used
in multi-storeyed structures, they reduce weight, resulting
in @ more economic design of structure. They have a high
fire resistance rating and provide better insulation.

Composite ferro-cement system.

The system is simple to construct and is made of ferro-
cement (rich mortar reinforced with chicken mesh and
welded wire mesh). This reduces the thickness of the wall.



Bamboo/timber mat based walls

These are made up of bamboo mats placed between
horizontal and vertical timber/bamboo frames. The
plastering is done using mud or cement mortar on either
side. These are easy to construct, cost less and are popular
in hilly areas as they can be self-assembled. However, they
are not load-bearing and need a supporting structure.

3.9.2 INTERLOCKING STABILISED-SOIL BRICK
(ISSB) TECHNOLOGY?!
The Interlocking Stabilised-Soil Brick (ISSB) is a

technology that pioneers the idea of dry- stacking bricks
during construction; hence they are called mortarless
bricks.

Production and laying of ISSB are labour intensive,
making use of unskilled labour. Moreover building with
ISSB reduces the use of industrial products like cement
and depends on local resources. It is considered to be an
environmentally friendly technology, because it consumes
less production energy, reduces deforestation, reduces the
use of non-renewable resources and produces less waste
from the construction process than the main walling
alternatives (fired bricks, cement-sand blocks)
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Interlocking bricks can be produced as solid, perforated
or hollow bricks. The demarcation between hollow and
perforated bricks depends on the surface area of holes. If
they occupy less than 25% of the surface area, they are
called “perforated bricks’, if more they are called ‘hollow
blocks". Bricks can be characterised in terms of their
solidity as follows:

e the more solid the brick the more material required
and the more powerful the press needed to attain
enough brick density, but less binder will be needed
for satisfactory brick strength. They are more massive;

¢ the more perforations, increasing to 50%, the more
binder will be required in the mix to achieve the
higher strength needed for thin membranes formed
onto a hollow block. They are lighter and better
insulating.

There are many interlocking systems, with a more or less
complex brick shape. Among the simplest is the Hydraform
system from South Africa, which has a grooved joint at the
sides and top and bottom (Fig. 3.9-1).

The Bamba brick has a more complex shape. It is
perforated and has protrusions and depressions (Fig. 3.9-
2). The top and bottom faces of Bamba brick have negative
symmetry: configurations opposite to each other that
allow them to fit together. Bamba bricks interlock better
than other types, but require high accuracy in production
and in construction.

FIGURE 3.9-1 HYDRAFORM SYSTEM
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31 Source: S. H. Kintingu, DESIGN OF INTERLOCKING BRICKS FOR ENHANCED
WALL CONSTRUCTION FLEXIBILITY, ALIGNMENT ACCURACY AND LOAD
BEARING, PhD Thesis, The University of Warwick, School of Engineering, 2009
- http://wrap.warwick.ac.uk/2768/
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Recently a Tanzanian brick has been introduced, whose
shape lies — in complexity — between the Hydroform and
the Bamba bricks (Fig. 3.9-3).
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FIGURE 3.9-2 BAMBA BRICK
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3.10 DESIGN GUIDELINES ACCORDING
TO EAC CLIMATES

Design guidelines for roofs, walls and openings in hot-
arid, hot-humid and uplands climates are at the vertexes of
a triangle encompassing the complex variety of climates in
EAC countries. These climates (hot semi-humid, hot semi-
arid/low savannah, savannah, and great lakes) are more
or less close to each of the basic three, and the rules that
apply in them, regarding envelope design, are intermediate
(with the exception of a high upland climate), as described
in detail below.

3.10.1 ZONE I: HOT-HUMID

Because of the temperature and humidity, the most that
can be done is to keep indoor comfort conditions similar
to those outside in the shade and to achieve this, two
main provisions should be made:

(1) Protection from direct and/or indirect solar radiation;

(2) Maximum ventilation.

3.10.1.1 SITE PLAN

Sun protection

The building should be surrounded by trees, shrubs and
grass, which will absorb solar radiation and not reflect it
into the building. Trees should have high trunks, and be
appropriately positioned to avoid screening the wind.

Ventilation

Sites exposed to prevailing breezes are highly desirable.
The closer to the sea and the higher the ground, the more
breeze there is. Local orography may change the direction
of the north-east/south-west monsoons.



When the monsoons are not blowing, it is important
to exploit the local breezes; these winds are useful from
one to eight km inland depending on the terrain. Their
direction is perpendicular to the coast line.

Sites surrounded by hills or screened from the prevailing
wind by hills or thick forest should be avoided.

The primary objectives of climatically suitable layouts are
to allow maximum ventilation and to keep obstructions
to a minimum. This usually implies a well-spaced layout.
Buildings in a row should not be so placed that they screen
the other buildings from the prevailing winds, but should
be spaced at a distance of 7 times their height if facing
each other; closer if they are staggered. A street layout
that is appropriate for the prevailing wind direction and
the use of wing-walls may significantly reduce the distance
needed between buildings, to allow a more compact
urban structure.

Ventilation in well-spaced high-rise or multi-storey
dwellings is likely to be better than in single-storey houses.
Therefore, at high urban densities, an increase in height is
generally preferable.

Outdoor spaces

As the outside shade temperature is the coolest that can
be obtained, it is important to design outdoor spaces near
the house in such a way that they can be fully utilised for
various household activities.

From a comfort point of view, outdoor spaces should be
shaded and well ventilated.
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The minimum shade area for cooking®? is approximately
1.5 x 1.5 m, while the minimum area for taking meals is
approx. 2.0 x 3.0 m.

Whatever the type of outdoor space, it is important that
it is correctly placed in relation to the prevailing winds and
that it is slightly higher than the surrounding ground to
prevent flooding.

3.10.1.2 BUILDING PLAN

Sun protection

Buildings should be orientated with the long axis
running east-west to provide effective shading and east
and west-facing openings should be minimised to reduce
early morning and late afternoon heat gain.

For better use of the monsoon during the hottest period,
the axis can rotate a little clockwise. It is recommended
that the building be raised above the ground in order to
better exploit winds for ventilation. Single banked houses
are the most appropriate. If carefully sited, single-banked
houses may be given L, U or H shaped plans provided that
bedrooms and living rooms are shaded and located where
air movement is most pronounced.

Ventilation
After sun shading, this is the most important element
affecting comfort.

Buildings should allow maximum ventilation, with rooms
distributed only on one side of an access corridor (Fig.
3.10-1). If they are positioned according to the direction
of prevailing winds, wing walls can improve ventilation
(see paragraph 3.5).

FIGURE 3.10-1 USE OPEN PLAN INTERIORS TO PROMOTE NATURAL CROSS VENTILATION
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Buildings should be more than one storey high,
preferably with the ground floor left open or used for
non-living purposes because there is more wind in higher
storeys.

Ventilation openings at the top of the exterior walls
should be provided, so that heated air close to the
underside of the ceiling can be regularly evacuated.

Structures
All the building elements should be as light-weight as
possible.

Roof

An important function of the roof is to protect the walls,
openings and interior from direct sunlight, particularly
on east and west walls. Whatever type of roof is used; it
should have generous overhangs of not less than 0.6 m
but preferably of 1.0 m.

The roof should be made of lightweight materials with
low thermal capacity and high reflectivity (Fig. 3.10-2). It
should be ventilated or well insulated to reduce heat gain
due to solar radiation.

FIGURE 3.10-2 DARK, HEAT-ABSORBING ROOF
SURFACE INCREASES HEAT TRANSMISSION INSIDE
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Ceiling

If the roof is not insulated, a ceiling is needed and
the space between the roof and the ceiling should be
ventilated, to reduce thermal discomfort; it is better if the
ceiling is also insulated.

A roof with high thermal conductivity, such as a roof
made of corrugated iron or burnt clay tiles, and a ceiling
with poor thermal insulation, such as hard-board, will cause
over-heating regardless of ceiling height and ventilation
in the attic space. It should be noted that it is not the
ceiling height that influences indoor air temperature and
comfort — as is sometimes stated - but the temperature
of the ceiling’s surface, which is why good insulation is so
important.

Walls
Walls should have a low thermal capacity. Sun protection
is very important and can be achieved by:

¢ long axis of the building orientated east-west (Fig.
3.10-3);

¢ shading with overhangs, verandas or other devices;

e shading with trees.

Cavity or hollow brick walls should be used for non-
shaded elevations. Screen walls help to increase air
movement. Operable walls give the best results, but they
are expensive.

Windows and ventilation openings

In order to allow maximum air movement, large openings
are required. These should be located in north and south-
facing walls. The sill height should not be higher than 0.9
m. above the floor, and preferably 0.6 m., to provide a
cooling effect for the body when a person is sitting or
sleeping. Glazing, when used, should not exceed 20% of
the area of the wall.

FIGURE 3.10-3 THE BEST ORIENTATION FOR SOLAR
PROTECTION OF WALLS IS WITH THE LONG AXIS
EAST-WEST
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Windows on opposite walls should not be on the
same axes, except for very large windows. If ventilation
openings are on one wall only, or are not opposite one
another, ventilation will be less effective. In order to have
stack effect ventilation and to ventilate the ceiling, one
fifth of the total openings should be at ceiling level. When
possible some openings should also be placed at floor
level.

All openings should be protected from both direct and
indirect solar radiation.

Sun shading devices

Many sun shading devices have been developed,
especially in recent years, but care should be taken to
install them properly to avoid unsatisfactory results. Several
methods of sun control can be considered:

(a) Sun breakers and verandas.
These become a source of reflected heat if they are not
properly designed.

Sun breakers of heavy materials such as concrete should
be avoided. They store heat and are likely to release it to
the inside through radiation or convection. Heat absorbing
materials start to radiate as soon as the sun hits them.
Lightweight blades with reflecting surfaces or made of
insulating materials, such as aluminium or wood, are
recommended.

Verandas and porches are a very effective means of
providing shade and also may enhance natural ventilation
(Fig. 3.10-4).

FIGURE. 3.10-4 LIGHTWEIGHT CONSTRUCTION WITH
VENTILATED ROOF, OPERABLE WALLS AND SHADED
OUTDOOR PORCHES, RAISED ABOVE GROUND

(b) Louvred shutters

These are very good and recommended for dwellings.
They are rainproof, allow good ventilation and are secure
against thieves. They are not satisfactory in rooms where
a high level of daylighting is required, such as classrooms.
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(c) Moveable glass louvres (jalousie)

They provide very good ventilation and are rainproof but
they need to be shaded from the sun and are not secure
against thieves.

(d) Moveable solid louvres (metal or wood, horizontal or
vertical)

They regulate, sun, ventilation and daylighting and are
thief proof. If rain and ventilation control is required, the
blades must be almost closed and daylighting may be
insufficient.

(e) Perforated walls

These can be made of ordinary masonry or built of
specially cast elements in clay or concrete. Care should be
taken to avoid secondary radiation inside the rooms from
reflection or from heat stored in the material.

(f) Venetian blinds

These are useful because they allow excellent sun and
light control and good ventilation, but they are expensive.
They should be placed on the outside of windows when
air conditioning is used.

Fly-proofing

Insects are a permanent source of discomfort and are
a health hazard, particularly the malaria mosquito. The
insects breed during the wettest periods of the year.

The serious risk to health of malaria and other insect-
borne diseases justifies the promotion of mosquito screens.
The main drawback with permanently fitted screens is that
they greatly restrict ventilation. Increasing the area of the
opening may offset this drawback.

3.10.2 ZONE II: HOT-ARID

Because of the high daily temperature variation, it is best
to keep the heat out during the day and ventilate during
the night. To achieve this, three main provisions should be
made:

(1) Protection from direct and/or indirect solar radiation;
(2) Use of high-medium thermal mass for walls and roof;

(3) Use of operable windows.

3.10.2.1 SITE PLAN

Housing layouts should be in a compact urban form.
Compact planning minimizes the solar exposure of
individual houses and reduces solar heat gains by providing
mutual shading and by reducing external surface areas.
Compact layouts keep down wind speeds and thereby
considerably reduce the sand and dust content of the air
within settlements during sandstorms.
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Buildings should preferably be located on elevated
ground, where the breezes offer more relief at night and
keep mosquitoes away.

Outdoor space

The heat during daytime makes shaded spaces most
welcome. Shade giving trees, simple roofed spaces and
verandas are most welcome assets. As people usually
sleep and rest indoors at midday, outdoor spaces tend
to be used more in the mornings and afternoons. Food
preparation and other household activities are usually
carried out in a shaded space. The main evening meal is
often taken outside.

3.10.2.2 BUILDING PLAN

In this zone, buildings should be compact, but allow good
natural night ventilation. Buildings should be orientated
with the long axis running east-west to provide effective
shading; it is not necessary to modify this orientation for
wind direction. House layouts should be planned so as to
provide protected and enclosed outdoor spaces between
as well as within the houses. Public open spaces should be
limited in size unless planting is possible.

A heavyweight building envelope is recommended
because of the high daily temperature swing.

In order to keep building interiors as cool as possible
during daytime, it is important that the solar exposure
of facades is reduced to a minimum. Although single-
banked houses are excellent for cross ventilation, double-
banked houses are the most appropriate provided that the
internal walls allow for some night ventilation. Traditional
courtyard houses are well established; they are compact
and give sufficient ventilation.

Bedrooms should be located on the eastern side. The
living room should be located on the northern side. In
order to protect the main rooms from the hot afternoon
sun, store and other secondary rooms should be west-
facing.

In order to allow cross ventilation during the night,
ventilation openings should face the central corridor or
should be located between rooms.

It is desirable to locate yards and verandas on the
northern or the eastern side of the house. As mornings
might be chilly, a sunny yard facing east is a pleasant place
for taking early meals and for various household activities.
Since cooking is done outside as well as inside the house,
the kitchen must have direct access to a sheltered veranda.
Simple roof structures that provide shelter are most useful,
whatever the activity that is taking place outside the main
house.

Structures

A heavy structure with a large thermal storage capacity
is desirable for those parts of the house that are used
primarily during the daytime, provided that the interiors
are sufficiently ventilated at night. Rooms intended for
evening and night use should be enclosed by a light
structure so that they cool down more quickly when the
temperature drops.

Roofs
Roof should be made of heavyweight materials with
high reflectivity. They should be ventilated.

Alternatively, if the roof is lightweight, the ceiling should
be heavyweight, and the attic ventilated.

Walls

Heavyweight walls are well suited to this climate zone.
Walls with a time lag of 11-12 hours are excellent for day
rooms, provided that the rooms are adequately ventilated
at night. Mud block, brick or soil cement walls should
preferably be not less than 30-40 cm thick. Walls should
be light coloured.

To improve comfort during the night, bedroom walls
should be lightweight.

The same guidelines for sun protection as given for Zone
| should be adopted.

Windows and ventilation openings

Wooden louvre shutters are recommended for houses
because they have good sun-shading properties and
are burglar-proof. Tight-fitting wooden shutters are the
most practical option for housing as they will prevent
sun light from entering the house and thus prevent
overheating. Casement windows are preferred to glazed
louvre windows, as the wind often carries dust. If louvred
windows are used, care should be taken to ensure that
they are as tight-fitting as possible in order to prevent dust
on windy days.

Some 10-20% of the area of north and south-facing
walls should be operable.

Ventilation should be limited during daytime, when
the air is hot; it should be increased at night to cool the
building down.

The provision of adequate night ventilation is critical
to prevent overheating. Ventilation openings should
be provided at high as well as at low level. Ventilation
openings in internal walls are required in order to obtain
cross-ventilation.



Early morning sun in a living room might be desirable,
and windows in east-facing walls are acceptable.

Fly-proofing

Ventilation openings should be permanently fitted with
fly-screens in order to prevent insects and reptiles from
entering the house.

Evaporative cooling

Evaporative cooling is effective because of the low
values of relative humidity during daytime. Simple direct
evaporative cooling devices can be used during the hottest
times of day if water is available.

3.10.3 ZONE IIl: HOT SEMI-ARID/SAVANNAH

The design strategies for this zone are similar to those
for the hot-arid zone except for the use of a mid-weight
building envelope in the hot semi-arid areas because of
the lower daily temperature swings. Heavyweight walls
should be used for savannah plains due to the lower night
temperature.

Evaporative cooling is not as effective because of higher
values of relative humidity, but it is still recommendable
during the hottest hours of the day.

3.10.4 ZONE IV: GREAT LAKES

Because of the high daily temperature variation and
the high humidity values that can be reached, it is best
to keep the heat out and ventilate during the day, and to
take advantage of the stored heat in the structure during
the night. To achieve this, three main provisions should be
made:

(1) Protection from direct and/or indirect solar radiation;
(2) Use of medium thermal mass for walls and roof;

(3) Maximum ventilation during the day.

3.10.4.1 SITE PLAN

Site selection criteria are similar to those of the hot-
humid coastal zone. Early afternoon breezes from the
lake and evening breezes from the land are due to the
difference in temperature between water and land. This
means that the prevailing winds are perpendicular to the
lake shore. Sites should face the main body of the lake
and not be inside deep bays or creeks. They should be
on high ground to avoid the high humidity at lake level
and to catch stronger breezes. Sites surrounded by hills or
with hills between the site and the lake shore should be
avoided.

Microclimatic conditions may vary considerably from
place to place.
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A compromise in the orientation of the building may
be necessary, between the long axis running east-west to
provide effective shading and the direction of the winds
blowing perpendicular to the lake shore.

Houses should be widely spaced in order to secure
sufficient air movement in and around buildings (see Zone
). If many buildings are erected, care should be taken to
ensure that they do not block off the cooling breezes from
the lake.

Outdoor spaces

As the zone has a hot humid spell during the day, people
tend to seek shade during the hottest hours. Very often
they prefer to rest or sleep inside the house during hot
afternoons. Shaded outdoor spaces should be provided
near the houses, which provide shade during the hottest
part of the day, are sufficiently exposed to the lake breeze
and protect from rainfall.

3.10.4.2 BUILDING PLAN

Building plans should favour good natural ventilation.

In this zone, single-banked houses are appropriate.
Ventilation openings in external walls should be shaded,
particularly in east and west-facing walls.

A more compact type of house requires careful
orientation and design of openings, in order to reduce
heat gain and secure sufficient cross ventilation.

Solar radiation on east and west-facing walls makes
it desirable to locate bedrooms and living rooms facing
north or south. Secondary rooms, such as store, bathroom
etc. should face west to avoid too much solar gain from
the low afternoon sun.

Roof

For the construction of roofs, sun protection, openings
and flyscreens, the same guidelines as given for Hot-humid
Zone apply here.

Walls

Mid-weight walls are recommended to even out indoor
temperatures: night temperatures are often below the
comfort range. External walls should be light-coloured.

Openings

The area of the openings should be in the order of
25-40% of the area of north and south facing walls to
ensure sufficient ventilation for comfort and for cooling
the structure at night. The glazed part of these openings
should not exceed 15-20% of the whole to provide
adequate daylighting. Ventilation openings should be
evenly distributed on two sides of the rooms for adequate
cross ventilation.
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The proximity to the lakes makes the presence of
mosquitoes a permanent nuisance, particularly at night
after heavy rains. Windows should be equipped with fly-
screens.

3.10.5 ZONE V: UPLAND

Because of the lower temperatures compared to the
other zones, some passive heating is welcome during the
cool period. To achieve this, two main provisions should
be made:

(1) Protection from direct and/or indirect solar radiation in
the hot period and some openness to sun during the cool
period;

(2) Use of medium thermal mass for walls and roof.

3.10.5.1 SITE PLAN

Sites should be selected so as to provide shelter
against prevailing winds and cold air pockets in ground
depressions. The varied topography and vegetation should
be utilised when locating and planning housing areas,
whether in town or villages.

There is no need for buildings to be widely spaced for
ventilation.

3.10.5.2 BUILDING PLAN

Buildings should have their main glazed elevations
orientated north-south; a NE-SW orientation with most of
the rooms facing north-east is appropriate: with carefully
designed sun shading this orientation will allow a certain
amount of solar heat to penetrate in the early morning
during the cold season, and cut off the low westerly sun
early in the afternoon (Fig. 3.10-5).

FIGURE 3.10-5 PROVIDE SOLAR ACCESS DURING THE
COLD SEASON AND MID-WEIGHT ENVELOPE
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It is an advantage to locate living room and bedrooms
to the northern or eastern side of the house. Controlled
ventilation is a pre-requisite, either through doors,
windows or separate ventilation openings.

The construction of double-banked buildings is
acceptable, if central corridors are of limited length and
offer adequate ventilation. Walls of some insulating value
are recommended.

Structures

A medium weight structure is recommended. Due to
intense sunshine during the day, considerable heat will be
stored in heavy structures and emitted at night to reduce
the drop in temperature.

Roof

Roofs can be light or heavy but they must have a
good insulation value. Ventilation of roof cavities or the
underside of ceilings may not be necessary.

Walls

Medium-weight  walls, floors and ceilings are
recommended for the best exploitation of passive solar
gains.

Windows and ventilation openings

Devices for sun control are necessary in order to keep
out the sun during certain hours of the day. They should
be adjustable to let sun in when it is required.

Windows should be mainly on north and south-facing
elevations for easier sun control. Adjustable louvres
outside and curtains or preferably Venetian blinds inside
the room will be the best method of sun control.

Large windows facing east or west should be avoided.
The temperature in rooms with large glazed areas to the
east or west will rise steeply when the sun is low, due to
the greenhouse effect; consequently it would be necessary
to open windows and on cold days uncomfortable cool
draughts would result. The only effective solution is to
put adjustable louvres or Venetian blinds outside or inside
the windows. The north-facing windows should be large
enough to allow passive heating. If all openings are on
north and south-facing walls, about 15-25% of wall area
should be operable to provide adequate ventilation.

All windows should be glazed and window frames
should be reasonably airtight (jalousies would not be
appropriate).



Heating system
In this zone, a flexible heating system should be provided.

Fireplaces are needed in most areas, at least at altitudes
above 1600 m or even in lower areas where there is
considerable rainfall at nights. Fireplaces should be located
in living rooms.

Fly-proofing

Mosquitoes and other insects are not a major health
hazard or cause of discomfort, but vegetation should be
kept tidy and sufficient drainage should aim at preventing
insect-breeding pools.

3.10.6 ZONE VI: HIGH UPLAND

In this zone the same provisions as for Zone V should be
made, with more attention paid to the need for heating,
due to the lower temperatures all through the year.

3.10.6.1 SITE PLAN

There is a wide range of site conditions in this zone. The
topography of the zone is varied, with hills, valleys and
plateaus, thus making careful site selection an important
part of the building design process.

Exposed sites should be avoided, particularly along
deforested ridges where strong winds and driving rain
may be experienced.

The exposed nature of many sites in this zone makes
it necessary to group houses in order to give protection
and shelter against cold winds. Compact layouts are an
advantage and should also be applied on sloping sites
whenever possible.

Spacing of houses should be kept to be the minimum
compatible with the need to exploit solar radiation.

3.10.6.2 BUILDING PLAN

The major climatic performance criterion for houses is to
provide protection from the cold.

The design strategies for this zone are similar to those
of Zone V, with increased emphasis on passive solar design
(Fig. 3.10-6).
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FIGURE 3.10-6 LET THE SUN IN DURING THE COLD
SEASON FOR PASSIVE HEATING

3.10.7 PROVISIONS FOR SCHOOLS AND
OFFICES BUILDINGS

In classrooms and other school rooms in which a
number of students are concentrated and in offices where
internal gains are high due to equipment, the above
guidelines should also be followed, with additional care
taken regarding the openings. As the internal gains are
high, ventilation must be enhanced as much as possible if
mechanical cooling is not provided. Thus, windows must
be larger than in a residential building. In order to keep
the indoor temperature increase to within 1 °C above
outdoors when there is no wind ( i.e. relying only on
stack ventilation), the area of the windows should not be
less than 50% of the floor area in a classroom with 35-
40 persons in Zone 3. The same value should be used in
Zones I, llland IV.

The other issue differentiating residential buildings from
schools and office buildings is daylighting.

Because lighting is a significant component of the
energy consumption in schools and offices, efforts to use
daylighting should be given high priority. To this end, the
first design rule is to minimize the depth of the rooms
to maximize the contribution of daylighting. Properly
designed daylighting reduces the need for electric lighting
and helps to create a more pleasant environment.

Clerestories are recommended and lightshelves (see
paragraph 3.6) can significantly enhance the uniformity of
the natural lighting within a space and can also provide
good lighting in narrow rooms (less than 5 to 6 m). Light-
coloured walls and ceilings are recommended.

33 C Fera, F. Scriven, J. Soulat, Tanzania secondary school facilities inventory,
UNESCO 1967
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Finally, in air-conditioned non-residential buildings it
is better to have light-medium weight envelopes in all
climates.

3.10.8 DESIGN GUIDELINES SUMMARY

ZONE I: HOT-HUMID CLIMATE

Site plan

¢ Houses should be located on sites exposed to sea
breezes; avoid sheltered sites. Trees should be used
for shading.

¢ Layouts should be open, so houses should be widely
spaced to allow maximum ventilation in and around
buildings, which should be spaced at a distance of
7 times their height if facing each other; closer if
staggered.

e At high urban densities, building height should be
increased in preference to an increase in ground
coverage.

Building plan
¢ Single banked houses provide maximum ventilation.

¢ Buildings raised above ground favour ventilation; as
wind velocity increases with height, high-rise buildings
are appropriate.

e Apartments in multi-storey buildings experience better
ventilation.

¢ Main elevations should face north and south and
buildings should be orientated with the long axis
running east-west to provide effective shading -
unless the direction of the prevailing breezes suggests
an offset from this orientation - and raised above the
ground.

e Shaded verandas for houses or balconies for flats are
essential.

e Bedrooms should be located upstairs to provide
maximum access to cooling breezes and to provide
a sleeping area separate from other zones that may
have gained heat during the day.

Structures
¢ Lightweight and light-coloured or reflective roof and
walls (possibly operable); shaded outdoor porches.

¢ Ceilings highly desirable for heat and sound
insulation.

e Air cavity between ceiling and roof, which is
permanently ventilated and provided with reflective
foil to block radiant heat; roof pitch to vent roof heat
gains.

e Roof overhangs not less than 0.6 m, preferably as
wide as 1.0 m.

¢ Shallow floor plan of one-room width to allow
maximum cross ventilation.

Openings
* Openings should be large and shaded, with sill height
not above 0.9 m.

e The size should be preferably at least 50% of north
and south walls.

e Glazed area should not exceed 20% of the area of
wall.

e There should be vertical space for upward movement
of heat from ground floor (internal stairs).

¢ Wing walls should be constructed to channel
predominant breezes through the building.

e All fixed shading should be insulated or reflective to
avoid radiant heat gain at openings.

* Fly-proofing should be installed.

ZONE II: HOT-ARID CLIMATE

Site plan
¢ Housing layouts should be compact.

¢ Trees, hedges and other vegetation should be planted
to reduce dust, glare and reflected heat.

Building Plan
e Courtyard houses protect against hot, dry winds and
can be combined with plants and water features.

¢ House plans should be inward looking with rooms
opening off, and roofs sloping towards the courtyard.

e Courtyards should be limited in size .Outdoor living
space should be enclosed.

e Buildings should be orientated with the long axis
running east-west to provide effective shading; it
is not necessary to modify this orientation for wind
direction.

e No bedroom should face west.

Structures
* A heavyweight building envelope is recommended
because of the high daily temperature swing.

e Heavy structures are good for day rooms if they are
well ventilated in night.

e Light structures are essential for rooms used at night.
e External surfaces should be reflective.

e Roofs should be made of heavyweight materials, have
high reflectivity and be ventilated. Alternatively, if the
roof is lightweight, the ceiling should be heavyweight,
and the attic ventilated.

Openings
e Large openings may be inappropriate, unless well
shaded.

e Ventilation should be controlled to ensure that the
building is not heated when the inside temperature is
lower than the outside temperature on a hot day, and
that it is cooled during the night.



e Heat gain is reduced as much as possible with no or
small windows on the eastern or western sides and
small, well-shaded windows elsewhere.

e Some 10-20% of the area of north and south-facing
walls should be operable.

¢ High and low level openings should be created in
walls bordering courtyards to facilitate air movement.

¢ Small openings in perimeter walls are required for
cross ventilation.

¢ Shuttered and permanent openings are preferable
to glazed windows except where exclusion of dust is
required.

* Fly-proofing is required where mosquitoes are
troublesome.

Cooling

e Evaporative cooling should be used to improve
comfort when the relative humidity is low.
Consideration should also be given to the
sustainability of available water resources.

ZONE Ill: HOT SEMI-ARID/SAVANNAH CLIMATE

As for to the hot-arid zone except:

¢ Medium-weight building envelope in hot-semi arid
parts and heavyweight walls for savannah plains.

¢ Evaporative cooling not as effective because of higher
relative humidity.

ZONE IV: GREAT LAKES CLIMATE

Site plan

Site selection criteria are similar to those of the Hot-
humid Coastal Zone. Care should be taken to ensure free
air movement yet ensure minimum solar exposure:

e Exposed sites are desirable. Sites in depressions, or on
the leeward side of hills should be avoided.

¢ Houses should be widely spaced in order to secure
sufficient air movement in and around buildings.

Building plan
¢ As wind velocity increases with height, high-rise
buildings are appropriate.

* The type of house is largely determined by the need
for cross ventilation.

* Main elevations should face north and south.
¢ Single-banked houses raised above ground are
appropriate.

¢ Well placed openings in internal walls and shaded
permanent openings in east and west-facing walls
are effective for cross ventilation in double banked
houses.

e Bedrooms and living rooms should face north or
south.
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e Secondary rooms, such as storerooms, bathroom etc.,
should face west.

Structures

For roof construction, sun protection, openings and
flyscreens, the same guidelines as for hot-humid zones
apply, except:

e Mid-weight walls are recommended to even out
indoor temperatures: night temperatures are often
below the comfort range.

e External walls should be light-coloured.

Openings

e Openings should occupy 25-40% of the area of north
and south -facing walls, and the glazed part should
not exceed 15-20% of the whole.

e Ventilation openings should be evenly distributed on
two sides of the rooms for adequate cross ventilation.

* Fly-proofing is essential.

ZONES V-VI: UPLAND AND HIGH UPLAND CLIMATE

Site plan
¢ Sheltered sites desirable.

e Compact layouts that protect rather than expose
houses to wind required.

e Terraced houses appropriate.

¢ QOutdoor spaces adjacent to house, exposed to the
sun, but protected from wind, advantageous.

Building plan
e Compact double-banked forms are desirable.

¢ Buildings should have their main glazed elevations
oriented north-south; NE-SW orientation with most of
the rooms facing north-east is also appropriate.

e Floor plan should be organised so that the sun
penetrates into daytime spaces on cool days. Living
room and bedrooms should be located on the north
or east sides of the house.

e Controlled ventilation is a pre-requisite.

