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Preface

The increase in household income in Europe and the relatively low cost of electricity
have helped air conditioning to become highly popular. This has resulted in a signifi-
cant increase in building energy consumption in southern Europe. Sales of air-
conditioning equipment in this region have increased considerably over the past few
years and are now worth close to 1.7 billion ECU per year. In Greece, for example,
while the annual sales of packaged air conditioners was close to 2000 units in 1986,
the market jumped to over 100,000 units in 1988.

The specific energy consumption of buildings for cooling needs is dictated by the
climate, the type of building and the installed equipment. A comparison of the annual
specific energy consumption for cooling in large air-conditioned office buildings in
Denmark, Greece, The Netherlands, Norway, Sweden and the UK, shows a variation
of between 15 to 110 kWh/m It should be noted that, despite the Mediterranean
climate, Greek office buildings do not use more electricity than Swedish or British
offices for heating, ventilating and air-conditioning (HVAC) systems during summer.
Clearly, the problem of cooling in buildings is not peculiar to southern climates
alone. It may be just as important in northern climatic regions, depending on the
building type and construction.

The impact of the use of air conditioners on electricity demand is a serious prob-
lem for almost all southern European countries. Peak electricity loads force utilities
to build additional power plants in order to satisfy the demand, thus increasing the
average cost of electricity.

Environmental problems associated with the use of ozone-depleting CFC refriger-
ants used in conventional air conditioners present an additional argument for mini-
mizing the use of HVAC systems for energy savings in the cooling sector. Problems
of indoor air quality associated with the use of air conditioning should also be taken
into account. Recent studies of air-conditioned buildings have shown that illness in-
dices are relatively higher for these than those for non-air-conditioned buildings.

Alternative passive cooling techniques, based on improved thermal protection of
the building envelope and on the dissipation of building’s thermal load to a lower-
temperature heat sink, have been proved to be very effective. These strategies and
techniques have already reached a certain level of acceptance in architectural and
industrial circles. Passive techniques as alternatives to air conditioning can bring im-
portant energy, environmental, financial, operational and qualitative benefits.

The study and application of passive cooling is a multilayered and multidiscipli-
nary process. It is important to treat the subject in conjunction with other aspects of
architectural design; it should not be considered in isolation. A useful framework for

ix



X PASSIVE COOLING OF BUILDINGS

considering passive and hybrid cooling in the context of environmental design can be
summarized as follows: prevention of heat gain, modulation of heat gain and heat
dissipation. Protection from heat gain may involve:

« landscaping and the use of outdoor and semi-outdoor spaces,
« building form, layout and external finishing,

« solar control and shading of building surfaces,

« thermal insulation, and

» control of internal heat gain.

This book has three main objectives:

« to report on basic knowledge to date in the field of passive cooling, as well
as on new tools developed during the past few years;

¢ to present the recent progress in the field that has been achieved through
prominent research programmes; and

« to identify priorities for future research into passive cooling.

The book provides information on all available passive cooling methods and tech-
niques, their potential effectiveness, their basic principles and the criteria needed to
identify those most appropriate for specific types of buildings. It also includes pres-
entations of several easy-to-use methods that are available for calculation of the
cooling potential of the most important techniques, as well as of the overall thermal
performance of buildings.

This book was prepared by the Central Institution for Energy Efficiency Education
(CIENE), within the framework of the SAVE Programme ‘Short Educational Struc-
ture on Energy Efficiency in Buildings’ of the European Commission, Directorate
General XVII for Energy.

The main goal of the SAVE Programme is to undertake actions that promote the
efficient use of energy in all member states of the EU. In this way, the Programme
contributes to achieving the aims of the EU energy policy for rational use of natural
resources and reduction of carbon dioxide emissions in the atmosphere.

CIENE was established in October 1992 as a SAVE Programme, under the aus-
pices of the National and Kapodistrian University of Athens, Greece. Its operation is
harmonized with the philosophy of the SAVE Programme of establishing a network
of energy centres throughout Europe. The main role of CIENE is to organize and co-
ordinate specialized training and continuing-education programmes on energy effi-
ciency and energy management.

This book is addressed to anyone who is interested in energy conservation in
buildings. The information provided can be used by building owners, occupants and
those professionals directly or indirectly involved in the construction, operation and
maintenance of buildings. In some respects, this book may be of more interest to
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those who have some background experience of energy-related topics and building
applications.

We thank the various authors, who devoted a great deal of time to perfecting their
chapters. We wish to acknowledge the help, encouragement and support of the
DGXVII staff who work for the SAVE Programme, and especially that of Mr E.
Dalamangas who has closely followed the overall project.

We would like to acknowledge the help of a group of individuals who have pro-
vided valuable contributions, comments and suggestions for this book : S. Alvarez of
AICIA Seville, Spain; F. Allard of the University of La Rochelle, France; J. Gould-
ing of University College Dublin, Ireland; M. Grosso of the Politecnico di Torino,
Italy; G. Guaraccino of LASH/ENTPE, Lyon, France; O. Lewis of University Col-
lege Dublin; E. Maldonado of the University of Porto; C.A. Roulet of EPF Lausanne,
Switzerland; A. Tombazis of Meletitiki Ltd; P. Wouters and L. Vandaele at BBRI;
and S. Yannas of the Architectural Association of London.

Any comments with regard to the contents and structure of this book are welcome.

M. 1. Santamouris
D. N. Asimakopoulos
Editors
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Cooling in buildings

Ever since humans have moved into shelters, in search of a more stable environment,
they have looked for ways to improve indoor conditions. Inevitably, however, the
indoor environment is influenced by prevailing outdoor conditions, daily and sea-
sonal changes in climate and varying occupant requirements due to the type and op-
eration of the building. Depending on the location and season, emphasis is given to
either cooling or heating of indoor spaces, in an attempt to counterbalance the un-
favourable outdoor conditions and achieve indoor comfort by controlling the indoor
temperature, humidity, light availability and air quality.

Historically, for practical reasons and owing to natural laws, humans have been
most successful in controlling their environment in situations requiring heat. Main-
taining a warm environment has always been considered