Structures
¢ Medium weight walls and roofs are highly desirable.

e Massive interior material to store passive heat in
the cool season and night “coolness” in the warm
season.

Openings
® 15-25% of North and South wall area should be
operable to provide adequate ventilation.

e Windows should roughly be 50% of the floor area of
the house.

e Windows should be mainly on north and south-facing
elevations.
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¢ Adjustable louvres should be used outside and
curtains or preferably Venetian blinds inside the room
for sun control.

¢ Windows should be glazed and window frames
should be reasonably airtight.

Heating
e Passive solar building design should be emphasised.

¢ A flexible heating system should be provided.

3.11. LESSONS FROM THE PAST

The Oxford Institute for Sustainable Development
estimated that the people who use them rather than
architects designed over 90% of all structures in existence
today. The number of dwellings associated with this
estimate includes approximately 800 million units.

The term vernacular architecture is used to describe
structures built by people whose design decisions are
influenced by their traditions and their culture.

Vernacular architecture varies widely with the world's
vast spectrum of climate, terrain and culture and it
is important to recognise that it contains inherent,
unwritten information about how to optimise the energy
performance of buildings using low cost local materials.
Over the course of time, indeed, vernacular dwellings have
evolved to respond to the challenges of climate and to
cultural expectations in a given place.

In most cases expectations of comfort levels in new
constructions are no longer compatible with the solutions
of vernacular architecture; however the cultural heritage
underlying vernacular constructions (i. e. morphology,
functional distribution of rooms, use of local and natural
materials, shading and protection devices, and strategies
for filtering or channelling natural resources into the
building) can be crucial for preserving the connection
between nature and architecture.

The knowledge of traditional energy-saving technologies
can be integrated into a new construction at the initial
phase of the building design process and vernacular
cultural traditions can be usefully preserved. Moreover, it
is important to distinguish between vernacular building
traditions driven by climate and those carried on through
cultural traditions.

In East African Countries, the cultural aspect can be
assumed to be the most influential factor in the choice
of materials and in the method of constructing dwellings.
Outdoor life and nomadic habits were dominant factors
in the success of the morphologies and structures of the
houses, while climatic considerations and comfort needs
in the indoor spaces were of secondary importance:
in most cases a house was conceived simply to protect
users and their goods from extreme climatic events,

while everyday life was carried on outdoors. The path of
colonial architecture was very different. The features of
the first colonial architecture in East Africa were borrowed
from European buildings. The tropical climate was not
considered as the basis for designing the distribution
of the indoor spaces, although some elements such as
porticoes, roof overhangs and courtyards were used to
partially shade the facades and the openings.

Pre-colonial architecture, on the other hand, reflects the
influence of Arabic, Indian and Persian cultures, combined
with Swahili traditions.

In the following sections, examples of vernacular and
colonial architecture in EAC countries are described in
relation to the climate in which they are located and their
climate responsiveness is assessed.

3.11.1 EXAMPLES OF VERNACULAR ARCHITECTURE

IN EAC COUNTRIES

These case studies of vernacular architecture are
grouped on the basis of the climate in which they are
located. The houses described in the following section
are adapted to the local population’s functional needs,
their specific social requirements, and to the local climatic
conditions. Some people have strict requirements for
their houses related to social habits and lifestyle, for
example, nomadic populations in EAC countries live with
their livestock and move as the seasonal needs change.
Activities are carried on outdoors and the most pressing
need is for protection from solar radiation, wind and
rainfall. The house is often just a place in which people
shelter their material goods and where they sleep at night.
Some houses are simply a shelter and do not comply with
any comfort and health requirements. The availability of
construction materials is another important issue in these
areas and houses are mostly built using local materials in
the simplest way. The lack of transportation means that
the people building the house need to reduce the distance
between the site of construction and the places in which
the construction materials are found. Moreover, the tools
used for constructing the houses are basic and do not
permit complex building techniques.

3.11.1.1 UPLAND AND HIGH UPLAND CLIMATE ZONES

Tembe type house, Tanzania

In Tanzania there are eight cultural groups, which
have developed different types of traditional house due
to geographical location, available materials, climate
different activities and cultural factors.

The Southern Highlands Bantu is the third largest
cultural group in Tanzania and is concentrated in the south
and south-west of the country, in the regions of Mbeya,
Sumbawanga and Iringa.



The traditional houses of this cultural group are Tembe
type houses, which are mainly constructed of bamboo,
grass and mud.

The Tembe House is basically a long rectangular house
that can have a different shape of roof. For example, a flat
earth roof is used in the hot, dry and temperate central
part of the country and a vaulted roof built with mud and
grass can be found in Iringa Region. One type of Tembe
house is the traditional house used in Iringa region by the
Hehe tribe (Fig. 3.11-1). The walls of the house are built of
clay and the roof is a compressed layer of clay and grass
that lies over curved wooden supports. The structure is
made of bamboo. No windows are provided but there are
small ventilation holes (diameter about 15 cm). Ventilation
is provided by opening the doors. The house is about 90
m? and is subdivided internally by partitions. A sitting room
is located in the centre with sleeping room and kitchen at
the sides. The house may grow as a family grows, with
an L added at each end to form a U shape. If a family is
very large, the house may form a square with a central
courtyard. The height of the rooms is about 2.5 m.

FIGURE. 3.11-1 HEHE TRADITIONAL HOUSE

Source: http://www.flickr.com/search/?q=hehe%Z20house

The roof construction is an interesting compromise
between the steeply-pitched, thatched, ridge-pole roofs
found in the wet areas of Malawi and the domed, mud
covered huts of the dry Masai country. Instead of ridge-
poles, these huts have a pair of purlins set on either side
of the centre point to allow the rafters to be bent over
in a continuous curve, eliminating the ridge. The rafters
project to form overhanging eaves, which protect the mud
covered vertical walls.

The house seems to be designed to provide some
comfort during the cold and windy season, when outdoor
conditions are very uncomfortable: medium-weight walls
attenuate the daily temperature fluctuations, and small
openings prevent the penetration of cold wind. It is not
as comfortable during the warm season, but then life is
carried on outdoors.
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Chagga House, Tanzania

The Chagga House (Fig. 3.11-2) normally has a diameter
of 5.6 m of and a maximum height of about 4.9 m with
two levels. The house is completely covered with grass
from the ground to the apex, with leaves on the inside that
are woven closely together to provide thermal insulation.
Only one door is provided, rarely is there a second door
and no windows are provided.

FIGURE. 3.11-2 CHAGGA HOUSE
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Source: http://en.wikipedia.org/wiki/Chaga_people

Houses in Kakamega province, Kenya

In Kakamega District square plan traditional houses can
be found (Fig. 3.11-3). People are farmers and the houses
are given stability by massive walls made of earth to reduce
temperature variations inside the house and exploit the
thermal inertia of the materials, which is useful in the high
upland climate zone.

FIGURE. 3.11-3 KAKAMEGA HOUSE

Photo credit: courtesy H. Fiebig — 50 treasures of Kenya - http://
thetreasureblog.wordpress.com/2013/05/3 1/kakamega/
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The roof of the Kakamega House has a pyramidal shape
and is made of a thick layer of straw, which provides
good insulation. The main structure of the roof is made
of wood with a double warping on which the thatched
roof is placed. The walls have small windows at different
orientations to allow ventilation when needed. In the high
upland climate it is not necessary to provide constant
ventilation but it must be sufficient to exchange air in the
hottest period of the day when solar radiation strikes the
huts. The overhanging roof provides shade and protection
from rain.

Houses in Kikuyu Province, Kenya

North of Nairobi, in the central Province of the Kikuyus,
the climate is cool. The typical huts are circular, often as
much as7.5min diameter (Fig. 3.11-4). Poles approximately
15 cm thick are driven into the ground close together, with
split poles and small branches filling the spaces between
them. Wooden boards are used to enclose the building
and additional structural posts to support the roof are
erected. Rafters 7.5 cm thick are laid radially at an angle
of approximately 30° to form the roof structure, which
does not have central pole, but is finished with a short
wooden finial. The deep overhanging eaves are, in some
cases, supported by veranda posts protecting the entrance.
Horizontal battens 5 cm wide provide fixings for the layers
of bunched grass, over which green grass is placed as a
finishing layer. Inside, the house is sometimes plastered
with a mixture of cattle dung and ash, a treatment that
became more widely used both inside and outside when
the scarcity of cedar made the use of other types of wood
necessary.

FIGURE 3.11-4 WOODEN KIKUYU HOUSE

Source: http://www.fr.enhols.com/safari-photo-album/view-african-
photos.aspx?L=En&aid=25

Generally the houses have a single door and no windows.
The envelope is compact to reduce thermal exchanges and
the overhanging roof protects the walls from solar radiation
and rainfall. The walls are of lightweight construction, and
insulation is rather poor. Only a fire burning inside the hut
can provide reasonable comfort on cool nights.

3.11.1.2 HOT ARID CLIMATE ZONE

The Min of the Rendille, Kenya

Rendille nomads are camel herders and also keep goats
and sheep and some cattle. They live in the semi-arid
lowland of northern Kenya and use light, transportable
shelters called Min (Fig. 3.11-5). Six times a year the
Rendille move the Min to search for pasture, fresh water
or to escape conflicts. The Min can be disassembled and
loaded onto the camels. The main structure consists of
two arched frames of curved sticks embedded into the
ground and kept in position by a few stones around the
base. The back arch is kept in position by thin curved sticks
and the front arch is straight with slanting sticks. A door
opening is left in the centre. The back half, equipped with
a sloped covering, is high enough to allow the user to
stand up. It is used for sleeping . The rear is covered with
skins to protect the user from the night winds. The front
of the Min is used as storage.

FIGURE 3.11-5 WOODEN STRUCTURE AND REAR SIDE
OF THE MIN COVERED WITH THATCH

Source: May J., Buildings without architects a global guide to
everyday architecture, Rizzoli International Publications, New York,
2010

The Rendille people live in a hot-arid climate zone. The
average temperatures are high as are the daily temperature
variations. The materials used to make the outer covering
of the Min stop the dust and give protection from the wind,
while the shape has functional and thermal purposes.
The shape has the minimum surface to volume ratio and
minimizes the effects of the critical environmental factors
(i.e. sun, wind, heat, cold, rain).



The materials used for the main structure of the Min are
wooden poles and sticks. Agave mats are laid on top and
are connected to the structure as a cover; cow hides are
used to block the dusty wind. The Min is primarily a shelter
which is inhabited on cold nights and when protection
from dusty winds or rain is needed, as all activities are
carried on outdoors.

3.11.1.3 GREAT LAKES CLIMATE ZONE

Houses around Lake Victoria

Circular huts with conical roofs can be found along the
shores of Lake Victoria(Fig. 3.11-6). The walls are made of
earth while roofs are thatched. The people in this area are
mainly fishermen due to the proximity of Lake Victoria.
The round shape of the huts minimises thermal exchanges
and the earth used in the vertical envelope provides
thermal inertia, which mitigates the daily temperature
variations of the Great Lakes climate. The thatched roofs
provide good thermal insulation, reducing thermal loads,
while overhangs protect the walls from rain and sun and
create shaded areas for comfort. Ventilation is poor (the
only opening is a door), but the hut is inhabited mainly
during the night, when the temperature drops.

FIGURE 3.11-6 ROUND HUTS AT LAKE VICTORIA

3.11.1.4 HOT SEMI-ARID/SAVANNAH CLIMATE ZONE

Turkana Huts, Kenya

These huts can be found in the Turkana region of Kenya
(Fig. 3.11-7). The people in this region are pastoralists,
although they are starting to adopt agriculture. Nomadic
communities build simple homes that are used for
temporary occupation. The structure of Turkana huts
depends on the availability of materials and the type of
livestock owned by the family. The huts, which are mostly
used during the night, are often dome shaped with the
entrance opening facing away from the sun. In contrast
to other semi-nomadic tribes, the Turkana do not carry
building materials with them when they move and
everything is collected on site at each new camp.
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FIGURE 3.11-7 TURKANA TEMPORARY HUT

Huts are built of whatever thorn bushes, brushwood
and trees are available in the area. In the plains, huts
are usually built using thorn bushes interlaced with leafy
vegetation. In the mountains, boughs of trees and thicker
foliage are used, while in the relatively arid parts of central
Turkana land, it is mainly palm leaves that are collected
for construction; these provide shade and at the same
time allow ventilation. In the rainy season huts are covered
with animal skins, which are fixed with stones or pieces
of wood, or fastened with leather thongs; where there is
plenty of grass, straw is sometimes used.

The transition to permanent agricultural settlements
has led to the development of a different kind of huts,
which are circular, with walls made of tree branches and
brushwood and,a thatched roof (Fig. 3.11-8)

FIGURE 3.11-8 TURKANA PERMANENT HUTS
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Photo credits: the apostrophe, http://www.flickr.com/photos/
dirty_dan/4312427571/

Masai Manyatta, Kenya

The Masai people live in the highlands around the
border between Kenya and Tanzania. Often considered
nomadic or semi-nomadic they are traditionally transient
cattle breeders. Today, especially in Kenya, the Masai are
often sedentary and agriculture is their primary source of
income.
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The Masai build settlements in which livestock enclosures
and individual houses are fenced. The compact houses are
oval, up to 5 m long, 3 m wide and 2.5 m high and are
built around a frame of hardwood posts (Fig. 3.11-9). The
walls are made with cow dung mixed with mud and ash
placed on a structure of flexible branches. The walls are
medium-weight as required in the savannah climate zone.
The house has to protect the users from high temperatures,
solar radiation, strong wind and heavy rainfall. The huts
are constructed to resist even the heaviest rainfall despite
the fact that the building materials are not waterproof.

FIGURE 3.11-9 MASAI, KENYA: THE ENVELOPE IS MADE
WITH COW DUNG AND ASH OVER A STRUCTURE IN
WOOD AND THATCH

Nyakyusa house, Tanzania

The Nyakyusa house of Southern Tanzania, found in
Mbeya Region, uses bamboo in all its elements (walls, roof
and ceiling), is rectangular in shape and has a pitched and
gable roof (Fig. 3.11-10).

Construction materials, besides bamboo, are elephant
grass thatch, reeds, ropes treated with black cotton sail,
and clay soil. The split or dissected bamboo is tied to the
internal face of the bamboo walls and cow dung is used
as plaster.

The house is compact and the walls provide a limited
level of insulation, as does the thatched roof, while the
plaster provides some thermal mass. No finishes are
provided externally apart from the decoration of the
bisected bamboo pieces tied up with rope.

The house usually has two doors and each room has
small windows for ventilation. The roof construction
also allows some cross ventilation along the top of the
perimeter walls. Door shutters are made of reeds and
split pieces of bamboo woven together. They also allow
ventilation.

The Nyakuysa house is a good example of climate
responsive vernacular architecture, as it can provide better
comfort than outdoors, not only at night but also during
the day.

Sukuma house, Tanzania

The Sukuma ethnic group lives in the Mwanza and
Shinyanga Regions. The traditional houses of these cultural
groups are of the Msonge type. Usually, they are cone-
cylindrical houses with a round hipped roof, constructed
of poles, sticks, bamboo, mud and grass (Fig. 3.11-11).
The roofs are neatly trimmed into steps using grass and
protect the walls from solar radiation.

FIGURE 3.11-10 NYAKYUSA TRADITIONAL HOUSE:
MAIN RECTANGULAR HOUSE AND ROUND HOUSE
(WIFE'S HOUSE)

Source: Mwakyusa A.T.H., Traditional and contemporary building
styles used in Tanzania and to develop models for current needs,
A dissertation submitted in partial fulfillment of the requirements
for the award of the degree doctor of philosophy, St. Clements
University British West Indies, 2006

FIGURE 3.11-11 SUKUMA TRADITIONAL HOUSE
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Source: Mwakyusa A.T.H., Traditional and contemporary building
styles used in Tanzania and to develop models for current needs,
A dissertation submitted in partial fulfillment of the requirements
for the award of the degree doctor of philosophy, St. Clements
University British West Indies, 2006

The Sukuma House has one door. The walls are made
of wetted clay pasted on hard-wooden poles fastened
by small sticks and fibres and a small gap is left between
the wall and the thatched roof. This air gap (Fig. 3.11-
12) improves ventilation and the roof and walls provide
insulation and thermal mass.
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FIGURE 3.11-12 AIR GAP BETWEEN WALL AND ROOF
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Traditional hut type common in different EAC areas
Beehive shaped or domed huts can be found in many
parts of the EAC (Fig. 3.11-13).

FIGURE 3.11-13 DOMED STRAW HUTS IN BURUNDI
(LEFT) AND IN UGANDA (RIGHT)

Source of Burundi hut: http://www.skyscrapercity.com/showthread.
php?t=978522

The thick layer of straw making up the whole external
layer of the envelope provides good thermal insulation,
but very little thermal inertia. The shelter seems to be
designed to provide warmth during the night, as there is
poor ventilation: the only opening is a door. This type of
house is used by people whose activities are mostly carried
on outdoors. Local materials are used in the simplest way
to provide protection from sun, wind and rainfall.

This type of traditional house, the Haya house, is found
towards the border in the north-west part of Tanzania, in
the regions of Kagera, Biharamulo and Kigoma. They are
Msonge type and are constructed of poles, bamboo, sticks
and grass.

The Haya house (Fig. 3.11-14) is conical and is thatched
from ground to apex. It generally has a diameter of about
6.5 m and a height of about 4.3 m. The commonly used
materials are bamboo pieces, sticks and reeds, which are
tied together with ropes of banana bark. Construction
is carried out from top to bottom, using closely-packed
bamboo held in place by circles of sticks thatched with
grass. Strong supporting poles are used and the interior is
plastered to provide some thermal mass. Only one door is
usually provided and it is protrusive and arched.

FIGURE 3.11-14 HAYA TRADITIONAL HOUSE

Photo credit: Graham’n’Judy, http.//www.flickr.com/photos/
grahamcole1/5401688845/lightbox/

The compact envelope minimizes solar gains on
the exposed surface and the grass envelope provides
insulation.

Another common type of house has a rectangular
plan and is built with mud bonded with sticks and reeds
applied to a frame made of wood or bamboo (Fig. 3.11-
15). The frames are bound together and the thatched roof
is tied to the frame with strong materials such as hemp
fibres or braided coconut husks. An air gap is often left
between the top of the walls and the roof to allow natural
ventilation. The thatched roof has been, in most cases,
replaced by a corrugated iron roof (Fig. 3.11-16), which
requires less maintenance but has an adverse effect on
thermal comfort.

FIGURE 3.11-15 MUD BONDED WITH STICKS AND
REEDS APPLIED TO A FRAME MADE OF WOOD
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FIGURE 3.11-16 RECTANGULAR SHAPED HOUSES:
THATCHED AND IRON ROOFS

Mud bricks, made from a mixture mix of clay, water and
straw and dried in the sun, are also used. Mud bricks are
cheap and keep warm in winter and cool in summer as
they provide thermal mass. Houses built of mud or with
mud bricks are vulnerable to heavy rains and flooding. The
overhang of the thatch roof is used to shade and protect
the walls from rainfall and the house is constructed on
stilts, which prevents it from being flooded during the
wet season. Houses are not equipped with windows. The
thatched roof is about 25-30 cm thick and is made of palm
leaves and grass. It helps to mitigate thermal conditions,
providing good insulation and maintaining warmth during
the cool nights. The houses show adequate strategies to
face the climatic conditions, such as sun protection due to
the roof and thermal mass due to the walls being made
of clay and straw. More recently, ventilation has been
improved by the addition of some openings; however, iron
sheets are less suitable for roofing because they make the
house uninhabitable when the sun shines and are noisy
when it rains.

3.11.1.5 HOT HUMID CLIMATE ZONE

Swahili houses, Tanzania

Local materials such as mud and poles, sticks, soil, palm
leaves and grass are the major building materials used and
grass thatch is a common material for roofing (Fig. 3.11-
17). The traditional house found in the rural areas of the
coastal strip is the Zaramo house, probably the origin of
the Swahili House. Each room of the house is provided
with windows for ventilation. The light-weight envelope
is adequate for thermal comfort in the climatic conditions.
Openings are shaded by the overhanging roof.

The examples of vernacular architecture described
above can provide an idea of the technical traditions and
skills of local populations in the EAC. The climate is taken
into account in building design, for example improved
insulation is provided in upland and high upland climates,
thermal capacity in hot-arid climates and ventilation and
sun protection in hot-humid climates. Sometimes the local
materials used are not suitable for making wide openings
but ventilation is promoted by the gap left between the
walls and roof. The thermal inertia of the vertical envelope

and the plant materials preferred for the roofs is the result
of traditional habits and techniques and are generally
appropriate to the climate. Thick layers of thatch provide
insulation in the roofs, reducing the heat flow and allowing
breathability in conditions of high humidity. People in the
various regions have a lifestyle in which most activities are
carried on outdoors. Furthermore, nomadic people living
with livestock prefer lightness and transportability of the
shelters to thermal properties, and this is clearly related to
specific needs.

FIGURE 3.11-17 SWAHILI TRADITIONAL HOUSE IN
KIGAMBONI (DAR ES SALAAM, TANZANIA)
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Photo credit: Maria Chiara Pastori

Not all the technical solutions can be considered as
optimal for thermal purposes but they are used because of
ease of construction, availability of materials, established
construction  practices, cheapness, and reduced
maintenance.

3.11.2 EXAMPLES OF COLONIAL AND
PRE-COLONIAL ARCHITECTURE IN
EAC COUNTRIES

As opposed to the Romans, who planned new cities in
their colonized territories with a layout based on the Cardo
and Decumanus orientation (north-south and east-west,
respectively) complying with environmental needs, in East
Africa the colonizers planned cities on the basis of criteria
not related to climatic requirements.

For example, the urban layout of Nairobi derives from
the blueprint for the railway and from the consequent
position of the railway station, whose yard faces the
south quadrant (Fig. 3.11-18). The orientation of the
railway station generated the entire urban layout, which
is reasonable as far as solar protection is concerned (the
ideal would have been a north-south/east west street grid
orientation), but is not optimal for exploitation of natural
ventilation. In fact, the street grid would be better if
rotated 45° or more clockwise, to exploit the north-east
wind which blows during the hot season.
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FIGURE 3.11-18 ORIGINAL TOWN PLAN OF NAIROBI,
1900, SHOWING THE RAILWAY LINE/STATION AND
PRESENT MAP OF THE CITY

Source: (top) Hake A., African Metropolis, Sussex University Press,
1977; (bottom) http://nairobiarch638.wordpress.com/

Similarly, in Tanzania the layout of Dar es Salaam does
not meet the fundamental needs of ventilation required
for the hot-humid coastal climate. The urban layout grew
around the bay due to the particular commercial nature of
the city, which was based on the port and whose layout
was dictated by the layout of the harbour itself (Fig. 3.11-
19). Monsoon winds (south-west from April to October
and north-west from November to March) cannot be
efficiently exploited to ventilate the buildings because of
the orientation of the streets.

Lamu Old Town is the oldest and best-preserved Swabhili
settlement in East Africa, retaining its traditional functions.
Lamu Old Town is located on an island off the coast of East
Africa to the north of Mombasa. Most of the street grid is
oriented north-south/east-west, to ensure maximum solar
protection of the facades of the buildings (the town also
has narrow streets) and to exploit the prevailing winds to
the best advantage for natural ventilation (Fig. 3.11-20).
Moreover, the buildings have porticoes, arcades and open
verandas that shade openings. The orientation combines
two requirements, religious (all quibla walls face Mecca,
which from East Africa is to the north) and environmental.

FIGURE 3.11-19 PLAN OF THE COLONIAL AREA OF
DAR ES SALAAM IN THE MID 19™ CENTURY (TOP)

TOWN
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3.11.2.1 PRE-COLONIAL BUILDINGS IN LAMU

The Swahili architecture in Lamu is representative of
a technology based on coral, lime and mangrove poles.
Coral is the ideal building material: light, strong and
readily available, it improves with time, becoming harder
and more homogeneous with exposure to rain and the
tropical sun. The walls were made with large chunks of
coral stone (50 cm thick).

The high thermal mass of the structure does not allow
the occupants to benefit from a temperature reduction
during the night, which is, however, rather limited. The
temperature inside the buildings is almost constant
throughout the 24 hours and thermal comfort is entirely
dependent on solar protection and natural ventilation.

3.11.2.2 COLONIAL BUILDINGS IN NAIROBI

Most of the colonial buildings in Nairobi were two to
three storeys high, dominating the generally single storey
urban configuration.

The main facades had symmetry, rhythm and order
and incorporated classical elements such as colonnaded
porticoes.

The use of the porticoes and loggias is appropriate for
the climate as it:

® serves as a transition space from the hot dusty street
to the cool interiors;

¢ shades windows and adjacent walls;

e provides a visual transition from the bright sky, with
illuminance as high as 120,000 lux, to relatively dark
interiors;

e acts as a shelter for visitors to the buildings during the
rainy season.

The properties of these elements were not always fully
exploited. In the Archives building, for example, the portico
has visual importance rather than a functional role, as the
double volume lacks depth (Fig. 3.11-21). The depth of
the cornice, however, helps to shade the upper windows
by reducing solar gains.

The design of the Kenya Railways Headquarters Building,
takes into consideration the need for solar protection, with
large overhanging roofs and horizontal shading devices
(Fig. 3.11-22).

In the case of the Macmillan Library (Fig. 3.11-23), the
main facade faces south, but the west-facing windows,
which are not protected, cause a heavy solar load. On the
other hand, the east wing is well ventilated during the hot
season, exploiting the north-east winds.

FIGURE 3.11-21 THE ARCHIVE BUILDING PORTICO
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Source: Mweu M., Colonial public architecture in Nairobi, Kenya: an
environmental analysis, M.Phil.Essay 01, Architecture and History of
Art Library (The Martin Centre), 2001

FIGURE 3.11-22 RAILWAYS BUILDING WITH DEEP ROOF
OVERHANGS AND EARTH COLOURED FINISHES




The City Hall building (Fig. 3.11-24), with its elongated
plan shape and the south facing main facade, exploits the
street layout to the best advantage.

FIGURE 3.11-24 CITY HALL BUILDING

Heavy masonry walls (60 cm thick) built with hand hewn
blocks of trachyte tuff were invariably used, with several
advantages:

e the stones were locally available, unlike iron sheets
that had to be imported;

¢ there was also locally available skilled labour in the
Indian masons and craftsmen;

¢ in the Nairobi climate, the heavy masonry walls kept
out the high outdoor temperatures for the better
part of the day, ensuring a cool internal working
environment during the hot season, and took
advantage of passive heating in the cool season.

The external finish was largely determined by the
architect’s attitude to the control of heat and light. For
example in the City Hall building the external facades
were painted white. Though good at reflecting incident
radiation, light colours become dirty and darkened due
to dust and smoke, reducing their reflective properties.
Iron sheet roofs were thought to be unsightly and were
normally hidden behind elaborate parapets integrated into
the design of the building facades. Examples of these are
the Macmillan Library and the Archive building.

It was not until the late 1920’ that terracotta roof tiles
were used for the first time in Nairobi. The roof tiles looked
more graceful and attractive, which made it possible for
the eaves of the buildings to be designed with large roof
overhangs to shade walls and openings.

The window to wall ratio was low and fairly consistent.
The wall fenestration order replicated the basic window
module whose proportions and size were influenced by:
¢ the high ceilings of the enclosed spaces;
¢ the load bearing nature of the walls.
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This resulted in tall windows with a low frame to glazing
ratio, which maximized daylight.

Although the window to wall ratio was low, the
combination of the shallow plans and the high sky
illuminance made it possible to light the offices adequately.

In the City Hall and Archives buildings, recessed windows
provided shade when the sun was high in the sky (but
were exposed to the evening and morning sun) and the
deep, light coloured intrados reduced glare by minimizing
the contrast in illumination levels between the window
and the adjacent internal wall surfaces (Fig. 3.11-25).

FIGURE. 3.11-25 WINDOW DESIGN: CITY HALL
WINDOWS EFFECTIVELY CUT OUT HIGH ALTITUDE SUN

Source: Mweu M., Colonial public architecture in Nairobi, Kenya: an
environmental analysis, M.Phil.Essay 01, Architecture and History of
Art Library (The Martin Centre), 2001

3.11.2.3 COLONIAL BUILDINGS IN DAR ES SALAAM

Colonial buildings in Dar Es Salaam can be found
in the quarter near the bay of Dar Es Salaam and they
have a representative role in the town. The grandeur and
the massive character of the colonial buildings in Africa
are related to their institutional function. The colonizers
wanted to show the impressiveness of the colonial power
through big massive buildings although climatic conditions
required different strategies, especially in the tropical hot-
humid climate of coastal Tanzania.

The main strategy adopted was based on solar protection
(porticoes, verandas and overhanging roof to create
external shaded spaces) and wide openings to enhance
natural ventilation (Fig. 3.11-26).
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FIGURE 3.11-26 LARGE OPENINGS AND VERANDAS
FOR NATURAL VENTILATION

In the High Court Building in Dar Es Salaam (Fig. 3.11-
27), the ground floor is higher than the other floors
for representative purposes. This feature turns into an
advantage for the ventilation of the indoor spaces through
the elongated windows, which are composed of different
operable portions and wooden blinds to allow ventilation
as well as preserving privacy and protecting from solar
radiation.

The iron sheet roof shades the gallery of the first floor.
The Mayai Building is a good example of a colonial building
restored to its original form. It has unique historical
features. It was German headquarters during colonial
times and was later occupied by the British in 1918. It
recalls the solidity and strength of the colonisers.

The Mayai building is presently used as the offices of
the Tanzania Revenue Authority (TRA) and was renovated
in order to restore the building to its original condition,
introducing a few changes to improve its thermal
performance.

FIGURE 3.11-27 THE HIGH COURT OF TANZANIA, DAR
ES SALAAM: VIEW FROM THE STREET, PORTICO AND
GALLERY SHADED TO REDUCE SOLAR GAINS

The building has two storeys and the load-bearing walls
are made of coral stones set in lime mortar.

The building’s long axis is in the direction of the
prevailing winds; therefore cross ventilation cannot be
exploited to the best advantage. On the other hand, the
massive structure, which would be inappropriate in a
residential building, can play a positive role as an office
building, since it attenuates the temperature variations
indoors during the day and the higher night temperature
is not a drawback as the building is not inhabited at night.

In the British period the appearance of the building was
changed as shownin figure 3.11-28. The current renovation
(Fig. 3.11-29) aimed to restore the original appearance of
the building with adjustments to the floor plans creating
secure corridors for fire escape and an additional staircase.
At the same time the original structure of the building was
retained. The design of the parapet wall demonstrates
the Zanzibari and Indian influences of the builders on the
architectural style. The choice of coral stone for the walls
comes from traditional construction practices, as seen in
Lamu Old Town.
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FIGURE 3.11-28 ELEVATIONS, PLANS AND APPEARANCE OF THE MAYAI BUILDING POST 1918 (BRITISH PERIOD)
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Source: Anthony B. Almeida, Tanzania Revenue Authority building, in Kakuru Linda, Mosha Comfort, Nestory Rose, Theme:Mapping the Stars
of Dar, Star Buildings, Star Places, 2011
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FIGURE 3.11-29 ELEVATIONS, PLANS AND PICTURE OF MAYAI BUILDING RESTORED
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Source: Anthony B. Almeida, Tanzania Revenue Authority building, in Kakuru Linda, Mosha Comfort, Nestory Rose, Theme: Mapping the Stars
of Dar, Star Buildings, Star Places, 2011



The building had compact plans in which corridors
were created and the roof was restored to its original
morphology.

The restored building has new shading devices at all
the windows to control direct sun radiation. This is also
provided by the shutters, which are used to darken the
interior spaces without compromising ventilation. The
entrance is designed to match the building elevations.

3.11.2.4 EVOLUTION OF COLONIAL ARCHITECTURE

Buildings constructed in the first colonial period were
a reproduction of occidental architecture. To deal with
the obvious inadequacies related to climate, substantial
changes were then introduced Particular adaptations can
be recognized in:

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

¢ widening of the windows to improve natural
ventilation;

¢ double facing rooms (north/south) to adapt to the
solar path in near equatorial latitudes and to favour
cross ventilation;

e covered porches frequently used around the buildings
to provide shading;

¢ buildings on studs, to avoid rising damp in the humid
climate.

All these innovations were introduced in order to adapt
the buildings to the tropical climate by protecting them
from intense radiation and heavy rains, facilitating natural
ventilation and reducing the high rate of humidity and
moisture coming into the building from the ground.
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ENERGY EFFICIENT
BUILDINGS DESIGN

4.1 THE ENVELOPE

There are, for some types of building, periods of the
year and climate zones in which thermal comfort cannot
be achieved without the use of a cooling or heating
system even if the building has been designed according
to the guidelines given in chapter 3. This is common in
commercial buildings, because of the significant internal
loads (people, office equipment, artificial lighting), but - to
a lesser extent — it also applies to residential buildings. To
cope with these situations, in which a mechanical system
is needed to provide comfortable conditions, openings
must be designed with special care in order to minimise
energy consumption. The reason for this is that openings
are glazed and windows are shut during the period in
which the cooling system is working, with the following
consequences:

e solar gains are a more critical issue because of the
greenhouse effect;

¢ natural lighting is a more critical issue, especially in
commercial buildings, because of the impact of glare
on occupants, who cannot freely choose the position
of their workstation and because the visual quality
of the environment can be influenced by the type of
glazing used,;

¢ thermal comfort is affected by the temperature reached
by the glazed surfaces (even if solar protections are
provided, diffuse radiation causes an increase in the
temperature of the glass).

4.1.1 GLAZING

Glass panes were perhaps the most important
technological advance in the history of buildings. They
allowed an extraordinary leap forward in the quality of
indoor life, making other innovations possible. No longer
was there the forced conjunction of light and outside air
(cold in winter and hot in summer), which had to pass
through the same openings (in fact the word window in
English is derived from the Icelandic word meaning “eye
of the wind”). And not just light without “wind”; the sun
penetrating through the glass also heats the room, thanks
to the greenhouse effect. Of course this is a problem in

summer, but it is easily solved with external protection
and/or by opening the windows.

4.1.1.1 GLASS, CLIMATE AND ENERGY

Glazed windows have evolved in such a way as to
provide systems which can be adapted to external and
internal conditions, according to different climates. In
central and northern Europe relatively large glass surfaces
are found. They are partially operable (typically the sash
window) and have internal sunscreens (curtains), which
are often dark. Quite different solutions have evolved in
the Mediterranean: glass surfaces are smaller than those
in central and northern Europe, windows open fully for
greater benefit from natural ventilation in summer, and
there is external sun protection (usually in the form of
shutters, often with movable slats). This is completely
logical: where it is cold in winter, the sky is mostly cloudy
and the summers are short and cool, you have to let
the sun in as much as possible, sunscreens should serve
only to adjust the intensity of the entering light and
ventilation should not be excessive because the air is cool.
In the Mediterranean, it is a different story: sun protection
and ventilation are the prerequisites for a comfortable
environment in summer, but in winter ventilation must be
limited and some solar gain is welcome.

In hot-humid tropical climates the jalousie window has
been the most popular and appropriate technological
solution for the fine tuning of natural ventilation.

Up until the nineteenth century these logical solutions
were adopted in all types of building, residential or
commercial, with few exceptions. Then, at the beginning
of the twentieth century a revolutionary tsunami hit
architecture, a revolution which made a clean sweep of all
the rules of the past by imposing a new slogan: lightness
and transparency, which translated into an envelope made
of glass .

So, in the midst of brilliant insights, the abuse of glass
developed and was consolidated, leading, inevitably, to
the abandonment of (often to contempt for) the principle
of adaptation to climate, and buildings - glittering jewels -
became the same everywhere, from Oslo to Dubai.



Lightness and transparency. At that time it was a little
known fact, but it is a lightness that creates thousands, if
not millions of tons of CO;, due to the enormous waste of
energy needed for heating in winter in cold climates, for
cooling in hot seasons and climates and for the artificial
lighting necessary even when the sun is shining, as it does
every day.

It is a transparency that exists only in pictures in
magazines, because in reality the curtains are always
closed by the occupants trying to restore the visual and
thermal comfort that such transparency precludes.

4.1.1.2 GLASS AND SOLAR RADIATION

Glass causes the so-called greenhouse effect, due to the
selectivity of glass to radiation: glass transmits short and
near infrared waves (radiation of wavelengths less than
2.5 microns), but blocks the long waves?*. Short and near
infrared waves pass through the glass and are absorbed by
surfaces and objects inside. These objects warm up and re-
radiate long waves, i.e. thermal radiation, which - being of
a wavelength greater than 2.5 microns - is retained in the
indoor environment, blocked by the glass, thus generating
a temperature increase.
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The transformation of solar energy into thermal energy
is an ambivalent factor; on the one hand, it allows the
room to be heated with solar energy in cold climates,
on the other hand it causes an energy gain that must be
removed to avoid overheating in hot climates and seasons.

Figure 4.1-1 shows that glass has a selective
transmittance as a function of wavelength, and that
the spectral transmission curve is different in relation to
the type of glass: spectrally selective glass, for example,
attenuates transmission in the visible range a little but in
the near infrared, where a large part of the solar radiation
(about 50 %) lies, it attenuates transmission by a great
amount. Reflective glass has big disadvantages from
both the thermal and visual points of view. If the reduced
transparency in the infrared is advantageous, the benefit
is heavily outweighed by the poor transparency to visible
radiation, resulting in the need for the use of artificial
lighting even on the brightest days. This type of glass is
not recommended from the energy point of view.

FIGURE 4.1-1 SOLAR RADIATION TRANSMITTANCE THROUGH DIFFERENT TYPES OF GLASS.
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Legend: NFRC = National Fenestration Rating Council, SHGC = Solar Heat Gain Coefficient; VT = Visual Transmittance

34 Visual and thermal performances of glass panes are treated in detail in
Appendix 1 — Principles of building physics.
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Long-wave radiant heat has considerable weight in the
overall energy balance of glass, thus reducing it dramatically
improves the performance of glass in cold climates. For this
reason low-emissivity films are used. Standard glass has an
emissivity equal to 0.84 in the far infrared, which means
that it emits 84% of all the energy that can theoretically
be emitted by radiation; since the value of the emissivity
coincides with that of absorption it also means that when
a flow of radiant energy in the far infrared strikes the
glass, it absorbs 84% of radiant energy and reflects 16%.
Glass protected by a low-emissivity film, however, has an
emissivity of about 0.04, so this glass emits only 4% of the
radiant energy that it can theoretically emit, and reflects
94% of the radiation in the far infrared that strikes it; the
radiation that comes from the inside is therefore almost
totally returned, greatly reducing the losses. This property,
which is extremely positive in cold climates and seasons,
makes the low-e glass unsuitable or even useless in hot
climates and seasons and constitutes an unjustifiable cost,
as shown in figure 4.1-2.

Since the solar radiation spectrum extends from
ultraviolet to the near infrared, while objects at room
temperature emit radiation in the far infrared, the ideal
glass should be capable of transmitting the radiation in the
visible range leaving the spectral distribution unchanged,
so as to ensure the same colour perception that would
occur in the absence of glass. It should also be capable of
meeting other different (and contradictory) needs in the
cold and the hot seasons. In the cold season, the ideal
glass should be able to transmit the near infrared fraction
of solar radiation indoors, to contribute to space heating,
and it should be able to block the far infrared radiation
emitted by heated rooms (Fig. 4.1-3, line 1); in the hot
season, by contrast, the ideal glass should be able to block
the near infrared component of solar radiation, to reduce
the heat gain, and transmit the far infrared radiation
emitted by the interior space (Fig. 4.1-3, line 2).

FIGURE 4.1-2 RELATIVE ENERGY CONSUMPTION IN A ROOM WITH DIFFERENT TYPES OF GLAZING AND
ORIENTATION IN THREE EAC CLIMATES (SINGLE GLASS = 100)

——Groal Lakes (Kamgals)

iz = = Liplaned [Nainobi )
- Mol Humid {Dar o= Sakaam)
g 00—
E
E o -
€ .
1 "
™ -.
g
“
5 -
% Sowth facing window - with solar protection ]
- B
o
80
Sirghe plass Dontcle glass Double LowE glass
] L deird. (Werysla)
02 = = “Lipiand (Madrobi)

------ Hot Humid (Dar e Saliam) |

]

S

£

&

Relative energy consumption
]

B

Single ghass

——iGmal Lakos (Kamgala]
) | =+ Ul [Manobd}
o (PR (T Hiot Humed {Dar &3 Saksam)

=3
=

5
By - 0.
I
£
- .
2 -
= 05 =
g .
& B
M “u
é West facing window - with solar protection
-
=
8d
Singhe glass Couble glass Double LowE glass
— il Laid (Hafgala)
w2 1= = ~Uiptand {Marobi)

" Hot Humid (Dar es Salaam) |

]

#

£

Waest facing window - no solar protection

B

Relative energy consumption
L

B

Singhn glass Double ghiss DCoubls Lowt glass



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

FIGURE 4.1-3 SPECTRAL TRANSMISSION OF ELECTROMAGNETIC RADIATION OF AN IDEAL GLASS IN DIFFERENT

CLIMATES
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In order to meet the ideal requirements, glazing has
evolved a great deal in recent years, but still has limitations,
which must always be taken into account.

Clear glass is fairly uniformly transparent to all
wavelengths of solar radiation (excluding a slight reduction
outside the range of the visible, between 700 and 1700
nanometres), figure 4.1-3. This has two consequences:

1. The solar spectrum in the visible range is changed
only slightly, so an object inside looks - chromatically
— the same as outside;

2. The radiation which falls in the near infrared also
passes through the glass: it is invisible to our eyes,
but full of energy (about 50% of total).

The first feature is certainly positive, and glass is the
perfect material for comfortable natural lighting, and the
second presents pros and cons. The pros are in cold seasons,
when it is good that all the energy of the sun penetrates
through the surface of the glass, as it contributes to a
reduction in energy consumption. The cons are in hot
climates/seasons, when this energy is unwanted, because
it needs to be extracted by cooling to maintain comfort
conditions.

Tinted glass changes the solar spectrum. As can be seen
in figure 4.1-1, green glass is less transparent than clear
glass to wavelengths greater than 520 nanometres, i.e.
those that characterise the colour orange-red. It follows
that this colour is attenuated, and in the resulting light
— which is deprived of much of the red component —
the green component is dominant. This glass, however,

reduces the amount of solar energy passing through it,
since the transmission of the radiation is lower over the
whole spectrum, than that of clear glass. Grey and bronze
glass, on the other hand, attenuates the radiation (low
transmission), but does not alter the spectrum in any
appreciable way.

In order to alleviate the problem of high solar gains in
buildings with large window areas, a type of “spectrally
selective” glass, has been developed, which has the
capability of attenuating the infrared component of the
solar spectrum, while maintaining good transparency to
visible radiation (glass n. 5 in Fig. 4.1-1).The result is that
the ratio of light transmission to solar gain is greater than
1. According to the Department of Energy of the United
States, glass whose index of selectivity is > 1.25 is defined
as spectrally selective (Table 4.1-1).

In principle, in hot climates with high solar radiation,
such as in the tropics, the ideal would be to use glass with
low SHGC (see Appendix 1 and Glossary for its meaning).
This would apply if the properties of the glass were those
of the “ideal glass” described above. Unfortunately, real
glass with low SHGC also shows poor light transmission
(which forces occupants to use artificial lighting), or poor
light quality (too “cold”, resulting in the need to blend
it with artificial light). If the glass is bronze or grey, light
quality is little altered, but the low light transmittance
leads to a high WWR (Window to Wall Ratio), which
outweighs the benefit of a low SHGC. In conclusion, the
best choice would be to use clear glass with low WWR,
and well-designed sun shading devices.
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TABLE 4.1-1 INDICATIVE VALUES OF THE CHARACTERISTIC PARAMETERS OF SOME TYPES OF GLASS

Grazing type Light transmission Solar Heat Gain Coefficient Selectivity index
(double) T, SHGC ) [cle
Clear 0.82 0.87 0.94
Bronze 0.62 0.64 1.03
Reflective 0.2 0.16 1.25
Selective 0.7 0.46 1.52

Thermal Comfort

The design of glazing and shading systems greatly affects
the thermal comfort of a building’s occupants, because
thermal comfort in a space also depends on the radiant
temperature of the interior surfaces. Glass, because of its
particular characteristics, often works as a radiating plate
(cold or hot) and, regardless of the air temperature, can
create uncomfortable conditions in the perimeter zones.
Coloured glass, for example, struck by solar radiation,
can reach a significant surface temperature — especially in
warm-hot climates/seasons — and cause great discomfort,
even if the air temperature is comfortable. The occupants
react by adjusting the thermostat to a lower temperature,
wasting energy, and even then are not able to obtain
satisfactory comfort conditions.

Visual comfort

An often underestimated consequence that derives
from the use of green and blue tinted glass is that the
luminous flux entering the room shifts towards green-blue,
corresponding to that of a light source with a very high
colour temperature (over 7000 K). It follows that, at the
usual illumination level (300-500 lux), the occupants have
the perception of a “cold” environment. They respond to
this unpleasant sensation by turning the artificial lights
on, which not only increases the level of illumination but
which, mixed with the natural light transmitted by the
glass, results in a reduction in the colour temperature, the
artificial one being more “warm”. This results in a more
comfortable visual environment, which accords with the
indications of the Kruithof curve (see Appendix 2). For
this reason, lights are always on in buildings with green
or blue tinted glass, regardless of the external conditions,
resulting in a waste of energy and in poor visual comfort.

Selective glass has similar problems to those of non-
neutral coloured glass. In fact, as shown in Fig. 4.1-1, they
absorb a large amount of the solar spectrum corresponding
to the orange-red wavelength range, giving rise to a light
that becomes green-blue, i.e. “cold”. The glass does not
preserve the quality of light, and the tendency to turn on
the lights can also be seen in this case.

Glazing with low values of 1, (transmittance in the visible
spectrum) may be needed to prevent glare, especially in
the case of east or west-facing windows and high values
of WWR (Window to Wall Ratio); if the colour of the glass
is green or blue the price to pay is a “cold” environment
combined with high energy consumption.

4.1.1.3 SMART WINDOWS

These are systems capable of changing their optical
and thermal properties according to varying climatic
conditions, and to the preferences and requirements of
the occupants of the building. These technologies are
able to provide the maximum flexibility in managing the
demand for energy consumption in buildings, especially in
the most critical periods of the day.

There are two different types of windows with
variable properties: passive, which respond to a single
environmental variable, such as light or temperature, and
active,which respond to multiple variables such as the
preferences of the occupants or the demands of the air
conditioning system. Photochromic and thermochromic
glazing are passive devices; active devices include
liquid crystals, suspended particles and electrochromic
technologies.

Photochromic materials

Photochromic materials change their transparency
in relation to the intensity of the light coming from the
outside. For example, these materials are used in eyeglasses
that become totally transparent in the presence of internal
penumbra and dark in sunny outdoor conditions.

Photochromic glass may be used for the adjustment
of the natural light, avoiding the effects of glare, and for
the control of overload in the cooling system. Although
elements of small dimensions have been produced on a
large scale, those of larger size are not yet available on the
market, due to their high cost.



Thermochromic materials

In these materials the transparency varies according
to the temperature. They consist of two glass panes
separated by a thin layer of a substance that changes its
transparency as the temperature increases, from perfectly
transparent to white reflective. They still have problems, in
particular in relation to the uniformity of transparency and
opacity on the surface. They are of little use, however, in
tropical climates.

Glasses with liquid crystal devices

A very thin layer of liquid crystal, sandwiched between
two transparent electrical conductors, is arranged
between two layers of glass. When the power is zero, the
liquid crystals are placed at random and then misaligned.
In this arrangement the crystals scatter light and make the
glass appear translucent, obscuring the direct view and
providing privacy in indoor environments. The material
transmits most of the incident sunlight in a diffuse manner,
thus its solar heat gain coefficient remains high.

When the power is turned on, the electric field in the
device aligns the liquid crystals and the glass becomes
transparent in a fraction of a second, allowing vision
in both directions. Most of the devices have only two
states, transparent and translucent. The percentage
of transmitted light is generally between 50 and 80%
and the solar heat gain factor is 0.55-0.69, although
colourants can be added to darken the system when it is
off. Products offered by some companies are available in
various colours, and either flat or curved glass. Stability
to ultraviolet (UV) allows use in external applications, but
their cost is still a problem.

Electrochromic glazing

Electrochromic glass is at present the most promising
technology for windows that change optical properties.
The electrochromic element consists of a thin coating of
metal, such as nickel or tungsten oxide, between two
layers of electrical conductor. When a voltage is applied
between the transparent conductors, the light transmission
properties of the glass change, from full transparent to
blue, without limiting the visibility.

The main advantage of electrochromic windows
is that generally they require a low voltage power
supply (0-10 volts DC), remain transparent in the full
range of property changes and can be modulated from
transparent to completely coloured. The high initial price
of electrochromic glass is partially offset by the reduction
in the energy consumption of the air conditioning system
and the elimination of the need for external sunscreens
or internal blinds, because electrochromic windows make
it possible to modulate solar gains and reduce glare;
however, they have a limitation as regards colour: when
they lose transparency they shift towards a cold colour.
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4.1.1.4 GLASS ARCHITECTURE

The first thing to change must be the architectural
fashion for fully glazed buildings, the proliferation of which
is a cause of energy waste, especially in hot climates.

What's wrong with glass fagades? There is no doubt that
glass envelopes are light and transparent in architectural
terms (and this is highly appreciated by architects and their
clients). The fact is that they are also light and transparent
in physical terms, which affects heat gains and thermal
inertia in a way that makes them voracious consumers
of energy (Fig. 4.1-4). But this is not the only problem.
Below is a summary of the ways in which these fully
glazed envelopes are used, and their effect on energy
consumption and comfort.

FIGURE 4.1-4 ENERGY AND GLASS BUILDINGS

Since part of the solar spectrum is absorbed, on sunny
hot days the glass warms up to 30-40 °C, and the infrared
radiation emitted makes the nearby spaces uncomfortable.
In most cases this undesired effect is reduced or eliminated
by blowing a jet of cold air parallel to the glazed surface,
whose temperature becomes closer to the room air
temperature. In this way comfort is improved, but at the
expense of higher heat gains.

There is another environmental drawback when tinted
glass facades are used, especially if the colour is blue-
green, which is the colour that is most appreciated and
used by architects. The drawback is evident when we look
at such buildings on clear days: in spite of the brilliant
sunshine and the large amount of natural light available,
the artificial lighting is on. The reason for this is that, even
if the illumination level in the rooms reaches or is above
the required value, the light coming from the fenestration
is too “cold”, due to the colour of the glass, and — as
has been known for more than 60 years — the occupants
feel that the luminous environment is uncomfortable; as
a result, they switch on artificial lights, which are warmer
and compensate for the cold natural lighting.
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DOUBLE SKIN GLASS

The claimed advantages of double skin glass facade systems, compared
to a single glass curtain are: greater energy efficiency (the heat loss is
less than that of a single skin), better thermal comfort (the interspace
is crossed by cold air, bringing the temperature of the inner glass
to acceptable values), better sound control (greater attenuation of
external noise) and the ability to control natural ventilation, all the while
maintaining the architectural value of a light and transparent envelope.

The problem is that many of these claimed benefits are controversial or
even contradicted by experimental evidence, sometimes conflicting with
each other and in many cases lacking in scientific evidence.

A study carried out under the EU “Intelligent Building” programme,
"Best Facades™ showed that:

e the cost of double skin glass is 20-80% higher than that of single
skin glass, and 100-150% higher than a normal facade (wall and
windows). So, to offset this extra cost, significant energy savings
are required;

e maintenance costs for the double skin are obviously higher than
those for single skin, because four surfaces instead of two must be
cleaned, and more often if this gap is crossed by outside air. These
higher costs are partially offset by lower maintenance requirements
for sunscreens that are not exposed to rain and wind, being placed
in the cavity between the two skins;

e although it is true that a reduction in traffic noise is one of the
advantages offered by the double skin, it is also true that in
many cases an increase in noise transmission between indoor
environments has been reported, due to the reflection of sound in
the cavity;

e from the point of view of fire safety the double skin has been
strongly criticised, since firemen would be forced to break two glass
panes before they could enter the building from the outside, and
because of the possible spread of fire through the interspace;

e double skin facades, compared to traditional ones, require more
space, more resources and more energy for production and
construction (see Appendix 1). Their environmental impact is also
higher and reducing it requires compensating with much lower
energy consumption and less impact during demolition;

e the performance of a double-skin building is highly dependent on
climate and on how the fagade is designed. A building with a double
glass skin which is well designed for the Swedish climate would not
work in Nairobi, and vice versa. Furthermore, the design solutions
must be different for each fagade. Consequently, to obtain good
performances with a double skin it is necessary to carry out complex
dynamic simulations, sometimes with models developed “ad hoc”:
this is an indispensable precondition;

e experience in southern Europe shows that the milder the climate the
worse the double skin glass facade performs.

The results of this study indicate that any application of this technology
in tropical climates should be excluded.

*  BESTFACADE, Best Practice for Double Skin Facades (EIE/04/135/S07.38652, 2008), Publishable Report, WP5 Best Practice Guidelines,

http://www.bestfacade.com

Another issue related to visual comfort is when clear
glass is used. The benefit of a large aperture that lets in a
flood of natural light is entirely cancelled out by the effect
of glare on the occupants’ behaviour: they restore their
visual comfort by obscuring the glass surface with curtains,
Venetian blinds or whatever is available. The struggle for
survival of the unfortunate occupants is clearly evident in
all glazed buildings.

The final result on the energy balance of the building
is easy to evaluate: there are high and uncontrolled solar
gains in hot climates (the curtains inside, even if they are
white, absorb solar energy that is transferred to the room)
and the lights are always on.

Recently, to temper this undesirable effect, some leading
architects have used external shading devices to protect the
large glazed walls. It seems a good idea, but unfortunately
although they cut off glare, light and outside vision are
also cut off, and artificial lighting must be on all the time.

Glass is potentially a very effective material for low
energy buildings thanks to the most recent technological
developments, but fully glazed buildings exacerbate
the problem of air conditioning in hot seasons/climates,
increasing energy demands both because of the large
solar gains and because of the induced need for artificial
lighting in spite of natural light being always available.

The most effective way to stop the proliferation of energy
wasting buildings is to develop and enforce appropriate
building regulations dealing with energy conservation.
In some countries, such as France, Spain and Portugal in
Europe, and California in the US, there are limits to the
maximum glazed area allowed in each facade, unless it
can be demonstrated that the energy required for heating
and cooling is less than a pre-set limit (see section 4.6).



4.1.2 SIZING AND DESIGN OF OPENINGS

Designing a window is not just a matter for architects,
because the design of the glazed surfaces has a great
impact on the design of the HVAC system. Windows have
a significant impact on energy consumption in a building's
perimeter spaces. The most direct impact is on the amount
of energy needed for air conditioning.

If the windows are properly designed and the lighting
system is well controlled, windows can eliminate or
reduce the need for artificial lighting during the day by
providing daylight, but this benefit may be outweighed
by solar gains. Solar heat gain accounts for the majority
of the cooling load in perimeter spaces with windows.
It should also be considered that, although electricity
consumption for artificial lighting decreases as the area of
glass increases, provided that the area of the glass does
not exceed 25% of the entire facade, beyond this value a
sort of saturation is reached, and the savings in electricity
achieved by continuing to increase the area of glass are
very small, while consumption of energy for cooling
continues to grow uniformly.

A designer’s first choice should be to minimize the
amount of direct solar radiation that reaches the windows.
If direct sunlight can be kept off the windows, then
inexpensive clear glass can be used. By using windows with
solar control, it may be possible to reduce the size of the
air conditioning equipment; these savings in equipment,
in turn, can help offset some of the additional costs of the
solar protection.

Window and shading design are closely linked to
perimeter zone comfort, regardless of air temperature.
Comfort should be considered as seriously as energy in
fenestration design.

Using operable fenestration systems to ventilate the
building naturally also reduces HVAC energy consumption
by reducing the number of hours during which the HVAC
system operates. In highland climates a carefully designed
natural ventilation system may eliminate the need for a
mechanical cooling system

Energy-efficient window design reduces solar heat gain
while offering high visible light transmittance to allow
more daylight inside. Benefits include:

e smaller and less expensive air conditioning
equipment required,;

¢ |ower cooling energy costs;
¢ |ower lighting energy costs;

¢ potentially better dehumidification performance
from the air conditioning system because there is
less variability in the space’s cooling loads, thus the
air conditioning system can be smaller and run at a
more constant capacity.
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4.1.2.1 RECOMMENDATIONS AND TIPS FOR WINDOW

DESIGN

Begin daylighting design early in the design process. A
building’s orientation is critical for maximizing the use of
diffused daylight and reducing direct solar penetration.
The best orientations for daylight sources are north and
south: the high angle of the sun is easy to control with a
horizontal overhang.

Avoid east and west-facing windows for daylighting. The
low angle of the sun makes it difficult to control direct sun
penetration through the use of overhangs or other fixed
shading devices. Any window orientation more than 15
degrees off true north or south requires careful assessment
to avoid unwanted sun penetration.

The ideal orientation may not be possible in urban
situations where plot sizes may be constrained. In such
cases increase the surface area exposed to the south and
north. This may be done by using light shafts, light wells
or light courts such that the west and east-facing walls are
shaded and receive diffused light.

Windows should provide three basic services: protect
from rain and wind (when required); provide lighting;
provide exterior view. Fulfilling these requirements is not
free: a large window, which should provide the maximum
light and the widest view, also lets in a large amount of
solar radiation, with the consequent solar heat gain, and —
if it is not properly designed — causes the very unpleasant
phenomenon of glare.

Windows are a critical component for the quality of
internal spaces, since they play a very important role in
determining the level of comfort (both thermal and visual).
Bear in mind that large windows require more control. The
larger the window, the more critical the selection of the
type of glass and the effectiveness of shading in order to
control glare and solar gains.

Designing a window is not only a matter of size and
shape, it is also a matter of glazing: the choice of the type
of glass is of paramount importance for the energy and
comfort performances of a window.

The choice of the size and type of glass surface depends
on several factors. The climate of the place in which the
building will be built must be considered and should
always be balanced against both the functional and the
aesthetic needs.

Direct glare and reflected glare can make people
uncomfortable and can make it difficult for them to
perform certain tasks. Glare reflecting off a computer
screen, for example, may make it difficult or impossible to
view the images on the screen.
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The conflict between glare and useful light should
be balanced. If glare is an expected problem, and if an
architectural solution for the problem is not possible (or is
not accepted), a light transmission coefficient of the glass
(visible transmittance) which is a compromise between
glare and light must be selected. This is a compromise,
however, which increases electrical consumption for
artificial lighting and represents a defeat from the design
point of view.

To maximize lighting and HVAC energy benefits, a
whole building simulation should be conducted in order to
evaluate the total glazing area used for daylighting before
a daylight scheme is finalised.

4.1.2.2 WINDOW SHAPE AND POSITION

The daylight factor (and therefore the level of illuminance,
see Appendix 2) at a point depends - for the same size of
the window - on the distance from the window, the type
of glass, the presence of curtains or other protections and
the position of the window relative to floor level. Figure
4.1-5 shows that the first metre from floor level, has no
advantages for the purposes of natural light (and is a
disadvantage for solar gains). On the other hand, moving
the window to the top, to touch the ceiling, increases the
daylight factor.

FIGURE 4.1-5 DAYLIGHT FACTOR ON A VERTICAL PLANE CROSSING THE CENTRE LINE OF THE WINDOW,

AT THE HEIGHT OF 0.8 M FROM THE FLOOR
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Sloped surfaces help to soften glare. These surfaces
should be light-coloured and provide an intermediate
brightness between window and room surfaces, making
an easier transition for the eye and thus reducing eye
fatigue due to the contrast of luminance (Fig. 4.1-6).

Operable high side-lighting fenestration can be used in
combination with operable windows to naturally ventilate
the space when the outside air temperature falls within
a comfortable range. Natural ventilation can have a
positive impact on indoor air quality and can eliminate or
significantly reduce the need for mechanical ventilation.

FIGURE 4.1-6 TRADITIONAL VS. SPLAYED WINDOWS TO
REDUCE GLARE
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Clerestory side-lighting can save energy by reducing
the use of energy for electric lighting, assuming that
appropriate manual or automatic controls are used for the
electric lighting system. Clerestory side-lighting improves
lighting quality by distributing daylight more uniformly
across the space.

When combining view windows and high side-lighting
in a space, the clerestories should be continuous along
the whole area to be daylit, but view windows can be
selectively spaced as needed.

Use separate apertures for view and daylight. A good
approach for excellent daylighting and glare control
is the separation of view and light windows. Use high
transmission, clearer glazing in clerestory windows, and
lower transmission glazing in view windows to control
glare (Fig. 4.1-7). The daylight windows should be sized
to provide the illumination required in the space when the
view windows' curtains are drawn.
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A sloping ceiling at the perimeter raises the window
head without increasing floor-to-floor height (Fig. 4.1-8)

Size the windows and select glazing at the same time.
Do not waste glass surface where it cannot bring any
benefit. It wastes energy and causes discomfort. Window
size and choice of glass are interrelated factors. Thus, when
sizing a window we need to keep in mind the concept of
“Effective Aperture” (Fig. 4.1-9), EA = is x WWR (WWR
= Window to Wall Ratio; tvs = visible transmittance). The
same EA value, i.e. the same effect of natural lighting, can
be obtained with different glazed areas, depending on the
type of glass. A good effective aperture value is between
0.2 and 0.3.

Large windows require better and more expensive
glazing. The larger the window, the lower the solar factor
and visible transmittance must be. The larger the window,
the greater the need for high performance glass.

FIGURE 4.1-7 SEPARATE APERTURE FOR VIEW AND
DAYLIGHT
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FIGURE 4.1-8 SLOPING CEILING

FIGURE 4.1-9 VARIATION OF THE SIZE GLASS AREA AS A FUNCTION OF THE TYPE OF GLASS, WITH THE SAME

NATURAL LIGHTING OBTAINED"
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* J. O’Connor, Tips for Daylighting with Windows — The Integrated Approach, Berkeley, Ernest Orlando Lawrence Berkeley National Laboratory,

1997. http://windows.lbl.gov/daylighting/designguide/designguide.html
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4.1.2.3 GLAZING

Clear single-pane glass is generally the least expensive
type of glazing providing the best colour quality indoors.
Check carefully if there is a real need to use other types of
glass. In tropical climates high performance low-e glazing
may be a waste of money.

Do not believe that tinted glass provides good solar
control. Many types of tinted glass block the light more
than the heat, and reduce the air conditioning load very
little, while forcing the occupants to use more artificial
lighting. Tinted glass can create a gloomy atmosphere
and it can affect people’s mood in residential buildings
and productivity and absenteeism in commercial ones.
The colour quality of natural light is preserved only with
the use of clear glass or glass that is tinted with neutral
colours. If it is really necessary to use tinted glass, it should
be chosen with great care and with the assistance of an
expert. Tinted glass not only reduces natural lighting, but
also increases the thermal discomfort of the occupants on
sunny days: it absorbs solar energy and heats up, turning
the space nearby into a furnace for whoever is close to it.

Spectrally selective types of glass reflect part of the red
component of solar radiation, and the resulting light in
the space has a slight bluish cast: i.e. is a little’ “cold”.
If you want to retain a good colour rendering of natural
light and want to avoid the perception of a “cold” visual
environment, selective glass can be replaced by mobile
solar protection.

Do not rely solely on the type of glass to reduce solar
gains, thermal discomfort and glare. If solar rays enter the
building, they create discomfort for the occupants who
are in their path and increase the thermal load. External
shading systems combined with carefully chosen glass
are the best strategies. Even interior shading systems are
possible options for reducing solar gains, but result in
higher energy consumption than external ones.

Avoid the use of reflective glass as much as possible,
it reduces the quality of the outside view and the mirror
effect after sunset is unpleasant for the occupants.

4.1.2.4 SHADING

Exterior shading makes more difference when used with
clear glass; it has much less impact when used with solar-
control glazing.

Horizontal overhangs, vertical side fins or a combination
of these two devices are recommended on the outside of
buildings to shade windows and block direct penetration
of sun into a space. Exterior shading devices offer the
additional advantage of stopping heat gain before it
enters the building.

Horizontal overhangs have the effect of reducing glare
and provide a more uniform distribution of light, but also
reduce the level of illumination. Horizontal blades in front
of the window perform better in this respect (Fig. 4.1-10).

Exterior shading is recommended for windows on all
buildings. 1t is most cost effective when used on low-
rise buildings such as schools and offices, where roof
overhangs can provide some or all of the shade. Exterior
shading is typically more costly in high-rise buildings, but
the same design recommendations apply.

The use of solar shading devices often means that the
size of the air conditioning system can be reduced. These
equipment savings may offset the cost of the shading
devices. In addition, fully shaded windows may mean that
less expensive glazing can be used.

FIGURE 4.1-10 FOR THE PURPOSES OF GLARE
CONTROL AT EQUAL SUN PROTECTION CAPABILITY,
HORIZONTAL BLADES RESULT IN A MORE UNIFORM
ILLUMINATION
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Before selecting the external sunscreen to use, it is
advisable to:

e check if it would be possible/appropriate to reduce
the areas of glass towards values that optimise natural
lighting and solar gains;

® size, even as a first approximation, the solar
protection;

o check the effects of solar protection on natural
lighting, and its impact on energy consumption for
artificial lighting;

e check the costs and benefits of mobile sunshades;

e take account of the fact that — when struck by
the sun — the sunshade heats up and emits in the



infrared, in turn heating up the glass, which radiates
the heat inwards, especially if the solar protection is
made of metal or glass. This results in the reduction
in heat gain being attenuated. This phenomenon is
particularly critical when the sunshade is located in
the cavity of double skin glass.

Before selecting the interior sunscreen, it should be
considered that interior shading alone has limited ability
to control solar gain. All interior systems are less effective
than a good exterior system because they allow the sun’s
heat to enter the building. They also depend on user
behaviour, which cannot be relied upon. It is advisable to:

e specify light-coloured blinds or louvres in order to
reflect the sun’s heat back out. Light-coloured woven
or translucent shades are acceptable;

e specify internal curtains operable by the occupants
and suitable for the control of glare and for
additional shading;

e use components that allow light to penetrate. Blinds
and large mesh curtains are a good choice to filter
but not completely block the light;

e avoid dark components unless there is external
shading. Dark-coloured interior devices offer only
small energy savings;

e avoid between glass systems. Several manufacturers
offer shading systems (e.g., blinds) located between
glazing layers. Some are fixed and others are
adjustable. Consider this option carefully: the blinds
warm up and, in turn, through infrared radiation,
warm the interior glass pane, which radiates energy
towards the internal space: the heat gain is still high
and thermal comfort low.

4.2 BUILDING SERVICES

Why include building services in a Handbook dealing
with architecture?

The answer to this question was already given in 1969
by the architecture historian Reyner Banham in his book
“The architecture of the well-tempered environment”:

..."The idea that architecture belongs in one place and
technology in another is comparatively new in history,
and its effect on architecture, which should be the most
complete of the arts of mankind, has been crippling.....

....Because of this failure of the architectural profession
to — almost literally — keep its house in order, it fell to
another body of men to assume the responsibility for
the maintenance of decent environmental conditions:
everybody from plumber to consulting engineers. They
represented ‘another culture’, so alien that most architects
held it beneath contempt, and still do. The works and
opinions of this other culture have been allowed to impinge
as little as possible on the teaching of architecture schools,
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where the preoccupation still continues to be with the
production of elegant graphic compositions rendering the
merely structural aspects of plan, elevation and sometimes
section (‘Never mind all that environmental rubbish, get
on with your architecture’)”.

Unfortunately this is still true today and must be changed,;
moreover, the growing concern about environmental
issues makes the change terribly urgent.

Sustainable building design implies integrated design,
which means that architects and mechanical engineers
must interact, just as both have to interact with the energy
expert. There is no possibility of interaction if the architect
does not have some basic knowledge of the technologies
that are used with great expertise by mechanical engineers.

4.2.1 HVACTYPES AND FEATURES

HVAC (Heating, Ventilation and Air Conditioning) systems
include a large variety of active technologies designed to
provide thermal comfort and appropriate air quality in an
enclosed space. A sustainable HVAC system should be
capable of controlling air temperature, humidity and air
quality, while minimizing the primary energy needed to carry
out such tasks.

HVAC systems play a fundamental role in architectural
design for several reasons. First of all, they can occupy
a not inconsiderable part of the space in the building.
Secondly, they constitute an important part of the budget
for construction. Thirdly, the operational costs of HVAC can
represent a fundamental component of the overall operating
costs of a building.

Finally, the success or failure of a building is related to the
comfort and feeling of well-being that it is able to provide
for the occupants. In this sense, the HVAC system should be
considered an integral part of the overall building system and
must be designed to work in synergy with a building’s passive
systems. For these reasons architects should be aware of the
principles underlying the layout and the operation of HVAC
systems, how energy conversion units work and the function
of the principal components. Architects should not leave all
the decisions to mechanical engineers; they should be able
to interact with some understanding of the technologies
involved: this is the basis on which integrated design is
founded.

An HVAC system must be designed to provide accurate
control of all the comfort parameters of a thermal zone.
A thermal zone is defined as an individual space or group
of neighbouring indoor spaces with similar thermal
loads, serviced by the same mechanical equipment and
controls. Typically, differences in orientation, scheduling
or occupancy require the definition of separated thermal
zones, as illustrated in figure 4.2-1, in order to manage the
HVAC system properly.
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FIGURE 4.2-1 EXAMPLE OF A THERMAL ZONES
DIVISION IN A LARGE OFFICE BUILDING
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The functions of an HVAC plant can be accomplished by
means of different configurations and components, which
can be generally organized in five main subsystems:

1. Generation subsystem, which produces or subtracts
thermal energy;

2. Distribution subsystem, which transfers the thermal
energy produced to the thermal zones of the buildings,
by means of a heat transfer fluid,;

3. Emitting units, which exchange thermal energy within
the thermal zone;

4. Ventilation subsystem, which has to provide the
optimal air exchange rate in the thermal zone;

5. It can be fully/partially integrated into the above
mentioned subsystems or separated from them;

6. Control subsystem, which controls the operation
of the subsystems according to users' inputs and/
or specific schedules and/or information coming
from the thermal zones, such as air temperature and
relative humidity, and/or parameters measured by
outdoor sensors.

A general scheme of the architecture described above is
shown in figure 4.2-2.

In centralized plants the different subsystems are typically
well separated, with a tree structure that comprises
a central generation subsystem, normally placed in a
mechanical equipment room, and a distribution subsystem
branching towards the emitting units, located in different
rooms/zones.

Otherwise, in local stand-alone systems all the
subsystems, or at least some of them, are compacted into
self-contained equipment units that work independently and
are located in the thermal zones or next to them. Compact
systems are generally used in small buildings.

FIGURE 4.2-2 GENERAL ARCHITECTURE OF AN HVAC PLANT
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HVAC systems are categorized according to the type * all-water systems: only water is used; cold water is
of fluid used to transfer thermal energy, as follows distributed to the terminals and ventilation must be

(Fig. 4.2-3): supplied separately through openings or windows;

e direct refrigerant systems: instead of water, a
refrigerant fluid is distributed to the terminals; in this
case ventilation must be supplied separately through
openings or windows;

e all-air systems: they provide HVAC using only air
as fluid; the air flow channelled to a thermal zone
provides both ventilation and cooling;

FIGURE 4.2-3 SCHEMATIC DIAGRAM OF ALL-AIR, ALL-WATER AND AIR-WATER SYSTEMS
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e combined systems: they are a combination of two or
more of the above mentioned categories; the most
common are the air-water systems, where sensible
cooling is usually managed by the hydronic system
while air provides humidity control and ventilation.

4.2.1.1 HYDRONIC SYSTEMS

In hydronic systems water is used to transfer thermal
energy. Pipes and pumps must be provided to distribute
cooled water from the generator to the terminal units.
The basic configuration is a two-pipe system: a main-flow
pipe, in which water flows from the generator to the terminal
units, and a return pipe. Water pipes in HVAC distribution
systems must be insulated to reduce thermal losses and avoid
condensation.

The main advantage of hydronic configurations is that
piping requires very little space compared to air ducts
and the amount of energy required by pumps is small in
comparison with fans. Moreover, if the water distribution
subsystem is well designed, it can be absolutely noiseless.
In general, it is essential to provide variable-flow electric
pumps, so that their energy consumption is proportional
to the thermal energy needs of each part/zone of the
building.

Once thermal energy is carried by water into the
building’s thermal zones, it must be exchanged within
the air conditioned spaces through several types of water
terminal units.

Water terminal units

In water-based systems a variety of terminal units can be
used: fan-coils, active and passive chilled beams and radiant
ceilings®.

Fan-coil units

A fan-coil is a terminal unit with a cooling coil, a circulation
fan and a filter (Fig. 4.2-4). Fan-coil units can be installed in
suspended ceilings or along walls. Individual fan-coils are
connected to the water distribution system and the control
of the unit is achieved either by varying the water flow and/
or fan speed; the control can be centralized or decentralized
(personalized at room level), depending on the type of fan-
coil. When hot and humid air circulates through the cooling
coil there is condensation of the water vapour, which must
be collected in a tray and drained away: each fan-coil must
thus be connected to a drainage system. Fan-coil systems
thus provide some air dehumidification, which is a secondary
effect of cooling and, typically, cannot be controlled
independently. For this reason, fan-coil systems are frequently
combined with an air system providing separate ventilation
and air handling (Fig. 4.2-5).

FIGURE 4.2-4 FAN-COIL UNIT
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35 Radiators are not included in the list since heating only is not an option in
commercial buildings in EAC countries and is not a competitive option in
residential buildings in the High Upland climatic zone
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FIGURE 4.2-5 FAN COIL AND PRIMARY AIR SYSTEM
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FIGURE 4.2-6 FOUR DIFFERENT FAN-COIL USES
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The specific room spaces for fan-coils must be carefully
considered as noise due to their fan may be a concern for
occupants. Otherwise, these units are very flexible and a
variety of products is available on the market, providing
several aesthetic and technical solutions (Fig. 4.2-6), which
are easily adaptable to heterogeneous contexts.

In general, fan-coils are appropriate for buildings with
small thermal zones, where high flexibility in thermal needs
is required.

Induction Units

Induction terminal units have no fans. Air movement
through coils in the terminal unit is induced by high-pressure
air, called “primary” air, that comes from a central air handling
unit. The primary air is passed through an array of nozzles in
the terminal unit that create a Venturi effect, or vacuum. The
vacuum recirculates air from the space through the terminal
unit coil. The space air, called “secondary air,” mixes with the
primary air and is discharged into the space (Fig. 4.2-7).
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FIGURE 4.2-7 INDUCTION UNIT
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Chilled beams

A chilled beam is a type of terminal unit where water
pipes are passed through a “beam” (a heat exchanger)
suspended a short distance from the ceiling or integrated
into the false ceiling of a room. As the beam chills the air
around it, the air becomes denser and falls to the floor. It
is replaced by warmer air moving up from below, causing
a constant convection flow and cooling the room (Fig. 4.2-
8, left). Therefore, in cooling mode cold beams can work
simply by convection. This type of chilled beam is called
“passive”.
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Another type of chilled beam is "active” (Fig. 4.2-
8, right); while the passive type relies solely on natural
convection, the active type works as the induction unit.
Active chilled beams are more effective for cooling than
passive beams, because of the increased convection and
air circulation within the building zone, and because they
are coupled with the ventilation system, providing at the
same time temperature and humidity control (ventilation
air properties are first managed in an air handling unit and
then channelled to the beam), but they consume more
energy to operate.

FIGURE 4.2-8 CHILLED BEAMS WORKING PRINCIPLE. PASSIVE (LEFT); ACTIVE (RIGHT)




Radiant ceilings
Radiant ceilings consist of panels with embedded pipes
(Fig. 4.2-9). Pipes can be either embedded in customized
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construction elements or in pre-cast construction

components, such as false ceilings.

FIGURE 4.2-9 RADIANT CEILING
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This type of cooling system is virtually maintenance-free
and allows energy saving as long as water temperature
is higher than in fan-coil systems, with reduced losses
in the distribution subsystem and higher efficiency in
generating chilled water. Radiant ceilings, by performing
the cooling effect primarily through radiation, can
provide a comparable comfort level at higher internal air
temperatures, lowering the mean radiant temperature,
thus enabling a more efficient operation. However, a
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disadvantage is that accurate humidity control is required
to avoid condensation. Since these systems have no
condensation drain, when the water circulated in the
pipes is too cold and internal humidity is not controlled,
serious condensation problems may occur, especially in
hot humid environmental conditions. For this reason, such
water terminal units must necessarily be combined with a
good air handling system (Fig. 4.2-10).

FIGURE 4.2-10 RADIANT CEILING AND PRIMARY AIR
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4.2.1.2 AIR SYSTEMS

In air systems, air is ducted into the different thermal
zones of the building to transfer thermal energy and/or to
provide ventilation.

Several materials are commonly used to construct ducts, in
particular metal sheets (galvanized steel, aluminium) or multi-
layer composites. Insulation is placed around ducts to avoid,
as far as possible, thermal losses and condensation. The most
common shapes of ducts have rectangular, square, circular or
oval section. A circular section is the most economical with
respect to material and pressure losses, but a rectangular
section is more suitable for architectural integration.

Ductworks are usually completed with accessories such as
dampers, splitters, and turning vanes. Dampers are used to
control air flow in response to changing building loads and
required ventilation rates for internal air quality. Air systems
are able to control temperature, humidity and concentration
of pollutants. Therefore, they are extremely versatile in terms
of possible application; it should be remembered however,
that air -as an energy carrier- is not as efficient as water
and this system may require extensive building volume for
ductworks, depending on the specific end-use. For this
reason, air systems can be coupled with water systems to
reduce both sizing and energy consumption due to the air
handling process.

In general, different design schemes can be adopted for air
distribution systems: the most common are single duct, multi-
zone, dual duct and VAV (Variable Air Volume).

Single-duct systems

In single-duct systems, dehumidified air at an appropriate
temperature is circulated throughout the building in a single
branching duct (Fig. 4.2-11). Return air can use either a
return air duct or travel in a plenum. The air delivered to all
spaces within the building flows in a common duct and in
some cases may be controlled by dampers at the duct outlets,
but temperature and/or humidity cannot be independently
controlled. For this reason, this system is appropriate for small
buildings or for buildings with few zones.

Single-duct systems can also integrate terminal reheat
systems: a single duct for air supply is combined with some
type of heating device, such as hot water coils, located
downstream near each zone. A thermostat in each zone
controls the heat output of the reheat coil to produce
comfortable conditions. If, however, the supply air is
conditioned to cool the zone with the greatest cooling load, it
may be too cold for other zones. The common duct therefore
supplies the air stream with the coldest temperature required,
and then heat is added to adjust the temperature of the air
stream depending on the needs. Any zone requiring less than
maximum cooling will have the temperature of its supply
air increased by its terminal reheat device. It is obvious that
cooling all supply air to the lowest temperature required
and then reheating most of the air to produce comfortable
conditions is a waste of energy and so this solution should
preferably be avoided.

Multi-zone systems

Multi-zone air configurations are composed of an individual
supply air duct for each thermal zone in the building (Fig.
4.2-12). Cool air and warm air (return air or heated air) are
mixed to suit the needs of each zone. Once mixed, air for
a particular zone is supplied through separate ducts to the
different zones.

A key advantage of the multi-zone control approach is
the capability of supplying adequate air conditioning to
several zones, usually avoiding the energy waste associated
with the terminal reheat system. The drawback from both
the economic and architectural (space, aesthetic effect, etc.)
points of view is the need for many separate ducts for the
different zones.

Dual-duct systems

A central unit provides two conditioned air streams (a
“cold” deck and a “hot” deck). These air streams are
distributed in the building by separate and parallel ducts; a
mixing box is provided for each zone (Fig. 4.2-13). Under the
control of the zone thermostat, the air streams are mixed in
the terminal box to provide a supply air temperature at the
required temperature and humidity conditions in each zone.

FIGURE 4.2-11 SINGLE-DUCT CONFIGURATION
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FIGURE 4.2-13 DUAL-DUCT CONFIGURATION
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In principle, a dual duct system has the same advantages
and disadvantages as a multi-zone system, but it can be
considered more flexible to changes in zoning requirements.

Variable Air Volume (VAV) systems

Both single and dual-duct configurations can be
operated either with constant air volume or with variable
air volume (VAV). In this second case, the air flow supplied
to a space varies in response to the changing load (Fig. 4.2-
14). This is a major operational difference from the constant
volume systems, in which supply temperatures are changed in
response to zone loads but ventilation rates are kept constant
for each zone. This solution opens up a number of energy-
efficiency options. For example, a single central unit supplies
air through a common duct pathway to all conditioned spaces
and each zone is provided with a VAV box (terminal control
box) that adjusts the volume of the air supply; in this way
both air temperature and flow rate can be varied separately
in response to the zone requests.

4.2.1.3 AIR HANDLING UNITS

Air handling units (AHU) are equipment packages, usually
pre-assembled but sometimes site-built, containing several
components necessary for the operation of an air-based
HVAC systems (Fig. 4.2-15). In particular, they are used to
perform air handling processes such as heating, cooling,
dehumidification, humidification and heat recovery. They can
be either centralized, thus servicing the whole air distribution
subsystem, or decentralized, i.e. subdivided into multiple
units nearby the different building zones and connected to
them. Due to high air relative humidity levels, the design and
dimensioning of AHU in tropical climates must be carried out
carefully. An air handling unit assembly consists of a sheet
metal enclosure, a fan providing the pressure for air circulation,
a cooling coil for sensible cooling and dehumidification, a heat
recovery unit and, if necessary, a heating coil for reheating.

Control devices such as mixing dampers and valves are
often part of air handling units.

FIGURE 4.2-14 SINGLE-DUCT VAV
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FIGURE 4.2-15 SCHEMATIC OF AN AHU (WHEN USED
FOR SPACES WITH HIGH INTERNAL LATENT LOAD
(THEATRES, CONFERENCE ROOMS, BALL-ROOM,
ETC.) A REHEAT COIL MAY BE NECESSARY AFTER THE
COOLING COIL)
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4.2.1.4 ENERGY RECOVERY

An energy recovery ventilator (ERV) is a type of
mechanical equipment that features a sensible and/
or latent heat exchanger combined with a ventilation
system, which reclaims energy from exhaust airflows. If
only sensible heat needs to be recovered, a run-around
coil heat recovery can be used; it works by circulating liquid
between heat-exchange coils in extract and inlet ducts. An
incorporated heat pump can transfer energy efficiently from
cold extract to warm intake, as illustrated in figure 4.2-16.
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FIGURE 4.2-16 RUN-AROUND COIL HEAT RECOVERY
SYSTEM
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In commercial buildings in tropical and subtropical
regions, air-conditioning may be necessary throughout
the year, and the latent cooling load is a large part of the
total. For this reason, in order to increase energy efficiency,
the recovery of the enthalpy (both sensible and latent energy)
of the exhaust air is essential and can usually be performed
by using a fixed plate energy exchanger (Fig. 4.2-17) or an
enthalpy wheel (Fig. 4.2-18). In the first, two air-streams
(inlet and outlet) flow in adjacent but separated ducts and
exchange sensible and latent heat by using special materials
which transfer sensible heat and are water vapour-permeable.

FIGURE 4.2-17 CROSS FLOW HEAT EXCHANGER
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An enthalpy wheel consists of a rotating cylinder filled with
an air permeable material with a large surface area, which is
the medium for the sensible energy transfer. As the wheel
rotates between the ventilation and exhaust air streams it
picks up heat and releases it into the colder air stream. At the
same time, the use of desiccant materials inside the wheel,
such as silica gel, allows the transfer of moisture through
the process of adsorption, which is predominately driven by
the difference in the partial pressure of vapour within the
opposing air-streams. Enthalpy wheels are the most effective
devices for energy recovery but accurate system design and
careful selection of appropriate components are needed in
order to guarantee the wheel’s durability.

FIGURE 4.2-18 ENTHALPY WHEEL HEAT RECOVERY SYSTEM
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FIGURE 4.2-19 EVAPORATIVE COOLING HEAT
EXCHANGER
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Evaporative cooling can be used to enhance heat recovery;
in evaporative cooling the heat exchanger’s exhaust air
is cooled by spraying water on it before it enters the heat
exchanger (Fig. 4.2-19).

4.2.1.5 AIR TERMINAL UNITS

Air is typically supplied to zones through ducts that
terminate with different types of registers, grilles or
diffusers. Such air terminal units can be placed in different
parts of the room (Fig. 4.2-20). The position of supply-
air outlets affects the comfort level for occupants. It has
to ensure that the air stream circulates homogeneously
in each space without striking people directly. Inlet and
outlet air terminals should also be positioned taking into
account the most economic and easiest routes for ducts
according to building structure.

In general, in spaces with normal height ceilings good
stratification typically occurs; for this reason a displacement
ventilation technique, which supplies low-velocity cool air
at floor level and extracts warm air from ceiling outlets,
can be particularly efficient.

FIGURE 4.2-20 HIGH AIR TERMINAL OUTLET (A) AND
FLOOR AIR OUTLET (B)
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Several types of air terminal devices are available (Fig. 4.2-
21). The most common are:

Grille

A grille is an opening with several slits in a wall or metal
sheet or other covering for the air inlet or outlet. Usually,
supply grilles have adjustable vanes for controlling the
direction of the air entering a room while return air inlets
simply collect exhaust air from a zone.

FIGURE 4.2-21 DIFFUSER AND REGISTER TYPES
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Register

A register is a grille with a damper that allows controlling,
directing and diffusing the amount of air entering a room.
Registers may direct air in one, two, three or four different
directions.

Diffuser

A diffuser is a device designed specifically to introduce
supply air into a space, with a good mixing of the supply
air with the room air and minimum draughts that would
cause discomfort for occupants. Diffusers should be selected
carefully, as they are the point where the effect of an HVAC
system is transferred to building zone/room. Diffusers
are intended for ceiling installation and are available in
many shapes, sizes, styles, finishes, and capacities. Good
air diffusion is particularly important for low-ceilings, for
example, in office buildings.

4.2.1.6 DIRECT REFRIGERANT SYSTEMS

Direct refrigerant, called also direct expansion (DX)
systems are characterized by the absence of water pipes
and/or of air ducts to transfer heat from/to the building.
In such systems, refrigerant is used as a heat transfer
medium between the outdoor unit/part of the system and
the internal spaces (for this reason these are called split
systems). Such solutions are usually suitable for small or
medium size buildings, or for those contexts in which it is
difficult to install ducts and/or pipes(for example historical
buildings).

A multi-split system (Fig. 4.2-22) is generally composed
of an exterior unit, consisting of compressor and
condenser elements, and an interior unit, consisting of
evaporator and expansion valve elements, and typically
can work in heating or cooling mode. The two parts of
the system are connected by a refrigerant distribution
pipe, thus guaranteeing better flexibility with respect

to window air conditioners, unitary air-conditioners and
packaged rooftop units. The internal evaporator unit
can also be provided as a self-contained element, with
different dimensions and features, similar to fan-coil units
but fed by the refrigerant. Moderate capacity split systems
with multiple evaporator units are available on the market.
Modern split systems can also have variable refrigerant
flow (VRF), which modulates the amount of refrigerant
being sent to each evaporator. By operating at varying
speeds, VRF units allow a substantial energy saving at
part-load conditions and can also represent an interesting
technical solution for many small-size applications.

The application of split systems can be considered
when different cooling loads are required in neighbouring
spaces and a central system is not suitable. Table 4.2-1
summarises the advantages and disadvantages of multi-
split systems compared with centralised HVAC systems.

Packaged rooftop air-conditioner

A packaged rooftop air-conditioner (Fig. 4.2-23) typically
comprises a vapour compression refrigeration unit cycle, an
air handling unit (fan, filter, dampers) and control devices.
This kind of system, as suggested by its name, is placed on the
flat roof of a building and conditioned air is directly injected
into the space through short ducts. The typical capacity for
a rooftop packaged unit is much bigger than for a unitary
air-conditioner and, thanks to its bigger size compared
to window air conditioners, efficiency is generally higher.
Moreover,great efforts have been made by manufacturers in
recent years to improve energy efficiency. On the other hand,
drawbacks related to aesthetics, noise and space utilization
must be considered. The use of a packaged rooftop air-
conditioner could be considered in commercial buildings
where air conditioning of large enclosed spaces is required.
The performance of the system when there are high outside
air temperatures and humidity must also be carefully analysed.

FIGURE 4.2-22 MULTI-SPILT SYSTEM
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TABLE 4.2-1 CENTRALISED VS. DECENTRALISED HEATING AND COOLING SYSTEMS

Centralised systems Direct Expansion or split systems

Building Space
Requirements

Separate building space is required to house the
components (chillers, pumps, AHU's, etc.) In addition,
space is required outdoors for condensing units or
cooling towers.

No separate space is required for plant. The local systems
are smaller in size.

Aesthetics They are generally designed as concealed systems, but  The appearance of local units can be unappealing but if
extra space dedicated to ducting is necessary. same extra space is dedicated (false ceilings), these units

can be concealed.

Zoning Central HVAC systems may serve multiple thermal A local HVAC system typically serves a single thermal zone
zones and have their major components located and has its major components located within the zone
outside the zone(s) being served, usually in some itself or directly adjacent to the zone. Multiple units are
convenient central location. required for multiple zones.

Air Quality The quality of air conditioning is comparatively The air quality is not comparable to central systems. These
superior, with better control over temperature, relative  systems typically cannot provide close humidity control or
humidity, air filtration, and air distribution. high efficiency filtration.

Controls These require a control point for each thermal zone. Local units are off-the-shelf items complete with inte-
The controls are field wired and are integrated in a grated controls. They usually have a single control point,
central control panel. The controls are complex and which is typically only a thermostat.
depend on the type of system. With the zone- control ability of the compact systems,
Constant air volume (CAV) systems serving multiple only occupied spaces are maintained at a comfortable
zones rely on reheat coils to control zone temperature.  level, and conditioning for the rest of the building is
Energy is wasted due to simultaneous cooling and turned down or shut off. Savings in fan energy are limited
heating. in systems with on/off controls for the compressors;
Space temperature control can also be achieved with system]s(f_vvllth varlgble speedeomfpresgg_r motors are far
variable air volume (VAV) systems, which may or may leore efficient aﬂ are g_a_pa 3 of avoiding temperature
not have a reheat coil. uctuations in the conditioned space.

Efficiency Central systems usually operate under part load In a building where a large number of spaces may be
conditions, and localized areas cannot be isolated for unoccupied at any given time, such as a dormitory or a
complete shut down under any condition. motel, local systems may be totally shut off in the unused
In a central system, the individual control option is not ~ SP3¢€% thus providing huge energy saving potential.
always available. If individual control is desired, the As a self-contained system, a local HVAC system may
system should be designed as a variable air volume provide greater occupant comfort through totally individu-
system with localized thermostats. alized control options.

Refrigerant Central plant systems provide an excellent means to Unlike central systems, Direct Expansion systems pose a

Containment

contain all the refrigerant within the chiller housing
and plant room. It is possible to detect any minor leaks
within the localized plant room and take remedial ac-
tion to arrest the leak.

greater risk of refrigerant leaks to the atmosphere. With
Direct Expansion systems installed in several localized
areas it may be very difficult or impossible to detect these
leaks, especially in split systems with long pipe runs using
high pressure refrigerant.

Operations and

Large central systems can have a useful life of up to

Local systems can have a useful life of up to 15 years.

Maintenance (O&M) 25 years. Maintenance of local systems may often be relatively
Central systems allow major equipment components to  simple but maintenance may have to occur directly in
be kept isolated in a mechanical room. Grouping and occupied spaces.
isolating key operating components allows mainte-
nance to occur with limited disruption to building
functions.

Cost The initial purchasing and installation cost of a central ~ Packaged and split units have much lower initial costs

air conditioning system is much higher than that of a
local system.

Extra cost benefits can be achieved due to the poten-
tial for energy efficiency measures like thermal heat
recovery, economizers, energy storage systems and etc.

than a central system.

The potential for adoption of high-tech energy efficiency
measures is very limited.

Source: adapted from: Energy Conservation Building Code User Guide, Bureau of Energy Efficiency, 2009
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FIGURE 4.2-23 PACKAGED AIR CONDITIONER
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4.2.1.7 CONTROL SYSTEMS

The control systems regulate the operation of the HVAC
and must be generally applied to all previous types.

The word “control” is used in a general sense, from local
(room level) manual control, to centralized (building level)
computerized control. The control of an HVAC system is
critical to its successful operation because the aim of the
HVAC is to maintain comfortable conditions by monitoring
the thermal load of each building zone and adjusting it.
Incorrect zoning of buildings may result in a poorly controlled
HVAC system with high energy use and low levels of
comfort for the occupants, due to the difficulty in managing
the variations in internal environmental conditions. The
basic control element in a thermal zone is, of course, the
thermostat (set-point for internal temperature). One problem
for this type of control is short cycling (frequent on/off),
which keeps the system operating inefficiently and wears the
component out quickly. The longer the time between cycles,
the wider the temperature swings in the space. An alternative
control, to obtain adequate comfort without excessive wear
on the equipment, is modulation or proportional control. In
this system, if only a fraction of the cooling capacity of the
generator is needed, the flow rate is proportionally decreased
or the temperature of the thermal fluid is increased. Usually
proportional control and modulation are carried out by
using multiple sensors, such as external and internal air
temperature/humidity sensors, occupancy sensors, COz level
sensors etc. The information collected must be analysed by
the HVAC controller, which then sends command signals to
the different subsystems.

4.2.2 EFFICIENT ENERGY CONVERSION
TECHNOLOGIES

According to the second principle of thermodynamics,
heat can flow spontaneously and with continuity only
from a hotter to a colder body; the reverse operation, i.e.
moving heat with continuity from a lower temperature
to a higher temperature cannot happen spontaneously,
and a thermodynamic cycle powered by mechanical or
chemical energy is needed.

This explains why heating technologies are very old
(from the open fire to the fireplace, to the stove, to the
boiler), while cooling technologies are relatively new:
the first refrigeration machines were developed in the
middle of 19" century, after the scientific advancements
in thermodynamics took place.

The second principle of thermodynamics teaches us
another important lesson: if the aim is to produce heat
at about 20 °C - the comfortable temperature we want
to have in a room - it is far more efficient to “lift” or
pump up heat from lower (external) temperature to higher
(room) temperature than to produce heat at very high
temperature (as in a fire or in the burner of a boiler) and
use it at a lower one, the ambient temperature.

Finally, the second principle of thermodynamics tells us
that a very efficient way to power a low temperature (<
100 °C) device is to use the waste heat that is unavoidably
released in the operation of a thermal engine producing
mechanical power.

Efficient energy conversion technologies are those
based on the exploitation of the second principle of
thermodynamics.

4.2.2.1 REFRIGERATING MACHINE AND HEAT PUMP

The refrigerating machine (Fig. 4.2-24) is the basis of
the ordinary domestic refrigerator, extracting heat from
an insulated box, at a low temperature, and exchanging it
with the surrounding environment, at a higher temperature.
The same process can be used to extract heat from a room
and release it into external air, the ground or a river. In the
heat-pump mode the process is simply inverted and heat is
extracted from the surrounding environment and transmitted
to the building.

There are two main types of refrigerating machine: vapour
compression and absorption. The first uses mechanical
work (e.g. electricity) to operate its thermodynamic cycle,
the second uses heat (typically > 80 °C) as energy source.

Vapour compression refrigerating machine

Vapour-compression refrigerating machines use a
medium (refrigerant) that absorbs and removes heat from
the space to be cooled and subsequently rejects that
heat elsewhere. All such systems have four components:
a compressor, a condenser, a thermal expansion valve
(also called a throttle valve), and an evaporator (Fig. 4.2-
25). Circulating refrigerant enters the compressor as a
saturated vapour and is compressed to a higher pressure,
and consequent higher temperature. The hot, compressed
vapour goes through a condenser where it is cooled and
condensed into a liquid by flowing through a coil or tubes
cooled by air or water. In the condenser the circulating
refrigerant rejects heat from the system and the rejected
heat is carried away by either water or air.
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FIGURE 4.2-24 OPERATING PRINCIPLE OF A REFRIGERATING MACHINE
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FIGURE 4.2-25 VAPOUR-COMPRESSION
REFRIGERATION CYCLE
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The condensed liquid refrigerant is next routed through
an expansion valve where it undergoes an abrupt
pressure reduction. That pressure reduction results in
the evaporation of a part of the liquid refrigerant. The
evaporation lowers the temperature of the liquid and
vapour refrigerant mixture.

The cold mixture is then routed through the coil or
tubes in the evaporator, where heat is subtracted from
the environment (the refrigerator volume, ambient air
or water) by the evaporation of the liquid part of the
cold refrigerant mixture; the heat subtraction from the
environment causes its cooling. The evaporator is where
the circulating refrigerant absorbs and removes heat that
is subsequently rejected in the condenser and transferred
elsewhere by the water or air used in the condenser.

To complete the refrigeration cycle, the refrigerant
vapour from the evaporator is again a saturated vapour
and is routed back into the compressor.

According to above-described operating principle, the
greater the temperature difference between condenser
and evaporator, the greater the required pressure
difference and consequently the more energy needed to
compress the fluid. Thus the amount of thermal energy
moved per unit of input work required decreases with
increasing temperature difference.

Absorption chiller

The absorption chiller (Fig. 4.2-26) requires no
compressors or other moving parts to operate the
thermodynamic cycle but uses a source of heat and
a regenerator in place of compressor. A refrigerant
solution (e.g. Lithium Bromide/Water, Water/Ammonia) is
circulated between the regenerator (or simply generator),
the condenser, the evaporator, and the absorber. The
diluted refrigerant solution is pumped into the generator
and is heated by a heat source, raising its temperature
until it partially vaporizes and flows to the condenser. The
remaining concentrated part of the solution flows down
to the absorber chamber.

In the condenser, the cooling water absorbs the
condensation heat from the vaporized part of the solution,
changing it into a liquid. The liquid refrigerant flows from
the condenser to the evaporator through expansion piping.
During this transit the liquid refrigerant experiences a drop in
pressure and temperature.

The refrigerant fluid is then pumped to the evaporator
and sprayed on a heat exchanger, through which the water
to be chilled flows before reaching the indoor unit. At
low evaporator pressures, the liquid refrigerant vaporizes,
removing energy from the chilled water. Then the vaporized
refrigerant flows from the evaporator to the absorber.
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FIGURE 4.2-26 ABSORPTION REFRIGERATION MACHINE CYCLE
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In the absorber, the concentrated liquid solution absorbs
the vaporized refrigerant and the cooling water removes the
vapour absorption heat. As the refrigerant vapour is absorbed
the concentrated solution returns to a diluted state and is
pumped to the generator, completing the refrigerant cycle.

The efficiency of the absorption cycle is much lower than
that of the compression cycle, but absorption chillers can use
waste heat from cogeneration or solar thermal energy.

In general, depending on the fluid used to condense the
refrigerant, i.e. the fluid to which the heat is transferred,
and also on the fluid cooled by the internal evaporator
coil, there may be four types of refrigeration machines/
heat pumps:

e air to air: the refrigeration machine cools the room air
directly through an evaporator and transfers heat to
the external environment by means of an air cooled
condenser;

* air to water: the refrigeration machine cools the room air
directly and transfers heat to the external environment
by means of a water cooled condenser. The water can
come from a closed loop circuit (ground-coupled heat
exchangers, cooling tower) or an open loop circuit (lake,
river or ground water);

¢ water to water: the refrigeration machine draws heat from
the internal water circuit (water distribution system with

hydronic terminal units) and transfers it to the external
environment by means of a water cooled condenser;

e water to air: the refrigeration machine draws heat from
the internal water circuit and transfers it to the external
air by means of an air cooled condenser.

The efficiency of a vapour compression machine is given
by the ratio between the thermal energy transferred by the
system and the electricity consumption. This relationship is
usually called COP (Coefficient Of Performance) in heating
mode and EER (Energy Efficiency Ratio) in cooling mode.
COP and EER varies according to system technology but
mainly depends on the temperature difference between
evaporator and condenser, that is between the inlet air in
the thermal zone and the external thermal sink. Good mean-
yearly COP/EERs should be higher than 3 for air-condensed
machines, while water-condensed systems can reach values
greater than 5.

The efficiency of absorption machines is dependent
on the temperature of the heat source: the higher the
temperature, the higher the efficiency of the system.
In this sense, the EER of an absorption machine varies
depending on the type of heat pump and the operating
conditions and has, in general, a value lower than 0.6;
double-effect machines can be used only in the presence
of high-temperature sources (>160-180 °C), with an EER
up to 1.2.



Condenser cooling systems

Heat from the condenser of a vapour compression or
absorption chiller can be extracted in two ways: with air
or with water. In the first case, air cooled condensers are
used; in the second case, if a continuous flow of cold
water form a river, lake, sea or water table is not available,
a cooling tower is used.

Air-cooled condensers reject heat from the refrigerant
by sensible heating of the ambient air that flows through
them (Fig. 4.2-27). The low specific heat of air results in a
large volume flow rate of air required, with corresponding
high fan power and large condenser plan area.
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The net result of the use of an air-cooled condenser is
a saving of water, but at the expense of increased power
consumption by the compressor and the condenser.

Open cooling towers (Fig. 4.2-28) expose the condenser
cooling water coming from the chiller plant directly to
the atmosphere. This warm water is sprayed over a fill in
the cooling tower to increase the contact area, and air
passes through the fill. Most of the heat is removed by
evaporation. The cooled water remaining after evaporation
drops into the collection basin and is returned to the
chiller's condenser.

FIGURE 4.2-27 AIR COOLED CONDENSER
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FIGURE 4.2-28 OPEN COOLING TOWER (LEFT); CLOSED COOLING TOWER (RIGHT)
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A closed cooling tower (Fig. 4.2-28, right) circulates
warm water from the chiller plant through tubes located
in the tower. In a closed tower, the cooling water does not
come in contact with the outside air. Water that circulates
only within the cooling tower is sprayed over the tubes and
a fan blows air across the tubes. This cools the condenser
water within the tubes, which is then recirculated to the
chiller plant.

The effectiveness of a cooling tower depends on the
external environmental conditions (wet bulb temperature of
external air); therefore in hot humid climate cooling towers
are not as effective as in hot dry climates, but in the latter
water availability may be a problem.

Means for improving energy efficiency of air cooled
condensers

Several systems have been developed for improving the
energy efficiency of air cooled condensers,.

Evaporative Condenser

An evaporative condenser (Fig. 4.2-29) is a device for
cooling the refrigerant in the condenser coil by evaporating
water. Water is sprayed on the condenser coil and evaporates,
cooling the coil.

FIGURE 4.2-29 SCHEME OF EVAPORATIVE CONDENSER
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Evaporative pre-coolers

Typical air-cooled condensers lose efficiency significantly
during hot outdoor conditions. Evaporative pre-coolers
reduce air conditioner loads by cooling the air that surrounds
air conditioner condensers. The evaporative cooling technique
described below (Fig. 4.2-30) is used to cool the air that goes
to cool the air condenser. Since the cooler and moister air
is passed over the condenser, the moisture is not added to

the space. The cooler air passed across the condenser coil
improves heat transfer efficiency, allowing the system to
operate with much greater efficiency during peak conditions.

Peak demand can be reduced by 40%. These systems
provide the greatest benefit in climates that necessitate
a significant number of hours of cooling in outdoor
temperatures of 35 °C or greater. Although these systems are
relatively common in larger cooling plants, products are now
available for residential and light commercial applications.

4.2.2.2 EVAPORATIVE COOLERS

In hot-arid and semi-arid climates there are seasons and
periods of the day in which air humidity is very low and air
temperature high. In these conditions evaporative coolers
can be very effective and energy efficient. There are many
types of evaporative coolers available on the market.

Direct

In direct evaporative coolers outside air is blown through
a water-soaked medium (usually cellulose) and cooled by
evaporation (Fig. 4.2-30). The cooled air is circulated by a
blower.

FIGURE 4.2-30 DIRECT EVAPORATIVE COOLING.
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The air, cooled by 10 to 20 °C as it crosses the water-
soaked pad, is then directed into the room, and pushes
warmer air out through windows.

When an evaporative cooler is being operated, windows
are opened part way to allow warm indoor air to escape as
it is replaced by cooled air. Unlike air conditioning systems
that recirculate the same air, evaporative coolers provide a
steady stream of fresh air into the room.



Evaporative coolers cost about one-half as much as
central air conditioners and use about one-quarter as much
energy. However, they require more frequent maintenance
than refrigerated air conditioners and they are suitable
only for areas with low humidity.

Evaporative coolers are rated by the airflow that they
deliver. Most models range from 5,000 to 40,000 m%h.
Manufacturers recommend providing enough air-moving
capacity for 20 to 40 air changes per hour, depending on
climate.

Evaporative coolers are installed in one of two ways:
the cooler blows air into a central location, or the cooler
connects to ductwork, which distributes the air to different
rooms.

Indirect

With direct evaporative coolers, if outdoor air humidity
is not very low, indoor air humidity can be too high to be
comfortable. This drawback can be attenuated with the
indirect evaporative coolers (Fig. 4.2-31). With indirect
evaporative cooling, a secondary air stream is cooled by
water. The cooled secondary air stream goes through a
heat exchanger, where it cools the primary air stream.
Indirect evaporative cooling does not add moisture to the
primary air stream.
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FIGURE 4.2-32 TWO-STAGE EVAPORATIVE COOLER
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second stage, the pre-cooled air passes through a direct
evaporative cooler. Because the air supply to the second
stage evaporator is pre-cooled, less humidity is added
to the air. The result is cool air with a relative humidity
between 50 and 70%, depending on the climate, which
represents a very good performance if compared to a
traditional direct system, which produces about 80-90%
relative humidity air.

Such two-stage systems (referred to as indirect-direct or
IDEC systems) can meet the entire cooling load for many
buildings in arid to semi-arid climates.

FIGURE 4.2-31 INDIRECT EVAPORATIVE COOLING
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Two-stage

Two-stage evaporative coolers (Fig. 4.2-32) are newer
and even more efficient. They use a pre-cooler, more
effective pads, and more efficient motors, and do not add
as much humidity to the rooms as single-stage evaporative
coolers. In the first stage of a two-stage cooler, warm
air is pre-cooled in an indirect evaporative cooler. In the

secondavy Qiv

(working air)
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Two-stage evaporative coolers can reduce energy
consumption by 60 to 75% over conventional air
conditioning systems, according to the American Society
of Heating and Engineers (ASHRAE). Yet this relative
improvement depends on location and application.
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Indirect evaporative cooling coupled with DX backup

Indirect evaporative cooling can be coupled with
conventional DX (direct-expansion) cooling to lower
refrigeration loads in order to meet cooling demand during
hot and but not very dry outdoor conditions (Fig. 4.2-33). In
indirect evaporative coolers with DX back-up, the primary
air stream is cooled first with indirect evaporative cooling;
most of the time, this cools the primary air stream to the
desired temperature. When more cooling is required, the
supplemental DX module cools the air further to reach the
desired temperature.

FIGURE 4.2-33 INDIRECT EVAPORATIVE COOLING
COUPLED WITH DIRECT-EXPANSION (DX) COOLING
SYSTEM
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Since the systems use 100% outside air for cooling, they
can also be paired with heat recovery to capture some of
the energy that is lost in the exhaust air stream and reduce
the ventilation cooling load.

Water Use and Water Treatment

Water is used with evaporative systems to both replace
the evaporated water and to purge dissolved minerals
that accumulate as water evaporates. Water treatment is
a concern, especially for areas where only hard water (rich
in minerals) is available. Mineral deposits will accumulate
in the sump and eventually cause scaling on the pads.

One option is a bleed-off system, which diverts a small
amount of water to dilute mineral concentrations. The
bleed rate depends upon water hardness and airborne
contaminant levels and can range from 5% to 100% of
the evaporation rate.

A blow-down system will periodically dump water from
the sump while the cooler is in operation. The discharged
water can be used to water gardens. Blow-down systems
have an advantage over bleed-down systems in that they
discharge accumulated dirt and debris that collects at the
bottom of the sump, and they often use less water than
continuous bleed systems.

A third option is water treatment. Water treatment is
often recommended for systems with rigid media due
to high replacement costs. Other treatment mechanisms
include electromagnetic, electrostatic, catalytic and
mechanical.

If rainwater is collected during the wet season and
stored, can be used effectively for evaporative cooling,
eliminating or minimising the problem of the dissolved
minerals accumulation.

Disadvantages of evaporative coolers
Evaporative coolers require simple maintenance about
once a month.

By their nature, evaporative coolers also continually use
water; in areas with limited water supplies, there should
be some concern about the water-use impact of adding
an evaporative cooler.

The evaporative cooler water tank is a common place
for mosquitoes to breed. To avoid this a chemical larvicide
must be used or, better, water tanks sealed to prevent
mosquitoes from depositing eggs.

Odours and other outdoor contaminants may be blown
into the building unless sufficient filtering is in place.

Mould and bacteria may be dispersed into interior air
from poorly maintained or defective systems, causing Sick
Building Syndrome or Legionnaire’s Disease if provisions
for killing the germs are not made (such as germicide
lamps).

Asthma patients may need to avoid poorly maintained
evaporatively cooled environments.

4.2.2.2 TRI-GENERATION SYSTEMS

Tri-generation or CHCP (combined heat, cooling and
power) refers to the simultaneous generation of electricity
and useful heating and cooling. The most common
technical configuration is made up of a reciprocating
engine or a micro-turbine powering an alternator, and
an absorption chiller which is powered by the waste heat
from the generator. This system can be economically viable in
contexts where there is a constant need for thermal energy
that can be used both for cooling and for producing DHW,
and where availability of electricity from the grid is not always
guaranteed. In such cases, if the whole system is correctly
designed, it can be more efficient, in terms of primary energy
needs, than an air-cooled electric refrigerating machine
powered by the grid. In general it must also be noted that
the lower the efficiency of national electricity generation , the
more the use of tri-generation systems should be considered
in preference to electric chillers, especially if heat is also
needed and is usually produced using electric water heaters.



Finally it must be noted the electricity generator can also
be powered by bio-fuels, such as bio-ethanol or bio-diesel,
where available, further decreasing the primary energy
consumption.

In figure 4.2-34 energy flows in a typical tri-generation
system are illustrated.

FIGURE 4.2-34 ENERGY FLOWS IN A TYPICAL
TRI-GENERATION SYSTEM
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The configuration described is that of a typical tri-
generation system. A further upgrade can be obtained by
adding a vapour compression refrigeration unit working
in parallel with the absorption refrigeration unit; in this
way, through adequate system design and a controlled
operating scheme, electricity and thermal energy fluxes
can be balanced according to building needs and boundary
conditions, maximizing both overall energy performance
and economics by appropriate dispatch of the energy
produced.
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4.2.2.3 DECENTRALIZED DEVICES

For cooling a room, the simplest and most common
solution is based on direct expansion systems: window air
conditioners and, more popular nowadays, the so-called split
systems.

Window air conditioners

A window air conditioner is a packaged direct refrigerant
unit comprising a vapour compression refrigeration unit,
a fan, a filter and appropriate controls. It is designed for
installation in a framed or unframed opening in a building
construction element, typically a window or a wall. The two
main elements used for heat exchange, the evaporator and
the condenser are placed respectively on the interior and on
the exterior part of the building. They can be used for both
heating and cooling if the refrigeration unit can be used with
reverse cycle. However, this element has several drawbacks
concerning performance, aesthetics, noise, space utilization
and air infiltration.

The use of window air conditioners should be limited
to provisional installations or in such contexts where other
technical solutions cannot be used because of technical
constraints.

Split systems

A development of the window air conditioner is the split
system. A split system is generally composed of an exterior
unit, consisting of compressor and condenser elements, and
an interior unit, consisting of evaporator and expansion valve
elements; the two units, which can be many metres away
from each other, are connected by pipes which carry the
refrigerant.

Heating in the EAC is not generally necessary, but in
some contexts, such as residential buildings located in a
high upland climate, some decentralized heating devices
are needed.

FIGURE 4.2-35 FIREPLACE WITH FORCED-VENTILATION (A) AND WOOD-STOVE (B)
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Evaporative coolers

In hot arid and hot semi-arid climates evaporative coolers
are a sensible alternative or complement to window air
conditioners and to split systems.

Fireplace

A fireplace is, as its name suggests, a location where on-
site combustion is used as a means of producing heat. The
typical fireplace consists of a niche constructed of non-
combustible materials that will withstand the temperatures
generated during the combustion process. Adding fans to
circulate heated air can increase its efficiency (Fig. 4.2-
35a), which is typically low due to the large losses through
the chimney. A fireplace is a local heating device directly
providing heat to a limited area of a building. Problems
related to low-efficiency and high environmental pollution
of the smoke produced by fireplaces, especially if naturally
vented, must be carefully taken in account.

Wood Stove

Wood stoves (Fig. 4.2-35b) are on-site combustion
devices, normally self-contained, that are more efficient
than fireplaces. Better control of the supply of air permits
more complete combustion, resulting in improved resource
utilization.

Recently, many technical solutions using woodchips are
available in the market. These systems can have an automatic
woodchip loading system, electronic combustion control and
can easily heat large spaces, also reducing the pollution due
to incomplete combustion.

In many cases wood stoves can also integrate other
functions, such as cookers and an oven, and their use in
residential contexts can be considered, if biomass is locally
available.

4.2.3 DHW PRODUCTION

The amount of energy consumed by DHW (Domestic
Hot Water) systems may be significant in many types of
users such as hotels, sports centres, gyms, hospitals, and
in residential buildings.

Water coming from the municipal water supply must
have sufficient pressure to reach the most disadvantaged
users and it must come out of the dispensing tap with
a certain residual pressure. If the pressure is insufficient
(which is often the case in tall buildings) it is necessary
to install an appropriate pumping system. There may be
one or two distribution circuits depending on how the
hot water is produced. The network is single (only cold
water) if water heating takes place locally (domestic water
heaters); it is double if DHW production is centralised, as
shown in figure 4.2-36.

4.2.3.1 DHW SYSTEMS AND LEGIONELLA

The production of hot water may be a source of risk for
dissemination of gram-negative aerobic bacteria, known
as legionella. The infection is contracted through aerosols,
i.e. when inhaling contaminated water in small droplets.

FIGURE 4.2-36 SCHEMATIC DIAGRAM OF A CENTRALISED DHW SYSTEM
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Hot water circuits may favour the growth and
dissemination of legionella, because the bacterium
proliferates at temperatures of between 15 °C to 50 °C
(at temperatures up to 22 °C the bacterium exists but is
inactive). There are critical places in the DHW systems:
inside the pipes, especially if they are old and have
deposits inside, in storage tanks, in shower heads or in
taps. Additional sources of risk are storage tanks normally
present in solar hot water production systems, whose
normal operating temperature is around 50 °C.

To avoid/reduce the risk of legionella it is advisable that
stored and circulating water is heated to 60 °C and over
from time to time, to kill any bacteria.

4.2.3.2 CORRECT USE OF POTABLE WATER

The basic utilities are obviously essential in every building,
but over the last several decades people have realised that
water is rapidly becoming a precious resource. While the
total amount of water in its various forms on the planet is

SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
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finite, the amount of fresh water, of quality suitable for the
many purposes for which it may be used, is not uniformly
distributed.

Drinking water is a precious resource and saving it is one
of the features of a sustainable building. Reduction in the
use of drinking water can be obtained in two ways:

¢ by using it more consciously (for example installing
saving devices such as aerator valves, taps with timers,
etc.);

¢ by replacing drinking water with non-potable water
for the uses for which drinking water quality is not
needed (e.g. for toilets, irrigation, etc.).

The first strategy requires the introduction of devices to
reduce the quantity of water used, whilst still maintaining
the quality of service.

TABLE 4.2-2 IMPROVING THE PERFORMANCE OF DHW SYSTEMS

Measure Description, tips and warning

Reduction of water consump-

Check the plumbing system and the DHW system, in order to find possible further measures to reduce the

tion consumption of potable water. The most common equipment strategies are as follows:

e lavatory taps with flow restrictions;

e infrared tap sensors;
e water efficient shower heads;
e timers on taps;

e dual-flush toilets.

A reduction in the consumption of water depends very much upon end-user behaviour: any form of communi-
cation, education and information given to the users is useful.

Some of the measures listed above are cost-effective as retrofit actions in existing buildings only if they are
part of a planned renovation of the system.

Installation of potable water
meters

A reduction in the consumption of cold or hot water can be obtained with the installation of individual meters.
In this way the end-user pays for the individual consumption of water and thus has incentives to save.

Insulation of DHW storage

Inadequate thermal insulation of the storage tank in a building causes an increase in heat losses through the

tank walls of its casing. Replace existing insulation with a thicker layer of insulating material.

Replacement of electric
boilers for hot water
production

The direct thermal use of electricity by Joule effect is not sustainable and should be avoided. Electric boilers
should be replaced by fuel fired boilers or, better, heat pumps.

Installation of DHW heat

Existing inefficient water heaters (e.g. gas boilers, electric boilers, gas or electric geysers) should be replaced

pumps with heat pumps. With this type of equipment hot water is produced with high energy efficiency.
DHW heat pumps could be used to replace electric boilers in locations where fuels (e.g. gas) are not available:
electricity is used but in a more efficient manner, especially in hot climates, where the electricity consumption
is reduced by a factor of four, compared with an electric (resistance) water heater.

Solar systems for DHW In some cases the use of solar energy for DHW production is the best way to produce hot water with dramatic

production reductions in energy consumption. Because of the high values of solar radiation in the EAC, it is not necessary

to install high performance solar collectors. For residential uses compact solar water heaters are preferable to
traditional ones, because they do not normally require any electrical connections.
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In the second case it is necessary to provide a dual
supply system, one for drinking water and one for non-
potable water.

We define as drinking water water that can be used for
human consumption without harmful consequences to
health.

Non-potable wateris water that, while not corresponding
to the chemical, physical and biological characteristics of
drinking water, does not contain anything that is polluting
or otherwise dangerous. The distinction between drinking
water and non-potable water is defined in local health
regulations, compliance with which is monitored by the
responsible authority .

Non-potable water may be used in many ways and the
list below gives some examples:

e urinals or vessels;
¢ industrial laundries and industrial cleaning in general;
¢ watering of plants;

¢ supply of fountains, ornamental pools and
similar;circuits of cooling towers; circuits for heating
or cooling of other fluids;

¢ fire systems (hydrants, sprinklers, etc.).

The distribution of non-potable water must be distinct
from that of drinking water at each point of the related
piping and terminals.

No connections are allowed between a drinking water
supply and a distribution system for non-drinking water
even when equipped with shut-off valves. All components
of the distribution networks of non-potable water should
be clearly and indelibly marked with words and symbols in
accordance with local regulations.

4.2.4 ARTIFICIAL LIGHTING

Lighting is an important factor in minimizing overall
energy consumption. In industrialized  countries,
lighting accounts for 5-15% of the total electric energy
consumption.

Besides direct savings, indirect energy savings can be
made due to reduced consumption of electricity for air
conditioning.

The energy consumption of a lighting installation is
heavily dependent on the type of lamps used, luminaires
and lighting controls (daylight, presence detection,
dimming, etc.). Nevertheless, the electrical power load of
a lighting installation is often a first and significant factor
in energy consumption.

4.2.4.1 LAMPS

Lamps can be divided into three main groups:
incandescent, discharge and light emitting diode (LED).
The light of incandescent lamps is generated by a filament
heated to a high temperature by an electric current.
Discharge lamps have no filaments, but produce light
through the excitation of the gas contained between two
electrodes. A light-emitting diode (LED) is a semiconductor
light source. It is like a photovoltaic cell operating
backwards: instead of light generating electricity, electricity
generates light.

The factors that characterize light sources are (see also
Appendix 2):

e |uminous flux, expressed in lumen;
¢ |uminous efficacy?®,expressed in Im/W,

e duration, usually expressed in number of operating
hours passed before the luminous flux is reduced to
a certain percentage of the initial one¥;

e |uminance, expressed in cd/m?,

e colour appearance, or colour of the light: the colour
impression one gets looking at the source itself;

e colour temperature;
e colour rendering;

e physical dimension.

Incandescent lamps are characterized by high
compactness, low luminous efficacy, short duration, high
luminance, good appearance and colour rendering, and
low colour temperature. Because of their low luminous
efficacy, the production of incandescent lamps is going
to be phased out all over the world. Fluorescent lamps
have higher luminous efficacy, longer life and lower
luminance, but their colour rendering is worse than that
of incandescent lamps.

In this section, only the lamps used for interior lighting
are considered.

Incandescent lamps

A tungsten wire heated by Joule effect, i.e. by effect
of the electricity passing through it, emits electromagnetic
radiation, first in the far infrared, then - with increasing
temperature - increasingly in the visible range (figure 4.2-37
shows the black body spectrum at different temperatures;
the corresponding spectrum of tungsten differs very little
from this). That is, as the temperature increases the optical
efficiency (i.e. the ratio of radiated energy falling in the
visible range to the total energy emitted) of the source
increases.

36 The luminous efficacy of a source can be defined as the ratio of the lighting
power to the electric power used to obtain it

37 All kinds of lamps, to a greater or lesser extent, are subject to a process of
gradual decay of the emitted flux prior to failure



FIGURE 4.2-37 BLACK BODY SPECTRUM AT DIFFERENT
TEMPERATURES
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The incandescent lamp exploits this principle; it
comprises, apart from the filament, a transparent or
translucent glass container that protects it, the filament
supports and the screw base. The container is filled with
an inert gas, typically a mixture of nitrogen and argon,
which reduces the oxidation of tungsten, which must be
avoided for two reasons: firstly, the erosion of the filament
results in its cracking (this influences the life of the lamp);
secondly vapours tend to be deposited on the inner wall,
reducing its transparency (which translates into a reduction
in the luminous efficacy). For this reason, the temperature
is kept far below melting point, and this has a negative
effect on the optical efficiency of the lamp, and thus on
the luminous efficacy. Their operation range lies between
2700 and 3000 K and, since their spectrum is practically
coincident with the black body spectrum, their colour
temperature coincides with their operation temperature.
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PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

The life expectancy of the lamp is 750-1000 hours, with
luminous flux at the end of the useful life at 87% of the
initial one. Most of the emission of incandescent lamps
(up to 95%) is in the infrared region and their luminous
efficacy is 8-13 Im/W.

Tungsten halogen lamps

Tungsten halogen lamps are improved incandescent
lamps available in tubular (double ended) and single
ended (two-pin) form. Besides the inert gases ,the bulb
also contains halogen (such as iodine or bromine), whose
function is to combine - in cooler areas of the lamp - with
the evaporated tungsten, to form a gaseous compound;
this compound dissociates in contact with the hot
filament, and this gives rise to the re-deposition of most
of the sublimed tungsten. In this way, it significantly slows
down both the process of erosion of the filament as well
as the deposition on the inside the bulb, and therefore,
it is possible to increase the temperature up to 3000 K,
resulting in improved luminous efficacy and higher colour
temperature (light is more “white”). The life expectancy
is 3000-5000 hours, with the final luminous flux equal to
94% of the initial one.

Fluorescent lamps

A fluorescent lamp (Fig. 4.2-38) consists of a tubular
glass container with two electrodes soldered at each end.
[t contains mercury vapour at low pressure, in addition to
a small amount of inert gas to facilitate starting. The inner
surface of the tube is covered with a layer of fluorescent
material (phosphorus). The operation principle is as
follows: once a potential difference is created, electrons
move towards the anode and the ions toward the cathode;
the electrons along the tube acquire speed and collide
with atoms that they encounter along their path. Some
are so fast as to be able to pull out some electrons from
atoms, and expand the flow of the free ones, which act as
“bullets”, while others have only sufficient energy to move

FIGURE 4.2-38 LINEAR FLUORESCENT LAMP
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the electrons of the atoms from a lower energy level to a
higher one. When the electron returns to its stable energy
level, it emits a photon of energy equal to the difference
between the energy level at which it was pushed and the
stable one. These photons constitute the radiant emission
of the lamp.

The process described, with mercury atoms in the gas
filling of the tube, causes radiation which falls mainly
in the ultraviolet region. The inner phosphor coating
ensures the transformation of ultraviolet radiation into
visible radiation, balancing the outgoing radiation so as to
ensure a good colour rendering; the mixture determines
the type of light obtained. The spectrum obtained is of
the type shown in figure 4.2-39, where the spectrum
of the incandescent lamp is also shown, for purposes of
comparison.

Fluorescent lamps have a luminous efficacy
reaching 100 Im/W.

Fluorescent lamps are usually categorized according to
their appearance, tonality, or colour and according to the
balance between luminous efficacy and colour rendering.
Table 4.2-3 shows the correlated colour temperature3®
(CCT) range and CCT class of most common fluorescent
tubes on the market. A “warm” lamp integrates well with
incandescent bulbs, a “white” or “intermediate” lamp fits
quite well with both incandescent bulbs and with daylight,
while “cool” or “daylight” lamps integrate well only with
natural light.

Florescent lamps are available in wide variety of
sizes, colours, wattages, and shapes. The linear tubular
fluorescent lamps are produced in numerous lengths
and powers (Fig. 4.2-40). Among the fluorescent lamps
are the compact fluorescent type (Fig. 4.2-41), which are
replacing the old incandescent ones and have a luminous

efficacy about five times higher and a duration from five
to eight times longer. At the end of their life, the luminous
flux is equal to 85% of the initial one.

TABLE 4.2-3 COLOUR TEMPERATURE AND CLASS

Correlated colour temperature (CCT) [K]  CCT Class

<3300 Warm

3300-5300 Intermediate

>5300 Cold
Metal halide lamps

Metal halide lamps are high intensity discharge lamps,
which are very efficient light sources that are more like
incandescent than fluorescent lamps in size and shape.
Like all discharge lamps they need a blast to work. The
light is emitted from a small arc tube located inside a
protective outer bulb. The relatively small size of this arc
tube permits some optical control similar to that possible
with a point source. When increased colour rendering is
desired, metal halides are added to the mercury in the
arc tube. The white light emitted by metal halide lamps is
moderately cool, but there is enough energy in each part
of the spectrum to provide very good colour rendering.
Metal halide lamps are some of the best sources of light
because they combine many desirable characteristics in
one lamp: high efficacy (68-120 Im/W), long life (10000-
20000 hours), very good colour rendering, and small
size for optical control. However, they are not generally
suitable for interior lighting because their minimum power
is rather high.

FIGURE 4.2-39 LIGHT SPECTRUM AND EMITTED ENERGY OF INCANDESCENT AND FLUORESCENT LAMPS
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FIGURE 4.2-40 COMMON SHAPES OF FLUORESCENT
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FIGURE 4.2-41 COMPACT FLUORESCENT LAMPS (CFL)

TABLE 4.2-4 LAMP PERFORMANCE AND OPERATING CHARACTERISTICS®

Lamp type Luminous efficacy  Colour rendering Colour Colour Life
[Im/W] index [CRI] temperature [K] appearance [Hours]
Normal Incandescent 8-13 97+ 2500-2800 Excellent 750-1000
Halogen 10-36 97+ 2800-3200 Excellent 3000-5000
Fluorescent (Linear) 70-100 50-90+ 2700-7500 Excellent 15000-46000
Fluorescent (compact) 3565 Low 80s 2700-6500 Excellent 6000-8000
Screw based CFL
Fluorescent (compact) 50-80 Low 80s 2700-5000 Excellent 10000-16000
Pin based CFL
Metal Halide 68-120 60-90 2700-10000 Fair 10000-20000
LED >50 20-95+ 1100-9000+ Poor to very good 20000-50000

*  The Lighting Handbook, Tenth edition-Reference and
Application, llluminating Engineering Society, 2011

Light emitting diode (LED)

A new and promising development is the light emitting
diode (LED) as a light source. LEDs produce pure coloured
light, and to generate white light, light from different
coloured LED's must be mixed or phosphorus (as in
fluorescent lamps) must be used to convert coloured light
to white light. Unlike all of the other light sources, LED
produces very little heat in the form of infrared radiation;
however, LEDs produce a large amount of sensible heat for
which a heat sink is needed. LEDs are usually mounted on
metal blocks that conduct the heat away from diodes into
the air behind the lamps. At present, the luminous efficacy
of LEDs emitting white warm light is above 50 Im/W,
higher when the light is cool white. LEDs use only 10-20%
of the electricity used by incandescent lamps to produce
the same quantity of light and their life expectancy is 100
times greater.

The performance and operating characteristics of
different types of lamps are summarised in Table 4.2-4.

4.2.4.2 LUMINAIRES

A luminaire is the container of one or more luminous
sources, including what is required to fix, protect and
connect them to the electric mains. The purpose of
luminaires is to modify, in relation to specific requirements,
the characteristics of flux and the luminance of the lamps
they contain. Control of the luminous flux distribution
is obtained by exploiting the optical properties of some
materials (Table 4.2-5).



TABLE 4.2-5 TRANSMISSION COEFFICIENTS OF SOME
MATERIALS

Material Transmission coefficient [%]
Clear glass 80-90
Frosted glass 70-75
Opal glass 20-60
Clear acrylic plastic 80-90
Opal acrylic plastic 20-60
Alabaster 20-50
Marble 5-30

Luminaires are divided into five groups, in relation to the
distribution of the luminous flux in the space above and
below the horizontal plane passing through the centre of
the unit (Fig. 4.2-42).

FIGURE 4.2-42 LUMINAIRE TYPES AND THEIR FLUX
FRACTIONS
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The efficiency of a luminaire is expressed by the light
output ratio (LOR) between the flux emitted by the
luminaire and that emitted by the lamp, and is usually
expressed as a percentage. This may be divided into
upward and downward parts (divided by the horizontal
plane across the centre of the lamp).

Alternatively, the output of the luminaire can be taken
as the basis (the 100%) and the flux fractions (FF) can be
defined as UFF upward and DFF downward, defining the
flux fraction ratio between UFF and DFF.
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Photometric curves

A more precise definition of a lamp/luminaire
combination (or a lamp acting as a luminaire) is given by
the polar curves (or polar intensity diagrams), by plotting
the light intensity in a series of directions within one vertical
plane through the luminaire. It is a two-dimensional
representation and therefore shows data for one plane
only. If the distribution of the unit is symmetrical (e.g.
luminaires with an incandescent lamp), the curve in one
plane is sufficient for all calculations and a semi-circular
polar diagram is used on which the source intensity (cd)
viewed from different directions (view angles) is plotted
(Fig. 4.2-43). If the distribution of the unit is asymmetrical,
the greater the departure from symmetry, the more planes
are needed for accurate calculations (Fig. 4.2-44), such as
with fluorescent luminaires, where at least two planes are
required (Fig. 4.2-45).

FIGURE 4.2-43 PHOTOMETRIC CURVE OF A SPOT-LIGHT
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4.2.4.3 LIGHTING CONTROL SYSTEMS

The further one moves from a window, the more
difficult it becomes to maintain the daylight illumination
levels required for some tasks. When those tasks are
localized, like desk work, daylight can be supplemented
with artificial lighting located near the task and under
the control of the user. This is an effective combination
because daylight can still be used in large sections of the
building that are distant from the windows, but where
illumination level requirements may be lower. For instance,
in an office, ambient daylight can be supplied at 100-200
lux over the whole office, while detailed reading at a desk
may require 300 lux.
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FIGURE 4.2-44 PHOTOMETRIC CURVES OF AN
ASYMMETRICAL LIGHTING SOURCE

FIGURE 4.2-45 PHOTOMETRIC CURVES OF A
LUMINAIRE WITH FLUORESCENT TUBES. THE ANGLES
0°, 90°, 180° AND 270° INDICATE THE POSITION OF
THE PLANES ON WHICH THE CURVE

IS PLOTTED (SEE FIG. 4.2-44)
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Properly designed artificial lighting control can yield
functional, aesthetic, psychological, economic and
environmental benefits. Lighting control allows for
the flexible use of spaces, as well as the creation of an
interesting and varying lighting environment. Lighting
control is also is one of the best ways to save large
amounts of energy simply by allowing unneeded lights to
be turned off. Lighting control generally requires the use
of automatic devices, such as occupancy sensors, photo-
sensors, timers, and remote switching equipment.

Occupancy sensors respond to people entering and
leaving the room. They are based on either infrared or
ultrasonic technology or combination of both as hybrid
technology.

People can also adjust their light levels to suit their
tasks and their proximity to the window, sometimes using
daylight only and sometimes using a combination of
daylight and artificial light (Fig. 4.2-46).

FIGURE 4.2-46 MAINTAINING DESIGN ILLUMINANCE
WITH ELECTRIC LIGHT SWITCHING IN LAYERED ZONES
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Artificial lighting can be controlled by a photosensitive
cell so that it is automatically switched on or off when
daylighting reaches a certain level or continuously dimmed
so that electric lighting supplies just the supplemental light
necessary to meet the illumination requirements. The use
of automated daylight control can save 30-50% of the
electric lighting energy in office buildings, often during a
building’s peak load times (Fig. 4.2-47).

FIGURE 4.2-47 POTENTIAL ENERGY SAVINGS FROM
DAYLIGHTING
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Most timers are centrally located to turn lights on and
off at a pre-set cycles. These are excellent whenever there
is a regular schedule of activities.

Remote control switching enables people or a computer
at a central location to control the lights. This central
control of lights is a part of the energy management
system.

Dimming is another powerful tool for energy savings.
When daylighting is used, switching and dimming are
especially important.



4.2.4.4 DESIGN OF LIGHTING SYSTEMS

The objective of a lighting system design is the
identification of the type, the number and power of the
luminaires, as well as their location, in order to obtain
the optimum visual comfort in relation to the tasks that
must take place in the illuminated area. To do this there
are numerous methods - from simple empirical rules to
complex computer simulation models - which provide
more or less accurate results and are used at different
stages of the design process.

The final design of lighting systems today is performed
with the aid of the computer; a reasonably reliable estimate
can be made, however, with fairly simple manual methods
such as the total flux method, which allows the designer
to quickly calculate the total flux necessary to ensure a
certain level of illumination on the work plan® of a parallel
piped room* with the luminaries arranged in a uniform
manner.

The system design requires that, once the activities to be
performed in the room have been defined, the designer
must take initial decisions, which are as follows:

1. The illumination level required on the work plan
depends on the activities to be performed in a
room and may vary from country to country or as a
tradition or as a standard, and also in relation to the
optimization of the ratio between the cost of energy
and labour. It should be noted, in fact, that the quality
of illumination has a direct impact on the productivity
of those who perform a task. Table 4.2-6 shows the
values of illumination recommended in relation to the
activities*'. It should be noted, however, that recent
investigations showed that 300 lux, instead of 500
lux, is the most appropriate value for office buildings.

2. The type of illumination (direct, semi-direct, diffuse,
etc.)indicated by the technical, economic and
aesthetic parameters, and the choice of the type of
illumination goes hand in hand with the choice of the
type of luminaries, which is also conditioned by glare
control;

3. The type of light source, according to economic (cost,
duration) and technical parameters(quality of light).

4. The illumination of the working plane depends both
on the direct flux from lighting fixtures, and on
indirect, -diffuse- flux from walls and ceiling, which
depends on the colours and geometry of the room.

39 The work plane is the plane on which a certain level of illumination should be
maintained, in an office it will be the height of the tables, in a butcher’s shop it
will be the height of the counter, in a corridor it is the floor, etc.

40  For other shapes the method does not apply or should be used with caution

41 EN 15257 Standard
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Total flux or utilization factor method

If £, is the required illumination level for the work plan of
area S of the space to be illuminated, the useful direct and
indirect flux that must reach on the surface is expressed as:

¢~ EwS (4.2-1)

The utilization factor (or coefficient) is defined by the
ratio between the useful flux and the total flux emitted by
the lamps:

i, (4.2-2)

The difference ¢, - ¢, represents the flux absorbed by the
luminaires, walls and ceiling. The utilization factor depends
both on the type of use, and on the colour (reflectivity)
of the walls and the ceiling,: the geometric shape of the
room also has great importance.

To characterize the room geometrically from the point
of view of the influence on the utilization factor, a pure
number, the room index i is used:

axh
=
a+b)

(4.2-3)

Where a and b are the room dimensions and h is the
height, i.e. the distance between the luminaire and the
work plan. For indirect and semi-direct illumination, the
useful height means the distance between the ceiling and
the work plan (Fig. 4.2-48). The utilization factor varies
very little for room index values higher than 5; therefore,
a value of 5 can be adopted even if the calculations give
a higher value.

Table 4.2-7 at the end of this section shows the values of
utilization factor as a function of the reflection coefficient
of the walls and ceiling and the room index for the most
common types of luminaries.

To calculate the total flux emitted by the lamp, once
the luminaries are selected, the reflection coefficients of
the walls and ceiling are defined, and the room index is
calculated, and then the utilization factor is identified, the
following expression is used:

£ =5

o =22
]

(4.2-4)

where d is the depreciation factor, which takes into
account the following:

a) over the course of the life of the lamp, the emitted flux
is progressively reduced;

b) the optical properties (transparency and reflectance) of
the luminaries degrade over time;



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

TABLE 4.2-6 RECOMMENDED ILLUMINATION LEVEL (EN 12464-1 STANDARD)

Maintained illuminance,
at working area [lux]

Type of building

Single offices 500
Office buildings Open plan offices 500
Conference rooms 500
Classrooms 300
Educational buildings Classrooms for adult education 500
Lecture hall 500
General ward lighting 100
Hospitals Simple examination 300
Examination and treatment 1000
Hotels and restaurants Restaurant, dining room
Sport facilities Sport halls 300
Sales area 300
Wholesale and retail premises
Till area 500
Corridor 100
Circulation areas
Stairs 150

C) the reflection coefficient of the walls decreases with
FIGURE 4.2-48 USEFUL HEIGHT IN INDIRECT AND time due to both the natural degradation of the paint

SEMI-DIRECT ILLUMINATION and the accumulation of dust.

Evaluation of the depreciation factor is, therefore, quite
complex, and should be performed only if it is possible
to make reasonable predictions about the frequency of
maintenance. In general, in a first approximation, the
following values can be used, when other conditions are
same:

A d = 1.3 for direct illumination;
r d = 1.5 for semi-direct illumination;
d = 1.7 for indirect illumination.

The illumination produced by a luminaire on the
working plane is never uniform, unless it is indirect
lighting; uniformity increases, however, with the increase
of the distance between the work plan and the luminaire

N A and with the increase in the number of devices. One can,

I therefore, identify an optimal ratio between the spacing D

L “:' ‘\‘ between the luminaires and the useful height h: D/h<1.5
N and considering D’ < D/2, the distance between the extreme
luminaires and the wall in case of direct illumination. In

the case of linear luminaires, such as those with tubular
fluorescent lamps, the minimum spacing between the two
contiguous extremes of the lamps in line, should be equal
to at least half of the length of the luminaire.




SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

TABLE 4.2-7": UTILISATION FACTOR OF TYPICAL LUMINAIRES™

Reflectance 5

Description of | pminaive, and Typical Bagic  Cailing n 50 k0

ownweard Light Catput Ratio % Typical Dutling oL .
Walls s om e s om o ;om o

% Rowm

fndex

M)

Reflectorized cobour-coracted mercury lamp B85 06 04 034 03 0-39 0-33 @29 037 032 029

MBFR (B0-30) o8 0:53 048 0-41 051 045 04 045 043 04
1 062 055 0-49  0-58 0-52 048 0-58 0:51 046
126 063 06 055 064 058 053 061 056 051
15 0-72 065 0-59  0-&B 0-62 O-57 O0-65 059 054
1 081 073 067 075 069 0-64 069 0-65 061
b 085 0-78 072 079 073 063 073 068 0B5
3 08 083078 O0E3O0TEOTS 097 073 07
4 094 0-89 084  0-87 083 08 08 097 075
5 087 092 -89 09 047 084 0-B3 073 07

i) ) i

Ogen-end enamal frough (75-85) 75 06 036 6-1 028 0-35 0-31 0.28 035 031 D-I@
[ ] 045 04 037 044 04 037 084 04 037
1 043 0-45 04 0-48 0-44 04 048 0-43 04

p 125 055 048 046 053 049 045  0-52 048 045

15 0-58 054 0489 057 053 043  0-55 052 049
2 064 059 055 061 058 055 045 056 054
25 0-68 0-63 06 085 062 059 064 0-61 O-58
3 07 065 062 057 D84 0-61  0-65 063 061

L] 4 073 07 067 07 067 065 067 0-66 0-54

Closad-end ensmel trough (§5-83) ] 075 072 068 07307 067 07 068 067

m %

Standard dispersive industrisl reflecter (77] L

(L] T

Alurriniom industrial reflector [72-78) m 06 039 035 033 030 0-36 0-33  ©-39 0-35 0-13
L] 045 043 04 046 0-43 04 046 043 04

T 1 052 0-48 045 052 D48 046 052 048 045

High-bay reflector, sluminium (T2} or 125 056 0-53 0-5 0-56 0-53 0-49  0:56 0:52 0-48

enamel (GG 15 06 057 054 059 057 053 059 0-55 0-53
2 0-65 062 059 063 06 058 063 059 057
15 0-67 064 062 085 062 0-61 085 0-62 06
3 069 0-66 064 0-67 064 0-63 067 0-64 062
4 0-71 068 067 069 0-67 0-65 069 0-85 0-64
5 072 07 069 071 060 067 @7 067 066

* In the first column of the table, (F) denotes a luminaire for fluorescent lamp(s) (M) denotes a luminaire for colour-corrected discharge lamp (T) denotes a luminaire for

incandescent (tungsten filament) lamp
**  Source of Tables: Electricity Council, Interior Lighting Design, London, 1973
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TABLE 4.2-7 UTILISATION FACTOR OF TYPICAL LUMINAIRES (CONTINUED)

Reffectaoce %

Description of Luminaive, snd Thpical Basic  Ceiling 78 50 Y

Downweard Light Output Ratio % Typical Gutline DLOR
Walls X e 50 M oM s w10

% Room

Fndlex

1F)

Enclosed plastic diffuser (45-55) 06 027 011 018 024 02 018 022 0018 07
08 0-34 029 0-26 032 0-28 025  0-29 026 024
1 04 035 0-31 037 033 03 033 03 028
125 044 033 0-35 04 035 033 036 033 01
16 0-47 042 038 043 0-39 036 038 0-35 0-33
1 0-52 047 044 047 0-44 041 0-41 0-39 037
5 055 051 0-48 05 047 044  0-44 042 D4
3 0-58 O-54 0-51  0-52 049 047 047 045 043
4 061 057 0-54 055 0-52 05 0-43 0-47 0-45
5 063 0-59 057 057 055 053 051 049 047

IF)

Plastic trough, louvered (45-55) 50 [ 3] 0-26 022 019 025 021 019 D24 02 018
o8 0-34 0-29 026  0-32 028 0-35  0-30 027 024
1 0-39 0-34 03 0-36 032 029 0-34 031 0-28
125 0-43 0-38 0-34  0-39 036 033 037 0-34 031
145 0-46 041 0-37 042 0:39 036 039 0-36 0-33
H 05 046 043 043 042 04 0-43 0-39 037
25 0-53 048 046 049 046 043 045 D42 04
3 0-55 0-51 049 051 042 046 047 0-45 043
4 0-58 0-54 0-52 053 051 049 048 047 046
] 06 057 055 055 053 051 05 048 047

[F)

Recessed louvered tromgh with sptically 5 06 028 025 023 028 025 0-23  O-28 025 013

designad reflecting serfaces (50} 08 034 031 028 03303 028 03303 028
1 037 0035 032 037 0-34 032 037 034 032
1-25 04 032035 04 037035 04 037 036
15 043 041 038 042 04 038 042 0-39 0-38
i 046 0-44 042 045 043 041 044 042 041
5 048 046 0-44 047 045 043 046 0-44 043
3 048 047 046 048 046 045 047 045 044
L] 05 049 048 043 048 047 048 047 045
5 051 05 049 05 049 048 049 048 047

R ,

Suspended louvered metal trough, wpward 8 06 0-35 032 029 033 011 028 033 03 028

aad downward light, optically designed 08 041 038 035 0.39 0-36 034 038 0:35 033

reflacting surfaces (47-54) 1 045 0-42 04 044 041 039 042 039 037
125 049 0-46 043 047 044 042 045 042 04
15 052 0-49 046 049 047 044 047 044 042
2 056 0-53 051 052 05 048 049 047 045
5 0-58 0-55 0-53  0-54 052 05 051 048 047
3 058 057 055 055 053 052 052 05 048
4 061 0-59 057 057 055 0-54 053 051 05

§ 063 06 058 058 0-57 055 0-54 052 031
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TABLE 4.2-7 UTILISATION FACTOR OF TYPICAL LUMINAIRES (CONTINUED)

Betlectance %

Description of Luminaire, and Typical Basic  Cailing b 5 i

Downward Light Dutpet Ratio % Typical Outling Lo
Wallz @00 10 SO I8 s w00

] Room

fodex

(F)

Enama! slotted trough, lowvered (45-55) 0 06 027 0-24 022 026 024 022 0.26 022 022
02 032 03 027 032 029 027 031 029 027
1 035 032 03 035032 03 034 031 03
125 038 0-35 032 0-38 035 033 038 034 033
16 041 038 036 04 038 035 04 037 035
2 045 042 04 043 040 039 043 04 030
% 047 044 042 0-45 043 041 045 042 041
3 048 0-45 0-44 046 045 043 0-45 0-44 D42

(] 4 040 047 046 048 047 045 047 045 044

Lowvered recessed (module) luminsire [40-50) § 05 049 048 049 048 047 D48 047 046

{F}

Shallow ceiling-mownted louver pane | {40-50)

{F)

Fecessed (modular) diffuser (43-54) 50 06 021 012 016 021 0B 016 02 018 016
o 028 024 022 027 024 022 026 024 012
1 032 0-29 026 031 028 026 03 028 026
125 035 032 029 034 031 029 032 03 028
15 037 034 031 038 033 031 034 032 03
2 041 037 035 039 037 034 032 0-35 04

iFl 25 043 04 038 042 038 037 04 038 037

Shallew ceiling-mounted ditfesing panel [40-55) 2 045 042 04 044 041 04 042 04 029
4 047 044 043 046 044 042 044 0:42 001
5 049 046 0-45  0-47 046 044 046 044 043

m

Near-spherical diffuser, apen beneath [50) @ 06 028 022 018 D25 02 047 022 018 016
o8 038 03 026 033 028 023 027 025 022
1 043 0:36 032 038 0-34 029 031 029 026
125 048 041 0:37 042 038 033 034 032 029
16 052 045 041 046 041 037 037 035 0-12
[ 0-58 052 047 05 046 043 042 0-39 035
25 052 056 052 054 05 047 045 042 04
3 065 06 056 057 05305 048 045 043
4 068 054 061 06 055 054  0-51 048 046

§ 0-71 068 065 062 053 057 053 05 048




SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

TABLE 4.2-7 UTILISATION FACTOR OF TYPICAL LUMINAIRES (CONTINUED)

Reflectance ¥
Description of Coiling Basic  Ceiling ) 50 i
Trpical Qatling LR -
% Walls LI 58 a0 1 S w1
Room
Tnddex
{F)
Suspeaded opaque-sided luminaire, upward and 45 06 028 0-24 02 0:26 022 019 024 02 018
downward light, diffuser. or lowver bensath [E ] 036 03 028 033 029 026 031 027 024
[45-50) 1 041 036 032 03703303 0303 027
1-25 045 041 036 041 037 O34 037 0:33 03
15 049 045 04 044 04 037 039 035 033
] 055 05 046 048 045 042 042 033 037
25 058 053 05 0-51 048 045 045 042 04
3 06 056 053 053 05 048 047 044 042
4 0-63 0-59 0-57 055 053 051  0-48 D46 044
5§ 065 062 06 057 055 053 05 048 046
m
Dpal sphere (45) and other enclosed diffusing 45 D6 023 018 004 02 016 @12 017 04 011
luminaires of near-spherical shape 0e 03 02402 027022008 022 018 018
1 0-36 029 025 0:31 026 022 026 023 019
1-25 041 034 025 03503 026 029 026 022
14 045 0-39 033 039 034 03 0-31 028 025
1 05 04504 043 038 0-M4 034 032 028
15 054 043 044 046 042 038 037 035 0-32
3 057 052 048 049 045 042 04 0-38 0-24
4 06 056 052 052 048 046 043 041 0-37
§ 063 06 056 054 050 045 045 043 04
m
Diffwsar with open top lsuvered beneath [30) W 0 028 023 019 024 02 09 02 098 016
2] 035 03 026 03 026023 025 023 02
1 04 034031 03403 027 027 025 023
125 0-45 0-39 0-36 038 033 011 03 028 026
15 049 044 04 041 036 034 032 03 028
1 054 05 046 045 041 039 034 033 01
15 057 053 05 047 044 042 0-36 035 0-13
3 06 056 053 049 046 045  0-38 0-37 0-35
4 0-63 0-59 057  0:51 048 048 04 039 037
5 065 062 06 053051 05 04104 033
[TorF)
Totally indirect luminaire. Based on Upward [IF3 01 0407 004 007 0-05 003
Light Output Ratio 75% 0 013 011 008 ©11 0409 007
{Uppar and lower walls the same eolour) 1 016 015 012 015 012 01
125 0% 099 016 018 015 013
15 024 023 02 02 018 098
1 028 027 0-23 022 02 018
5 0-32 .31 026 024 022 02
k] 0-36 0-35 029 025 023 01
4 04 038 031 026 0-24 022

5 043 04 033 027 025 023
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TABLE 4.2-7 UTILISATION FACTOR OF TYPICAL LUMINAIRES (CONTINUED)

Reffectance %
Dezcription of Leminaire, and Trpieal Basic  Ceiling e 5 E
Dowmward Light Qutpot Batio % Trpical Dotiine oLoR
Walls 5 30 10 LI L
% Room
fndex
[TerF)
A3 above, bet with spper wallz the same colour 06 011 008 005 008 0-05 0-04
a3 the ceiling iR ] 016 213 81 011 008 0407
1 021 097 014 013 011 003
125 025 021 098 015 013 011
15 029 025 022 017 015 013
2 03303 027 02 018 016
25 037 034 032 023 021 019
3 04 038 0-36  0-26 024 022
4 043 042 04 028 027 0-25
5 045 0448 042 03 029 017
(TorF)
Indirect cormices, recessed coves and coffers 06 007 005 0-04 004 003
giving 2l their light abeve the horizontal, Based 08 009 007 006 006 005
on an Upward Light Dutpet Ratio of 40% but 1 o011 0-0% 008 008 0-07
details of construction may wary this figure 125 013 @17 009 009 002
considerably 145 014 012 011 21 003
1 016 014 812 011 81
25 017 05 014 012 0N
k] 018 016 815 012 011
4 13018016 013092
5 02 098 047 014 093
(F)
Complete luminous ceiling composed of 06 02 015 012
translecest corrugated strip or individual 08 028 024 02
pan-shaped elements. Bazed on cailing cavity 1 0-34 0-31 0-27
sufaces being white, and cavity width being 1:25 037 -3 031
three limes cavity depth 15 04 036 0-34
2 0-45 0-42 0-39
5 047 044 042
k] 043 045 0-44
4 052 043 047
5 054 051 049
[F}
Complete lowvered ceiling composed of hali-inch 06 031 0-28 0-24
ransbucent plastic cells, Based on ceiling cavity 0B 034 031 027
surfaces being white, and cevity width being 1 037 034 03
three times cavity depth 125 039 035 0-33
15 041 038 035
2 044 042 0-39
15 045 0-44 041
3 048 046 043
4 05 048 045

L] 051 043 047
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TABLE 4.2-7 UTILISATION FACTOR OF TYPICAL LUMINAIRES (CONTINUED)

Reflectance %
Deseription of Luminaice, and Typical Basic  Ceiling T 5a "
Dawaward Light Qutpwt Ratio % Tipical Qutiing oLoR
Walis 5 oW 1o 5 o 1o 1 ]
% Roow
fodex
[Fy
Complete leminous ceiling composed of injection [IF] 037 033 028
moulded flat prismatic panels.” Based on ceiling 08 0-47 0-42 0-37
cavity surfaces being white, and cavity width 1 0-52 047 043
being thrae times cavity depth 1-25 0-56 0-53 048
15 0-59 0-55 051
3 0-64 0-59 054
15 0-66 0-&2 0-58
3 0-68 0-&3 06
4 0-71 067 063
5 072 07 067
iF
Complate louvered ceiling composed of small 06 0-23 0-21 018
metalized plastic parabalic cells. Bazed on l I | l (%3 0-26 0-23 02
ceiling cavity surfaces being white, and cavity 1 0-2% 0-26 0-13
width being three times cavity depth 1-25 0-29 0-27 0-25
15 0-31 029 027
1 033 0-32 029
25 0-35 033 011
3 0-36 0-35 0:33
4 0-38 0-36 034
§ 0-39 0-37 035

* Note: Due to the wide variation in design and arrangemeant of
prisms in optical controllers, the Utilization Factors shown for
prismatic materials can only provide a general guide. Reference
should be made to the manufacturers concerned for authoritative
information.



Determining the number and power of luminaires,
using the lumen method of calculation

With the use of a simple nomogram#?, as shown in figure
4.2-49, the number and power of luminaries required in
a lighting system design can be calculated. The procedure
is as follows*:

1. Establish the Room Index (can be calculated by the
expression defined in previous section);

2. With this Room Index, look up the Utilization Factor
for the type of luminaire to be used (Table 4.2-7).
Mark the UF on Scale 8;

3. Mark the room length on Scale 1 and room width
on Scale 2. Draw a line through these points to cut
Scale 3;

4. From this point on Scale 3 draw a line through the
required illuminance on Scale 4 to cut Scale 5;

5. From this point on Scale 5 draw a line through the
mark on Scale 8 to cut Scale 9. This gives the total
light flux to be provided by all the lamps;

6. A line drawn from the point on Scale 9 through an
appropriate point (number of luminaires) on Scale
10 will cut Scale 11 at the number of lamp lumens
required per luminaire. Alternatively, if the lumen
output of lamps per luminaire is known, a line
between the point on Scale 9 and the appropriate
point on Scale 11 will cut Scale 10 at the number of
luminaires required;

7. The last two columns on the right give an
approximate indication of suitable lamp combinations
per luminaire to give the light output required.

4.2.4.8 TIPS FOR ARTIFICIAL LIGHTING

In order to minimise energy consumption, the integration
of daylighting and artificial lighting should be considered
from the early stages of the building design process.
Lighting strategy, fixture selection, and control methods
are all affected by the goal of daylight integration.

Daylighting can provide the required ambient lighting
for most operating hours. User-controllable task lights
should be provided to ensure that task illumination
requirements are met at all locations when supplemental
lighting is necessary.

42 Electricity Council, Interior Lighting Design, London, 1973

43 Note: When using this nomogram in conjunction with the tables of Utilization
Factors first enter, on Scale 8, the UF obtained from the tables. If the
Downward Light Output Ratio of the luminaire to be used is the same as the
Basic DLOR given in these tables ignore Scales 6 and 7.
If the DLOR of the luminaire to be used differs significantly from that listed in
the tables, enter the figures given in the table on Scale 7. Draw a line from this
point on Scale 7 through the UF (from the tables) on Scale 8 and produce to
cut Scale 6. The intersection on Scale 6 then gives the utilance of the luminaire.
From the utilance on Scale 6 draw a line through the actual downward light
output ratio of the luminaire to be used on Scale 7. The intersection of this
line with Scale 8 gives the corrected Utilization Factor which is then used to
complete the calculation.
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Users near windows will often use daylight as their
primary task source. In general, ambient illumination levels
should be significantly less than task levels (but not less
than 1/3 of task levels).

Indirect lighting, often most appreciated by architects
because of the visual atmosphere it produces, should be
used very carefully: it is very inefficient from the point of
view of energy consumption. It is better to use luminaires
providing semi-direct illumination with UFF < 20%: this is
a good compromise between energy efficiency and visual
pleasantness.

Lamps
Use fluorescent lamps and dimming ballasts.
Fluorescent lighting is appropriate for both
dimming and switching applications, because
it can be efficiently dimmed over a wide range
without changes in colour and can be turned on
and off virtually instantaneously. Most dimming
fluorescent ballasts dim to 10-20% light output, but
“architectural” dimmers dim to 1% (these dimmers
come at a cost premium).

e Consider the possibility of using LED sources,
especially for task lighting. Even though they are more
expensive, they are dimmable and have a very long
life-span.

e |f daylight and artificial light are used at the same
time (i.e. daylighting is insufficient all the time and
must be complemented with artificial lighting), try
to match the cool colour temperature of daylight.
For best colour temperature pairing with daylight,
specify the use of fluorescent lamps with a colour
temperature of 4000 K. If, however, daylighting is
sufficient most of the time, and artificial lighting is
needed only at night, choose fluorescent lamps with
colour temperature 2700-3000 K.

¢ Avoid high-intensity discharge lamps. Most HID
sources (metal halide, high pressure sodium and
mercury vapour) are not appropriate for dimming
applications because they undergo colour shifts as
they dim and have a more limited dimming range.

e Choose energy-efficient hardware. No matter what
the lighting strategy, always choose the most cost-
effective lighting technologies and the most effective
controls available within the design budget.

Lighting control

e Choose dimming hardware if daylighting, lumen
maintenance, or tuning are the selected control
strategies. With the cost of dimming ballasts still
high but falling, dimming control is at least twice as
expensive as switching control but it is the best for
implementing these strategies.
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e For all other strategies, choose switching hardware
since switching technologies are inexpensive, have
a short payback period, and typically do not require
special expertise to install.

e Use programmable time controls for a more
sophisticated form of scheduling control than simple
time clocks.

e Use occupancy sensors. These are easily installed in
wall boxes in lieu of manual switches.

Visual Comfort

¢ Keep ambient lighting low for computer screens. If
computers are present, ambient lighting should not
exceed 300 lux. A rule of thumb for spaces with video
display terminals (VDTs) is to provide as little light
as possible on computer screens, 150-300 lux for
surround lighting.

e Keep lamp reflectance out of computer screens. Limit
the potential for reflected glare from ceiling lights in
computer screens.

e Avoid brightness glare from exposed lamps in the field
of view. Obstruct direct views of light sources to avoid
glare. Direct/indirect lighting is one method of doing
this.

e Use lighting strategies to balance window glare
if anticipated. Keep luminance of the interior
environment high to balance window brightness if
there are no architectural modifiers such as deep
reveals, shading devices or elements to filter daylight.
A light wall or ceiling wash towards the back of
the space (farthest area from window) is generally
effective. A small increase in energy use for this
purpose is acceptable.

Integration Issues

® Location of the windows directly influences lighting
control strategies and placement of photocell
Sensors.

e Quality of the perimeter spaces depends on blending
and balance between daylight (a strongly directional
light from the side providing high illumination and
cool colour) and the very different nature of electric
lighting.

e Interior surfaces, and especially the ceiling, must be
light coloured.

e Coordinate workstations with window placement
and fixture locations, especially for glare-sensitive
workspaces (e.g., computers). Align view direction of
VDT parallel to the window wall.

e Locations of partitions and other tall furniture should
not interfere with penetration of daylight. This may
require re-orienting partitions or using translucent
panels rather than opaque.
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e Lighting designer should supply a reasonable
estimation of lighting power reduction due to
daylight controls for the purpose of cooling load
calculations. Expect the perimeter zones to have
less than peak electric lighting loads at peak cooling
periods (e.g., summer noon).

e Incorporating a daylighting strategy does not have
a negative effect on lighting design. In fact, lighting
quality is typically higher in a carefully daylit space.

e Direct/indirect systems using pendant fixtures are
typically a 50% cost premium over direct lighting
fixtures.

e Many efficient lighting technologies have short
paybacks and often qualify for utility rebates or
incentives, due to the very large percentage of
building energy use consumed by lighting. Costs of
some newer technologies (e.g., dimmable electronic
ballasts) are falling rapidly with time. Be sure to use
current cost estimates in your analysis.

4.2.5 HVAC DESIGN, COMMISSIONING,
OPERATION AND MAINTENANCE
GUIDELINES

One of the primary tasks for an architect is to create
a built environment that is able to improve human well-
being and productivity, at the same time maintaining an
adequate level of operational efficiency and an effective
use of natural resources.

The HVAC system is one of the most important elements
in designing a “sustainable” building. First of all it is
necessary to define the objectives and criteria of the design
process itself because good results cannot be achieved
without clear goals. A conventional design approach is, by
itself, not sufficient to achieve good performance because
a building should be conceived as a system, capable of
providing different types of services with the minimum
impact. In fact, the incorrect design of a building from the
architectural point of view (envelope, orientation, lay-out
of the internal space, etc.) can result, for example, in an
oversized HVAC system which can be energy intensive to
operate and costly and difficult to maintain.

Subsequently, in the commissioning process, the
objectives, criteria and basis of design have to be
documented and verified, giving a clear direction for the
project during the construction phase, and a benchmark
for performance comparison and evaluation in the
measurement and testing phase.

Finally, operation and maintenance (O&M) play a
key role in maintaining a high energy performance and
an adequate level of service for the building during its
lifetime, thus helping to achieve the expected results on
a long-term basis.
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The greenhouse effect is a process by which thermal radiation is
absorbed by atmospheric greenhouse gases, and is re-radiated in all
directions, causing an increase in the air temperature. The refrigerants
which are present in HVAC systems are in most cases greenhouse gases
and therefore their impact must be taken into account.

The index that accounts for the greenhouse effect is called GWP (Global
Warming Potential) and is expressed in kg equivalent of carbon dioxide

(CO2eq) per kg of substance. In practice, the emission of 1 kg of refrigerant
with a GWP equal to 100 causes the same environmental impact as
100 kg of carbon dioxide in the atmosphere. Another very important
parameter is the atmospheric lifetime of the substance, defined as the
time (expressed in years) taken for the substance to halve its amount.

TABLE 4.2-8 GWP AND LIFETIME OF DIFFERENT REFRIGERANTS

Tipology Substance Lifetime [y] GWP 100 years [kgCO2/kg]
CFC (chlorofluorocarbon) R11 45 4600
R12 100 10600
HCFC (hydrochlorofluorocarbon) R123 1.4 120
R22 11.8 1900
HCF (hydrofluorocarbons) R32 5.6 880
R134A 13.6 1600
R404A 13-54* 4500
R407C 5-32* 2000
R410A 5-32* 2300
Natural refrigerants R717 (ammonia) - <1
R290 (propane) - 3
R744 (C02) 500 1
Other refrigerants Methane 15 21
Nitrogen oxides 120 310

*Mixture: value of lifetime depending on the specific composition

Refrigerants have a high potential impact on the greenhouse effect. It
is therefore important to consider this potential impact in the design of
HVAC systems and select an appropriate substance, depending on the
specifications of the project. Although the most harmful refrigerants
are being progressively phased out, their impact today is not negligible.
The TEWI (Total Equivalent Warming Index) index is used to determine
the greenhouse effect produced during the lifetime of an HVAC system.

4.2.5.1 DESIGN PRINCIPLES

The selection and design of HVAC systems is related to
comfort expectation and type of end-use; this is the reason
why similar types of HVAC systems are used in similar building
types. However, this standardization, which represents the
state of the art design of technical systems, is seriously called
into question by the demand for energy efficiency and the
need to lower the impact of the built environment.

It is the sum of two factors: the DGW (Direct Global Warming), which
indicates the greenhouse effect produced by the dispersion in the
atmosphere of the refrigerants (related to the GWP and the mass of the
refrigerant) and the IGW (Indirect Global warming), which indicates the
greenhouse effect due to the energy consumption of the plant. Therefore,
both the effects must be taken into account in the assessment of the
energy and environmental sustainability of HVAC systems.

In general, it is possible to assert that central HVAC systems
can be far more efficient than local ones in medium to large
scale buildings, while in small scale ones this difference can
become negligible. Due to O&M considerations, equipment
components are, in general, grouped and organized as much
as possible to make intervention easier if there is a disruption
in the system, without compromising the functionality of the
whole building. Further, by grouping the components in an
appropriate way, aesthetic and acoustic issues can be easily
solved from the architectural point of view.



Further, central systems offer the possibility of exploiting
economies of scale. Larger capacity heating and cooling
technologies have higher efficiencies and lower specific costs
(cost per unit of power installed), thus reducing the overall
investment and O&M costs. If a building is operated in a
constant way over time with similar comfort requirements
and end-uses, a centralized system is usually the best choice.
However, in this case there can also be some drawbacks;
for example, an efficient centralized energy management
scheme must be correctly tuned for multi-zone operation. Of
course, the analysis of performance and operational strategies
for optimization are less intuitive than for small, local systems.

In general, appropriate sizing of HYAC components is key
to obtaining energy-efficient systems. Oversized systems
obviously have higher installation costs, and also typically
operate in a less efficient way at part-load conditions and
have a shorter life because of frequent ON/OFF cycles. For
these reasons, in the detailed design phase, when building
architecture and envelope configuration are precisely defined,
accurate calculations of cooling loads must be performed
without introducing excessive safety margins.

More generally, some useful indications with respect to
high-efficiency HVAC design are reported below:

e use multiple equipment components so that each one
operates close to full load in every working condition
(modulation of power), or use components that
reduce power requirements as the load decreases.

For example, select multiple chillers of different sizes
instead of one large chiller, select a multi-compressor
chiller instead of a single compressor chiller, select

a multi-stage compressor instead of a single-stage
compressor or select variable-speed motors instead of
constant-speed motors;

e use VAV-type or VRF-type AC systems if possible, as
long as they are typically the most energy efficient
solutions, and avoid terminal reheating systems unless
the reheating energy comes from waste energy (hot
water from solar or CHP technologies);

¢ when sizing packaged systems, make sure that latent
cooling capacity is also adequate in low cooling-load
conditions;

¢ design zone air flow must meet both temperature
and humidity requirements in different boundary
conditions; the zone cooling and dehumidification
needs at both design and off-design conditions must
be considered particularly when determining the
design air flow and supply temperature.

¢ provide technologies and controls to continuously
adjust the ventilation rate for spaces with varying
occupancy to prevent unnecessary cooling of large
guantities of outside air (for example CO: sensors);
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e provide automatic time-controlled or load-controlled
auxiliary electric appliances, such as fans or pumps,
and automatic temperature setback in order to
minimize wasted energy;

¢ select fans and pumps taking into consideration their
type, efficiency and noise level;

® pre-arrange an energy monitoring system and,
if suitable, a building automation system to ease
analysis and control;

¢ avoid downsizing air ducts and pipes as it will increase
pressure drop, thereby requiring fans, pumps and
motors to be oversized;

¢ select heat pump water heating systems in spaces
such as restaurants, commercial buildings and hotels
in which it is possible to take advantage of the space
cooling opportunity provided by the system and avoid
long DHW circuits, and also in contexts where there is
limited DHW demand (household context).

4.2.5.2 SUMMARY OF HVAC SYSTEMS FEATURES

In the following tables, the most important features of
the different HVAC system types are summarized, and the
presence or the absence of some characteristics or the
degree of quality of their performance with respect to the
different indicators are described.

Yes = the function
can be fulfilled by the
system/device;

Low/medium/high =
level of performance
or ability to control a
parameter that can

be achieved by the
system/device.

No = the function
cannot be fulfilled by
the system/device;

Yes*= the function
is not always present
in all commercial
products.

In the following table the energy conversion systems are
described, along with the fuel and energy sources used,
the building services guaranteed and the main pros and
cons.
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TABLE 4.2-9 BUILDING SERVICES, THERMAL COMFORT, INTERNAL AIR QUALITY AND ACOUSTIC INDICATORS FOR
THE DIFFERENT TYPES OF HVAC SYSTEMS

o . Thermal comfort parameters Internal air  Acoustic
Building services e .
Type of HVAC control capability quality comfort
systems Element c ' ofal
Heating Cooling  Temperature Humidity ontrof o air
quality
All-water Fan-coil units Yes Yes Medium Low No Medium
systems
Single-duct systems  Yes Yes Medium Low Yes Medium
All-air systems Multi-zone systems ~ Yes Yes Medium Medium Yes Medium
Dual-duct systems Yes Yes Medium High Yes Medium
Wmdpyv ar Yes* Yes Low No No Low
) ] conditioner
Direct refrigerant Split systems Yes* Yes Low-Medium Low No Medium
systems
Plackage.d. rooftop Yes* Yes Low-Medium Low-Medium Yes Medium
air-conditioner
et s <l Yes Yes Medium-High Medium-High ~ Yes Medium
system
. Chilled beams -+ air Yes Yes Medium-High Medium-High ~ Yes Medium
Combined system
systems ' it + ai
y et U<l Yes Yes Medium-High Medium-High ~ Yes Medium
system
Radiant cefling-+ air Yes Yes High Medium-High ~ Yes Medium-High

system

TABLE 4.2-10 ENERGY SAVING, COST SAVING AND CONSTRUCTION INDICATORS FOR THE DIFFERENT TYPES OF
HVAC SYSTEMS

Ene_rgy Cost saving Construction
Type of HVAC saving
Element
Systems . Easy .
Efficiency Investment  O&M . . Aesthetics ~ Compactness
installation
Fan-coil units Medium Medium Medium Medium Low- Medium
All-water systems Medium
Single-duct systems Low-Medium Medmm- Medium Medium Med|um- Low-Medium
High High
. . ) . . . ' Medium-
All-air system Multi-zone systems Medium-High  Low-Medium  Medium Low-Medium High Low
Dual-duct systems Medium-High Low-Medium Medium- o\ Mediym ~ Medium- Low
High High
Window air conditioner  Low m:ﬂlum— Low High Low Medium
SD;z::;;efngerant Split systems Medium-High  Medium Medium Medium-High  Low Medium-High
Packaged rooftop aii= . i Medium Medium Medium Low Medium
conditioner Medium
ey ol Wl <5 & Medium Medium Medium Medium i Medium
system Medium
Chiled bears - air Medium Medium Medlum— Low-Medium  Medium Medium
. system High
Combined systems T - = el
nduction Unit + air Medium Medium UM ow-Medium oM Medium
system High High
Radiant cefling-+ air High Low-Medium  High Low High High

system
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4.3 HYBRID VENTILATION

Today’s buildings should be designed to interact with
the outdoor environment. When building design is
integrated with the design of building services it may
be possible to use the outdoor environment to create a
comfortable indoor environment, with minimal energy use
for ventilation, space heating or cooling.

Natural ventilation may replace air conditioning entirely
or may coexist with mechanical systems in a hybrid mode.
For buildings that require air conditioning in some areas,
the best solution is to divide the building into separate
zones for natural ventilation and mechanical ventilation
and cooling. The next best solution is a changeover system
in which windows are shut when the air conditioning is
on. Changeover controls should be used to automatically
shut off the air conditioning if windows are open.

Hybrid Ventilation is a two-mode system, which
is controlled to minimise energy consumption while
maintaining acceptable indoor air quality and thermal
comfort. The two modes refer to natural and mechanical
driving forces.

Hybrid ventilation systems provide a comfortable
internal environment using both natural ventilation and
mechanical systems, but using different features of these
systems at different times of the day or in different seasons.

A hybrid system, unlike a conventional system, has an
intelligent control system that can switch automatically
between natural and mechanical modes in order to
minimise energy consumption.

Three key approaches to hybrid ventilation can be
implemented.

1. Natural and mechanical ventilation

This approach is based on two fully autonomous
systems. The control strategy either switches between
systems or runs both in parallel but for different tasks. An
example is a system that uses natural ventilation in mild
seasons/hours and mechanical ventilation in hot seasons/
times. This approach is also used by a system providing
mechanical ventilation in occupied hours and natural
ventilation for night cooling.

2. Fan-assisted natural ventilation

This approach uses natural ventilation combined with
an extract or supply fan. During periods of peak demand
or when the natural driving forces are reduced, pressure
differences can be enhanced by fan assistance.

3. Stack and wind-assisted mechanical ventilation

In this approach a mechanical ventilation system
optimises the use of natural driving forces. It is used in
systems with small pressure losses where natural driving
forces can contribute significantly to the pressures needed.

Unlike mechanical ventilation systems, which can be
easily retrofitted into buildings, natural ventilation systems
need early integration into the building design. Natural
ventilation requires operable windows, doors and other
openings in the building facade. Natural ventilation can
also be achieved by a simple ducted system with intakes
and exhausts at different heights.

Hybrid ventilation is tailored to each building whereas
mechanical ventilation systems can be purchased ‘off-the-
shelf’. The success of hybrid systems therefore depends
on integrating design from the earliest stages of building
design; the designer may need to spend more time in
the early stages of a hybrid system than for designing
conventional mechanical ventilation systems.

The challenge for designing a hybrid ventilation system
is to find a solution that uses the natural mode as much as
possible and uses the mechanical mode when the natural
mode is inadequate or less energy efficient. The balance
between time spent in each mode will depend on the type
of hybrid system and control strategy, the local climate
and running and maintenance costs. There will also be a
strong dependence on the price and availability of energy
and the dimensions of the natural components of the
system.

In hybrid systems there is a strong interaction between
the ventilation system and the control strategy. It is
essential in the integrated design approach, as many of
the hybrid ventilation components are an integral part
of the building. Close cooperation between the HVAC
engineer and the architect will be needed.

Individual control of windows should be maintained, as
far as possible, even if it is at the expense of guaranteed
indoor thermal comfort or air quality at a specific level.
Research suggests that users are more tolerant of variations
in the indoor thermal climate if they are in control of it.
Automatic control is needed to support user control to
achieve a comfortable indoor environment and to control
ventilation (and energy use) during unoccupied periods.
Automatic control is particularly important for rooms
with many occupants (such as meeting rooms, open plan
offices) and for pre-conditioning rooms for occupation.

As a minimum the control strategy should include a
hot season/hours control strategy, where maximum room
temperature is the main concern. A control strategy for
mild season/hours, where there may be an occasional
demand for cooling, is also needed.

Designing a building provided with a hybrid
ventilation system is a very challenging task, and the first
approximation methods for estimating natural ventilation
provided in chapter 3 may prove to be unable to predict
airflows, and different tools must be used.



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

FIGURE 4.3-1 CFD ANALYSIS OF AIRFLOW AROUND AND THROUGH A BUILDING

Source: Sustainable Architecture in Japan — The continuing challenge 1900-2010 & beyond, Nikken Sekkei, 2010

Until a few years ago, the only tool available for a
reasonably accurate prediction of natural ventilation in
complex buildings was the wind tunnel. Today this is not
the case, because simulation models are available that
allow the designer to calculate and predict precisely the
airflow outside and inside the buildings: they are the CFD
models, (Computerised Fluid Dynamics) (Fig. 4.3-1).

In order to run a CFD session it is necessary to know
the boundary conditions of the space to be evaluated, i.e.
walls, surface temperature of windows, air temperature,
heat load, wind velocity, etc. Only a dynamic computer
simulation of the energy behaviour of the building can
provide this information. Simulation is also necessary for
optimising the building components. This means that
hybrid ventilation design cannot be carried out without
sophisticated design tools and appropriate expertise.

4.4 EXISTING BUILDINGS

For existing buildings in EAC climates that are equipped
with HVAC systems, a substantial part of the electrical
energy consumption is related to summer air conditioning.
This consumption can be reduced by: reducing the energy
demands of the building, i.e., improving the performance
of the envelope by reducing the heat gains; reducing the

energy consumption of the air conditioning system by
eliminating energy waste and redesigning the system in a
more appropriate way.

4.4.1 ENVELOPE IMPROVEMENT

Before any detailed analysis of the envelope is
undertaken, it is necessary to have an objective indicator
of the consumption. This indicator is given by the energy
consumption index Ro defined as:

_ Annual electricity consumption [kWh/year]
used floor area of the building [m?]

(4.3-1)

High Ro values are the first sign of excessive energy
consumption.

Table 4.4-1 gives some indicative values of Ro as per the
lvorian energy quality code®.

Evaluation of heat gains of the envelope derives from a
detailed analysis of consumption.

44 J. Ndoutoum (ed.), Efficacite energetique
de la climatisation en region tropicale, IFDD and Ministére de la Région
Wallonne, 2002 - http://www.ifdd. francophonie.org/ressources/ressources-
pub-desc.php?id=152
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TABLE 4.4-1 APPROXIMATE Ro VALUES OF AIR
CONDITIONED BUILDINGS IN HUMID TROPICAL
CLIMATE

Electricity consumption
indicator Ro [kWh/m? y]

Activity

Poor building

Office buildings >275
Small office buildings >250
Hotels >300
Hospitals >400
Shopping centres >300
Residential >200
Retrofit strategies to improve the energy and

environmental performance of the building envelope are
based on passive design (e.g. improvement of thermal
quality of opaque envelope, control of solar radiation,
etc.): this topic is treated in Chapter 4.

Table 4.4-2 shows some suggested thermal transmittance
values (U-value) for building structures after renovation.

TABLE 4.4-2 RECOMMENDED U-VALUE FOR BUILDING
COMPONENTS AFTER RENOVATION

Structure type U-values

[W/mK]

External walls (North and South) 1.00-1.50
External walls (West and East) 0.85-1.00
Roofs 0.85-1.00
Basements 1.00-1.50
Windows (average glass and frame) 5.00-6.00

The objective of a HVAC system is to maintain in the
indoor spaces the operating conditions specified in the
design, such as the air temperature, relative humidity and
air purity.

To ensure a healthy environment in the internal spaces
it is necessary to maintain suitable IAQ (Indoor Air
Quality). Correct ventilation of internal spaces is therefore
necessary. However, it contributes significantly to increased
energy consumption, since part of the inside air must be
continuously replaced with external fresh air, which must
be cooled and dehumidified. Besides the improvement of
HVAC system performances, primary energy consumption
can be further reduced with the use of renewable energy
sources (e.g. solar thermal, solar PV, biomass, etc., see
Chapter 6).

4.4.1.1 PITCHED AND FLAT ROOFS

Measures to reduce heat gains through the roof depend
on the type of roof: flat, pitched or domed.

For the thermal insulation of a single leaf pitched roof
two retrofit measures can be considered (Tables 4.4-3 and
4.4-4):

e from outside: removal of the tiles and replacement of
the existing roof with a new, better insulated one: this
is particularly suitable if renovation works on the roof
are planned for maintenance reasons;

e from inside: application of one or more insulating
panels (in this case it is essential to check that the
existing roof is waterproof and that its maintenance
status is good).
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TABLE 4.4-3 PITCHED ROOFING THERMAL PERFORMANCE IMPROVEMENT STRATEGIES

Measure Description, tips and warnings

External insulation with under-tile Insulation of the roof from the outside reduces heat gain/loss by transmission and improves

insulation indoor thermal comfort. The application of insulating material should be coupled, whenever
possible, with the use of a reflective layer (see Chapter 3). The action requires remedial work
from the outside and the removal of the roof tiles or roof coverings, which are normally replaced.
It is, therefore, a retrofit action that is justified if the building is subject to major renovation.
When working from the outside it is necessary to consider the costs of the scaffolding and of the
measures needed to ensure the safety of workers. Before programming the remedial work it is
necessary to check whether the roof structure is really able to withstand the additional load.

External insulation with ventilated roof Same comments as above.

Insulation of the roof from the inside This is appropriate if the space below the pitched roof is normally used/occupied, otherwise it is
more appropriate to insulate the attic floor.

The internal insulation of a pitched roof significantly increases the thermal performance of the
roof with lower costs than external insulation. In this case, in fact, the installation is simpler and
more economical and requires no scaffolding. Also in this case, the combined use of a reflective
aluminium sheet should be considered.

When working from the inside, selective remedial action can be programmed, even within
individual areas or parts of the building.

Before programming the remedial work it is necessary to verify that the roof structure is really
able to withstand the additional load.

Insulation of the attic floor If the attic is not used at all, the most cost-effective solution is to simply place low density
insulation in rolls (e.g. mineral wool or glass fibre), directly on the floor. Obviously the greater
the thickness, the better the thermal insulation. If the attic is used occasionally, and the
occupants need to walk on the floor or place objects on it, the use of high-density insulation is
advisable. In some cases a surface finish (flooring), suitable for walking on may be required.

If the spaces under the roof are not used, action will have to be taken to improve the energy performance of the
attic, by putting a layer of insulation on its floor. Any improvement in the energy performance of the building envelope
requires a check of the HVAC sizing and control system as the original energy balance has changed.

TABLE 4.4-4 STRATEGIES FOR IMPROVING THE THERMAL PERFORMANCE OF FLAT ROOFS

Measure Description, tips and warnings

Painting external flat roofs with Roofs painted with finishes with a low solar absorption coefficient make a significant contribution to

light coloured finish the reduction of solar gains Light colours normally reflect solar radiation better, however, one should not
influenced by the normal perception of light and dark. Since the human eye can see only the “visible”
component of radiation, evaluation of the most appropriate material must be made on the basis of
the solar absorption coefficients provided by manufacturers and obtained through experimental tests
(different materials or pigments could have the same colour but a different solar absorption coefficient).

External insulation with the With this type of action the roof insulation is placed above the roof deck but below the weather proofing.

“warm roof” system This choice is convenient as it permits insulation of flat roofs with a simple installation technique. The
choice of a reflective external coating can help to significantly reduce the effects of solar radiation with a
reduction of the heat load.

Internal insulation with insulating  This technique is used when it is difficult or impossible to operate from outside. It involves the installation
panels of a layer of thermally insulating material and can be carried out in two ways:

e using self-supporting insulation panels fixed directly to the slab with coupling systems;

e installing a support structure to which the self-supporting insulating panels are fixed
(technique of the false ceiling).

In some cases facilities equipment, e.g. lighting appliances, wiring, pipes and HVAC terminals, is fitted
in the original ceiling. These must be removed and re-installed: the related additional costs must be
considered.

The application of a layer of insulating material reduces the height of the rooms or spaces below. The
cavity may be used for the passage of new pipes and electrical cables.
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4.4.1.2 EXTERNAL WALLS External insulation is preferable to internal insulation
The energy performance of external walls can be  because better comfort conditions are created. It should be
improved by (Table 4.4-5): avoided in hot-arid and savannah climates. Improvement
of the thermal resistance is particularly necessary during
the day, when the effects of the higher external air
e decreasing the U-value through the application of a temperature are added to the effect of solar radiation on
layer of insulating material; the outer surfaces of the walls. Since solar radiation has
the greatest effect on the temperature of external walls,
insulation is most appropriate on east and west-facing
The above strategies may also be adopted together. walls, whereas south and north-facing walls can be easily
shaded.

e painting external walls with a light-coloured finish;

¢ shading the walls.

TABLE 4.4-5 STRATEGIES TO IMPROVE THE THERMAL PERFORMANCE OF EXTERNAL WALLS

Measure Description, tips and warnings

Painting external walls with light-  For this measure the description is the same as for the flat roofs (see Table 4.4-4).
coloured finish

External insulation with ETICS The External Thermal Insulation Composite System (ETICS) is an optimal solution for the energy retrofit
of the external walls of existing buildings. ETICS is a system applied from the outside of the wall, usually
including (from inner to outer side) levelling, an adhesive, a levelling mortar, an insulation panel, an
alkali-resistant reinforcement grid, a primer and a finishing coat, as well as sealants and accessory
materials for the installation.

The operation is carried out relatively quickly and entirely from the outside, with very limited disruption
for users. It is also possible to apply external insulation using local materials (for example natural
insulation materials, external finishing with sheets of wood, etc.).

Thermal insulation with ventilated  The use of this system (see Chapter 3) as a retrofit on existing buildings requires careful design, not only
facade in terms of energy efficiency but also because of the static requirements; specialised and experienced
firms are also required for installation. A maintenance programme should be scheduled.

Shading the walls with natural The use of vegetation for sun protection of fagades or windows is a natural solution that can contribute

solutions (green fagades) to an increase in the sustainability of the building. The objective is to provide an independent green
structure that could be installed adjacent to the walls to be protected or positioned at a certain distance
from them.

The installation of a vegetation system for shading purposes requires a careful design of the system, a
thorough understanding of the climatic conditions and the choice of the most suitable type of vegetation,
compatible with the climate and orientation.

4.4.1.3 FENESTRATION

When renovating existing buildings, it may be cost effective to install external sunscreens to reduce the effects of
solar radiation on windows facing east or west. Internal blinds, even if they are opaque, have solar factors that are too
high; these types of devices are not effective in preventing overheating due to solar radiation and are normally used for
protection from glare. There are several solutions for effective solar control, as shown in Table 4.4-6.
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TABLE 4.4-6 STRATEGIES TO IMPROVE THE THERMAL PERFORMANCE OF FENESTRATION

Measure Description, tips and warnings

Installation of external solar The main effects of the external solar shading systems are:
shading systems e control of the incoming solar radiation;

e control of the incoming solar radiation in a high upland climate and contribution to the
management of solar gains in order to improve thermal comfort;

e control of natural lighting, avoiding glare effects.

The design of external shading devices must take into account several factors, namely:
e the orientation of the facade;

e the shadows of other buildings;

e the technical and architectural features of the facade;

e any architectural constraints.

e Issues that must be addressed on designing these systems do not only relate to energy (see Chapter
3); an energy simulation is however recommended) but should also include structural aspects (how
to fix the systems to the facade).

Application of solar control films The application of a solar control film can reduce the effects of solar radiation incident on the transparent
building envelope, improving thermal and visual comfort and reducing the effects of glare. The practical
effects of this measure, which is cost-effective if the condition of the windows is good, are that it reduces
the solar loads and the costs of energy for cooling.

Some solar control films are designed for outdoor installation (in this case it may be necessary to provide
scaffolding) while others can be installed from inside. Installation is simple and takes little time, however
to get good results and durability, specialised installers are strongly recommended. Maintenance (mainly
cleaning) must be carried out using procedures and products compatible with the characteristics of the
films applied. The colours of the control films (normally blue, green or brown), may modify the appear-
ance of the building and change the visual atmosphere indoors (see Chapter 5).

Shading with vegetation The use of vegetation for sun protection of facades or windows is a natural solution that can contribute
to an increase in the sustainability of the building. The objective is to provide an independent green
structure that could be installed adjacent to the walls to be protected or positioned at a certain distance
from them. The drawback may be a strong reduction of the amount of natural lighting available indoors,
with the consequent need for artificial lighting.

4.4.2 HVAC SYSTEM IMPROVEMENT The reasons for which lighting costs are normally high

can be summarized as follows:

Retrofit measures carried out on mechanical systems on

the basis of a careful analysis of the existing plant and

components (through field surveys and monitoring) have e areas are lit in the wrong way;

the objective of reducing the primary energy consumption

by increasing the system’s efficiency without compromising
the required level of indoor comfort.

® spaces are lit even when not needed;

e natural lighting is not exploited properly;inefficient
lighting equipment is used,;

e poor maintenance of the lighting fixtures.

4.4.2.1 REDUCING INTERNAL LOADS FOR LIGHTING . . . .
Table 4.4-7 shows a list of possible retrofit actions for

Internal loads must be removed from the HVAC system.  lighting systems and the approximate energy savings that
For this reason it is useful to carry out an energy audit in  can be obtained.
order to plan possible strategies.

The electricity consumption of lighting systems represents
a significant proportion of the total consumption of
electricity of a building; this consumption, however, also
affects the energy consumption for climate control. An
energy retrofit on lighting systems, therefore, allows two
objectives to be achieved: a reduction in operating costs
for lighting and a reduction in operating costs for air
conditioning.
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TABLE 4.4-7 LIST OF POSSIBLE RETROFIT ACTIONS FOR LIGHTING SYSTEMS AND THE APPROXIMATE ENERGY

SAVINGS®

Audit finding

Lighting level in corridor area
above 200 lux.

Corresponding retrofit measures

Disconnect power supply in some luminaires and lower the
illumination to a suitable level, say 100 lux.

Approximate Energy Saving

15 to 30% for corridor lighting

Lighting along window areas

Maintain the lighting at 300 lux by

20 to 30% for lighting at

tumgéi_ ONl dlfringl the”day time, turning off corresponding perimeter lighting or - if both interior perimeters
prowl Ing a X level Well over lighting and perimeter lighting share the same control switch - re-
300 fux wire to facilitate independent control switches for each of the 2

zones.

Alternatively replace the lighting ballasts at the perimeter with

dimmable electronic type and lights controlled by means of photo

sensors.

Remove some of the lamps of the luminaire, or replace them with

lower power lamps if possible
T12/T10 fluorescent tube used in -~ Replace with T8 fluorescent tube (not feasible for quick start type) 10%
lighting (e.g. exit sign)
T8 fluorescent lighting (fixture & Replace with T5 fluorescent lighting 30-40%
tube) used
Manual ON/OFF control for Add occupancy sensor control >20%
lighting
Electromagnetic ballast used in Replace with electronic ballast 20 to 40%

lighting with T8 fluorescent tube

Incandescent lamps are being

used lighting

Change to compact fluorescent lamps or retrofit with fluorescent tube

80%; more if spaces are air
conditioned: the extra is cooling
energy to offset the higher heat
dissipation of the incandescent
lamps

*Guidelines on energy audit, Enerqgy Efficiency Office, The Government of the Hong Kong, 2007 - http://www.emsd.gov.hk/emsd/e_download/

pee/Guidelines_on_Energy_Audit_2007.pdf

It should also be considered that the colour of the
inner walls of a room has a great influence on the visual
comfort of the users. In fact the surface finish influences
the uniformity of the distribution of natural light. This
measure is cost-effective, easy to apply and has significant
advantages. Visual comfort is improved not only in the
periods in which the lighting is natural but also when
artificial lighting is switched on.

The energy savings derive from a reduced use of artificial
lighting. The benefits from the improvement of visual
comfort, although difficult to quantify, are significant.

4.4.2.2 IMPROVING PERFORMANCE OF COOLING
GENERATION SYSTEMS

It can be cost-effective to replace an existing chiller with
a new and more efficient one. In recent years, significant
improvements in the overall efficiency of mechanical
chillers have been achieved by the introduction of
two-compressor, variable-speed centrifugal, and scroll
compressor chillers.

As far as the problem of refrigerant gases is concerned
(usually CFC, chlorofluorocarbon), it is worth emphasizing
that the choice of chillers that use environmentally
compatible refrigerants should be carefully considered,
even if it is not compulsory, since it is a choice which
improves the sustainability of the building (see paragraph
4.2.2).

If the existing chiller is relatively new (less than 10 years
old), it may not be cost-effective to replace it entirely
with a new non-CFC one. The conversion of the chiller
to operate with non-CFCs may be the most economical
option. However, the non-CFC refrigerants (e.g. R-134a
and R-717) may reduce the cooling capacity of the
chiller owing to their inherent properties. Fortunately,
this loss in energy efficiency can be limited by upgrading
some components of the cooling system, including the
impellers, orifice plates and gaskets, even the compressors
themselves.



When the cooling capacity of chillers in existing buildings
is examined, it is usually found to be oversized. This is
another problem that may justify the replacement of the
old cooling system. Indeed, several existing chillers may
well have a capacity that is significantly higher than the
peak cooling load and operate exclusively under part load
conditions, with reduced efficiency and hence increased
operating and maintenance costs.

If retrofit measures to improve the energy performance
of the building envelope (increasing thermal insulation,
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implementing sun protection strategies, etc.) are planned,
the capacity of the cooling system can be significantly
reduced. A precise calculation of the actual cooling
demand of the system is important also because when it
is reduced the size of the other components of the plant
(e.g. pipes, pumps, terminals, cooling tower, etc.) can also
be reduced.

In Table 4.4-8 possible actions for improving the energy
performance of HVAC systems are summarised.

TABLE 4.4-8 HVAC SYSTEM IMPROVEMENT

Measure

Description, tips and warnings

Replacement of compression
chillers

This measure involves a complete check of existing chillers and the replacement of those using any
refrigerant fluid containing chlorofluorocarbons (CFCs) and chlorofluorohydrocarbons (HCFCs), substances

responsible for the impoverishment of the atmospheric ozone layer and for global warming. A new chiller
will also have a higher energy efficiency, leading to a reduction in electricity consumption.

Before choosing the model of chiller to replace the old one, it is advisable to carry out analytical
calculations (dynamic computer simulation recommended) of the cooling demand of the building in order
to define the cooling capacity of the new chiller according to the actual needs.

The heat produced by the condenser of the new chiller could be used for thermal applications compatible
with the values of the operating temperatures (for example DHW heating or pre-heating).

The cooling capacity of the new chiller can be significantly reduced if a cold thermal storage system is
installed: this permits a reduction in peak cooling power and the use of the chiller in the hours in which

the cost of electricity is lowest.

Thermal insulation of pipes and
air ducts

The heat losses along the distribution loops (pipes and air ducts) can be significantly reduced through
effective insulation of piping and/or ducts.

e The distribution circuits should be checked in order to verify the quality of the thermal insulation.

e Any poorly insulated pipe sections must be restored through improved thermal insulation.

e For these pipes the existing insulation, in many cases, must be removed and replaced by new

insulation.

It is not easy to check the quality of the thermal insulation of pipes for those sections that are not visible
(e.g. inside walls structures, inside the ground or inside non-accessible spaces): in this case an infrared
audit can assist the inspection phase.

Installation of high efficiency
pumps

The energy performance of distribution circuits can be improved by replacing the existing pumps with
devices that consume less electricity.

Controlling the speed of an electric motor by means of a VFD (Variable Frequency Drive) or frequency
inverter is the most effective way to adjust the energy performance of pumps that must operate at

variable speeds.

The replacement of the electric pumps and of circulators installed in existing hydronic circuits with high
efficiency devices is a cost-effective measure since the electrical energy consumed can be reduced by up

t0 80%.
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Measure

Installation of VFD/inverter-
controlled fans

Description, tips and warnings

Frequently in HVAC air systems fans run at full speed when the airflow needed is not the peak one. This
results in greater consumption of electricity.

The installation of a VFD/inverter systems allows the speed of the motors, and hence of the fans, to
be adjusted, helping to reduce electricity consumption. In order to save electricity the strategies are as

follows:

e control the electric motor with a VFD/inverter instead of a simple contactor;

e remove the existing limitation device (for example the main airflow regulating damper);

e install a device which detects the pressure.

Installation of ceiling fans

If ceiling fans are installed, internal air temperature can be raised to 28 °C, instead of 26 °C, maintaining

the same comfort conditions (see Appendix 2).

4.4.2.3 IMPROVEMENT OF AIR HANDLING AND
VENTILATION PERFORMANCE

In air-conditioning systems or in ventilation systems, air
is treated before being introduced into the conditioned
spaces. Types of HVAC systems can vary greatly depending
on the needs of users.

Table 4.4-9 shows how energy consumption due to the
Air Handling Units (AHU) can be reduced.

TABLE 4.4-9 AIR HANDLING UNITS IMPROVEMENT

Measure Description, tips and warnings

Replacement of AHUs

This measure includes an accurate check on the AHU in order to pinpoint all the inefficiencies. When replacing an

AHU with a new one, a detailed analytical calculation is necessary in order to define the appropriate technical

specifications.

Installation of heat
recovery systems

A heat recovery system captures the exhaust air and reuses some of the energy to pre-cool the replacement air
before it is supplied to the air-conditioned spaces (see paragraph 4.2.1).

The installation of heat recovery systems in existing buildings can be cost-effective if complete renovation of the

HVAC system is planned.

Evaporative pre-cooling

the exhaust air paragraph 4.2.1.

Before passing through the heat recovery system the exhaust air can be pre-cooled. The system is described in

4.4.2.4 IMPROVEMENT IN THE PERFORMANCE OF
CONTROL SYSTEMS

It is important for the auditor to assess, through
measurements and monitoring, the existing indoor air
temperature controls in order to evaluate the potential
for reducing energy use and/or improving indoor thermal
comfort without any substantial investment.

The manually controlled air temperature set-point, does
not guarantee performance, since the set-point values can
be modified by the users. Only a properly chosen, properly
installed and properly adjusted and maintained control
system, can guarantee energy performance and thermal
comfort over time.

Possible strategies for improving control systems are
shown in Table 4.4-10.
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TABLE 4.4-10 CONTROL SYSTEMS IMPROVEMENT STRATEGIES

Measure Description, tips and warnings

Installation of zone control
systems

Control of the thermal energy output of the HVAC system is one of the most cost-effective measures for
the reduction of energy consumption and the improvement of the thermal comfort of the occupants.

Installation of energy metering

For an end-user, awareness of individual energy consumption (and having to pay for the energy actually

consumed) is a strong incentive to be more energy conscious.

Installation of timers

Devices or plant sections powered-up during periods when their services are not required cause a

considerable waste of electricity. Reliance on manual switching-off is the simplest solution, but there is
no guarantee against forgetfulness or laziness. The installation of timers that enable or disable power
automatically, provides far better energy management. The practical solutions may be different depending
on technologies; digital timers, now available at low cost, are the devices providing the greatest flexibility.
Programming is usually simple and scheduling can be hourly, daily, weekly or monthly.

Installation of a BAS (Building
Automation System)

The action consists of the installation of a building automation system in order to reduce energy
consumption by optimising the use of facilities and improving comfort for occupants.

Functional integration is the core innovation introduced by building automation: the different areas
(e.g. security, safety, HVAC, lighting, communication, etc.), previously considered independent, interact,

communicate and create synergies.

A building automation system is an example of a distributed control system. The control system is a
computerised, intelligent network of electronic devices designed to monitor and control the mechanical,
electronic, and lighting systems in a building.

Even before defining the structure of the system it is essential to carry out an accurate, in-depth analysis of
the real needs of the user, finding the best way to meet them.

A building automation system is a perfect tool to support the implementation of an energy management

system model.

4.4.2.5 VISUAL AND ACOUSTIC IMPACT OF EXTERIOR

HVAC EQUIPMENT
There are several types of HVAC systems on the market,
In retrofitting existing buildings the most popular solution
is to install Split Systems (see paragraph 4.2.1). Outdoor
condenser/compressor units can be large, cube-like
devices that may be noisy and difficult to screen.

To lessen the visual impact of these units it is important
to consider an appropriate location. Rear yards that are
not visible from a public way are the preferred location,
side yards are an alternative location, but will often
require a screen. Front yards and walls (and other above-
ground locations) are the least preferred options. Rooftop
mechanical equipment that is not visible from a public way
is often an acceptable option.

Screening the visibility of ground-level HVAC equipment
that is visible from a public way is an important part of
the installation. The size of a unit, combined with the
additional height created by the concrete pad it sits on, will
often create the need for fencing, latticework, plantings,
or similar screening options. If fencing is the preferred
approach, it is important to consider how the fence will
relate to the architecture and materials of the house and
existing landscaping features. Plants must also be chosen
carefully, as the goal is to provide consistent year-round

screening. One need to consider, in addition, is that
some plants may not thrive if they are situated too close
to a source of heat or exhaust air. Rooftop mechanical
equipment can usually be screened, but sometimes the
screen may be more intrusive than the mechanical unit
itself.

Screening of the equipment should not detract from its
performance. For this reason all screening options should
be discussed with the installation contractor, as condenser
unit require ample clearance to provide adequate air flow
so that the coils will be cooled efficiently. Units mounted
too close to a wall or surrounded by shrubs, or multiple
units located too close together may not receive enough
cool air to function properly. The result can be a shorter
compressor life and/or less efficient cooling operation.

Another factor for a home owner to consider is the
noise impact of an exterior condenser unit. Although
technology has improved and newer units are quieter
than the old ones used to be, their placement relative to
abutting houses still has the potential to create conflict
with one’s neighbours. When multiple condensers units
are installed together, the noise levels will also increase.
Screening can act as a sound attenuation strategy to help
reduce noise while also reducing the visual impact of an
exterior condenser units.
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Municipalities or territorial administrations in many
cases have building codes or ordinances that define the
pre-requisites that must be met in order to avoid the visual
and noise impacts of exterior HVAC equipment

4.4.3 IMPROVEMENT OF DHW SYSTEMS

A set of retrofit measures can be implemented in order
to reduce the use of energy for DHW systems in existing
buildings:

e check that water temperature is not higher than

4.4.4 OPERATION AND MAINTENANCE
IMPROVEMENT

Poor management and/or lack of maintenance cause
most waste of energy and resources. Actions leading
to improved management are among the most cost-
effective since they do not require significant investments
(sometimes zero). On the other hand, proper maintenance
of the system not only maintains the high performance of
the individual components but also prevents unexpected
breakdowns.

An initial list of measures that can be applied is as

necessary,; follows (Table 4.4-11):

¢ check the possibility of turning off all the pumps at

night or at times when the plant is not in use: e correct setting of control devices (e.g. reduction of

the hours of operation, appropriately matching needs,
or precise setting of the temperature of occupied
spaces);

¢ replace the heat generator with a more efficient one
(for example condensing boiler or heat pump);

e check the thermal insulation of the distribution pipes; « disabling components which are consuming energy

e check if there is any process heat at a low unnecessarily;
temperature that can be used for this purpose (e.g. o

. e implementing control procedures and consumption
chillers’ condenser water circuit);

monitoring;

e check if it is possible to install a solar thermal system. e implementing maintenance procedures;

¢ implementing information strategies and incentives
amongst users.

TABLE 4.4-11 OPERATION AND MAINTENANCE IMPROVEMENT STRATEGIES

Measure Description, tips and warning

Reduction of operation times The objective of this measure is to remove energy waste by re-scheduling, where possible, the times
for HVAC systems of activation of the HVAC system according to the actual hours of use of the spaces, thus avoiding any
unnecessary air-conditioning.

The new schedule of the activation times of the HVAC system should be agreed with the client. This measure
entails no extra cost if a building management system is available.

Control of indoor
environmental conditions

This measure consists of programming monitoring campaigns to verify the indoor environmental conditions
at least twice a year.

The effect of this measure is not only the reduction of possible energy waste but also the upkeep of the
best indoor environmental conditions in terms of the occupants’ thermal comfort. The scheduling of the
monitoring campaigns should be discussed and agreed with the client.

Regular monitoring of the environmental conditions of the indoor spaces (e.g. air temperature, relative
humidity, CO2 concentration) permits the detection of potential problems and the implementation of action
to restore the optimum situation.

Cleaning and replacement of
filters

Cleaning or replacing filters in HVAC systems (air handling units, fan coil units and other HVAC emitting
units) is often a neglected maintenance activity. Not only are dirty filters not capable of retaining impurities
but they also greatly increase pressure losses, thus supply and extraction fans greatly increase their
consumption of electricity. For this reason a scheduling of the cleaning and sometimes replacement of filters
should be seriously considered.

Cleaning of coils Cleaning of coils on Air Handling Units or on fan-coil units is often a neglected maintenance activity. In dirty
coils the heat exchange efficiency decreases considerably and the chiller operates at a higher power. Dirtying

of the coils is usually due to dirty filters (see measure described above).
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Measure Description, tips and warning

Control of DHW temperature

Domestic hot water is often distributed to the user at a temperature that is higher than necessary:

this situation then requires the user to mix that hot water with cold water in order to obtain the right

temperature.

The reduction of the temperature of DHW through a simple adjustment of the thermostat or of the control
system brings a significant reduction in thermal losses along the distribution circuit and thus saves energy.

Providing an instruction manual
to users

End-users rarely have enough technical and practical knowledge to understand how to use the equipment
of the building facilities properly. This is sometimes one of the root causes of energy wastage. This lack of

knowledge can be overcome by a simple user manual containing the necessary information.

The manual should be clear, concise and easy to read. In writing the manual it is important to take full
account of the fact that the intended readers will not be experts.

Scheduling of energy
accounting procedures
consumption of the various users.

The scheduling of energy accounting procedures is one of the measures that allows control of the energy
management of the facilities. Energy accounting can be performed periodically by checking the energy

Internal benchmark indicators are useful for this measure.

4.4.5 EVALUATION OF ENERGY SAVING
POTENTIAL

Energy retrofit measures require investments depending
on the type of action. Once a list of possible retrofit actions
has been defined, each with energy saving potential and
estimated cost, they can be ranked in relation to their
payback time, from the shortest to the longest. This ranked
list is essential information for taking decisions. Actions
to improve operation and maintenance often do not
require physical investments but only the dissemination
of good practice and investments in labour, and for this
reason they are the most cost-effective. Proper planning
of the system’s operation and maintenance is in all cases
necessary to maintain the high energy performance of the
building and its facilities.

Among the physical actions, those involving the physical
equipment are the most cost-effective because inefficiencies
are widespread and the obsolescence of components and
systems requires continuous technological and functional
renewal. Retrofit actions on the envelope of the building
are generally repaid over a longer time and they should be
scheduled to coincide with the scheduled maintenance of
the building.

For the evaluation of the energy saving potential it is
also necessary to consider the interactions that can occur
between multiple actions. In other words, the overall
energy saving is not derived from the sum of the energy
savings of individual actions but from the overall result
that is achieved.

The best way to assess the potential for energy saving
is to use computer models, preferably dynamic simulation
models (the energy performance assessment for air
conditioning can indeed be complex).

For a preliminary overview of the energy saving potential
it is possible to refer to the data in Table 4.4-12. The figures
are for reference only. Actual energy savings will depend
on different conditions and applications.
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TABLE 4.4-12 LIST OF POSSIBLE RETROFIT ACTIONS FOR HVAC SYSTEMS AND THE APPROXIMATE ENERGY

SAVINGS®

Audit finding

Too cold in summer, e.g. measured room tem-
perature < 25 °C
not working

Corresponding retrofit measures

Set thermostat to desired room temperature of
25.5 °C; or repair/replace the thermostat if it is

Approximate Energy Saving
10 to 30%

Excessive air pressure drop across air filter of Air ~ Clear air filter

Handling Unit (AHU) and fan coils

5 to 20% fan power consumption

Chiller set to provide 6 °C chilled water

Re-set operating temperature to 8 °C

310 6% chiller power

No blinds or blinds not closed for windows
exposed to strong sunshine

Install or close blinds

5 to 30% cooling energy to offset
solar heat gain through window, also
depending on the colour of the blinds

Overcooled spots due to improper water Balance the water supply system, add valve if 1510 25%
balancing practicable
Window exposed to strong sunlight Apply “anti-ultraviolet film" >20%

Air flow of VAV AHU controller by inlet guide
vanes

Add VVF inverter type variable speed drive

10 to 30% fan power

Secondary chiller water pump driven by constant
speed motor

Add VVF inverter type variable speed drive

10 to 30% pump power

* Guidelines on energy audit, Energy Efficiency Office, The Government of the Hong Kong, 2007 - http.//www.emsd.gov.hk/emsd/e_

download/pee/Guidelines_on_Energy_Audit_2007.pdf

4.5 SIMULATION TOOLS

Many dynamic simulation tools are available on the
market, and are more or less expensive, according to
their interface (more or less friendly) and completeness
(integrationwith otherrelevanttools). Thereisalsoanumber
of dynamic simulation tools, developed by Universities or
research laboratories, that can be downloaded for free,
and are completely reliable (in fact, DOE2 and EnergyPlus,
developed by the Lawrence Berkeley Laboratory, are the
engine of most commercial products). In the following,
some of these free simulation tools are listed with a brief
description.

DOE-2.1E

DOE-2.1E predicts the hourly energy use and energy
cost of a building. The inputs required are hourly weather
information, geometric dimensions of the building, and
a description of its HVAC. Designers can choose the
building parameters that improve energy efficiency, while
maintaining thermal comfort and cost-effectiveness. DOE-
2.1E has one subprogramme for translation of input (BDL
Processor), and four simulation subprogrammes (LOADS,
SYSTEMS, PLANT and ECONOMICS). LOADS, SYSTEMS,
PLANT and ECONOMICS are executed in sequence, with
the output of LOADS becoming the input of SYSTEMS,
and so on. Each of the simulation subprogrammes also
produces printed reports of the results of its calculations.

The Building Description Language (BDL) processor reads
input data and calculates response factors for the transient
heat flow in walls, and weighting factors for the thermal
response of building spaces.

The LOADS simulation subprogramme calculates the
sensible and latent components of the hourly heating
or cooling load for each constant temperature space,
taking into account weather and building use patterns.
The SYSTEMS subprogramme calculates the performance
of air-side equipment (fans, coils, and ducts); it corrects
the constant-temperature loads calculated by the LOADS
subprogramme by taking into account outside air
requirements, hours of equipment operation, equipment
control strategies, and thermostat set points. The output
of SYSTEMS is air flow and coil loads. PLANTS calculates
the behaviour of boilers, chiller, cooling towers, storage
tanks, etc., in satisfying the secondary systems heating
and cooling coil loads. It takes into account the part-load
characteristics of the primary equipment, to calculate
the fuel and electrical demands of the building. The
ECONOMICS subprogramme calculates the cost of
energy and so can be used to compare the cost benefits
of different building designs, or to calculate savings for
retrofits to an existing building.

A number of interfaces have been developed to make
the programme easy to use.



eQUEST

eQUEST is an easy to use building energy use analysis tool
that provides professional-level results with an affordable
level of effort. This is accomplished by combining a
building creation wizard, an energy efficiency measure
(EEM) wizard and a graphical results display module,
with an enhanced DOE-2.2-derived building energy use
simulation programme.

eQUEST features a building creation wizard that guides
the user through the process of creating an effective
building energy model. This involves following a series of
steps that help one to describe the features of the design
that would impact energy use such as architectural design,
HVAC equipment, building type and size, floor plan layout,
construction material, area usage and occupancy, and
lighting system. After compiling a building description,
eQUEST produces a detailed simulation of the building,
as well as an estimate of how much energy the building
would use.

Within eQUEST, DOE-2.2 performs an hourly simulation
of the building design for a one-year period. It calculates
heating or cooling loads for each hour of the year,
based on factors such as walls, windows, glass, people,
plug loads, and ventilation. DOE-2.2 also simulates the
performance of fans, pumps, chillers, boilers, and other
energy-consuming devices. During the simulation, DOE-
2.2 tabulates the building’s projected use for various end
uses.

eQUEST offers several graphical formats for viewing
simulation results. It allows one to perform multiple
simulations and view alternative results in side-by-side
graphics. It offers features like: energy cost estimating,
daylighting and lighting system control , and automatic
implementation of common energy efficiency measures
(by selecting preferred measures from a list).

ENERGYPLUS

EnergyPlus is @ modular, structured software tool based
on the most popular features and capabilities of BLAST
and DOE-2.1E. It is primarily a simulation engine; input
and output are simple text files. EnergyPlus grew out of
a perceived need to provide an integrated (simultaneous
load and systems) simulation for accurate temperature
and comfort prediction. Loads calculated (by a heat
balance engine) at user-specified time step (15-minute
default) are passed to the building system simulation
module at the same time step. The EnergyPlus building
systems simulation module, with a variable time step
(down to 1 minute as needed), calculates the heating and
cooling system, and plant and electrical system response.
This integrated solution provides a more accurate space-
temperature prediction, crucial for system and plant
sizing, and occupant comfort and health calculations.
Integrated simulation also allows users to evaluate realistic
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system controls, moisture adsorption and desorption in
building elements, radiant heating and cooling systems,
and interzone air flow.

EnergyPlus has two basic components: a heat and
mass balance simulation module, and a building
systems simulation module. The heat balance module
manages the surface and air heat balance, and acts as
an interface between the heat balance and the building
system simulation manager. EnergyPlus inherits three
popular windows and daylighting models from DOE-
2.1E - fenestration performance based on WINDOW 5
calculations, daylighting using the split-flux inter-reflection
module, and antistrophic sky models. In addition, a new
daylighting analysis module named ‘Delight’ has been
integrated with EnergyPlus.

OPENSTUDIO

Since EnergyPlus is the only simulation engine that
requires a text input data file, some GUI to aid users in
compiling this text file is necessary. OpenStudio is the first
free plug-in for SketchUp* that allows users to build the
model geometry and to specify corresponding envelope
components by using intuitive SketchUp drawing tools and
interfaces. Furthermore, it allows the main characteristics
of thermal zones like occupancy, ventilation rates, internal
heat gains and set-point temperatures to be set.

BESTenergy is also a SketchUp based tool and was
developed starting from the 1.08.395 version of
OpenStudio plugin, with respect to which some specific
modules were implemented, in order to make the modeling
of some specific EnergyPlus objects more affordable
and to better manage and design some architectural
components. It also supports decisions on strategic aspects
of architectural design that can highly improve building
energy performance, even in the preliminary phases. For
instance, it implements specific interface modules for
definition of schedules, evaluations of occupant comfort ,
opaque and transparent constructions (with the capability
to edit and import material libraries), solar shading devices
and airflows due to natural ventilation.

Both of them are building envelope focused, so they
currently provide only an ideal load conditioning system.

SIMERGY

Simergy is a very suitable software to model plant
systems using EnergyPlus objects, by an interface that
allows the user to drag and drop blocks and components
in a graphical scheme in which characteristics of the
single item can be edited, but its capabilities for modeling
geometric ad zone properties are quite limited and
cumbersome.

45 SketchUp is a free 3D modeling program



SUSTAINABLE BUILDING DESIGN FOR TROPICAL CLIMATES
PRINCIPLES AND APPLICATIONS FOR EASTERN AFRICA

RADIANCE

RADIANCE is the most powerful and reliable software
intended to aid lighting designers and architects in
predicting light levels and visual appearance of a space
prior to construction. The package, available for UNIX-
platform, Windows and Mac, includes routines for
modelling and translating scene geometry, luminaire data
and material properties, all of which are needed as input
to the simulation. It can also be used by researchers to
evaluate new lighting and daylighting technologies and to
study visual comfort.

The main inputs required are the geometry and materials
of the design space, including luminaire photometry and
surface reflectance characteristics. Unfortunately, it lacks a
graphical user interface to model the scene in an easy way.
A third-party tool should be used to perform modelling.

It calculates spectral radiance values (illuminance and
colour) for interior and exterior spaces considering electric
lighting, daylight and inter-reflection.

The major portion of the Radiance package, and the
part that is of greatest interest to users, is the lighting
simulation engine that calculates light levels and renders
images by using a hybrid approach of Monte Carlo and
deterministic ray tracing to achieve a reasonably accurate
result in a reasonable time. The method employed (well
known as “backward ray-tracing technique”) starts at a
measurement point (usually a viewpoint) and traces rays
of light backwards to the sources (i.e. emitters).

Output consists of luminance and illuminance values
and appearance to the eye of the lit space (Fig. 4.5-1 and
4.5-2), and they can be plotted in tabl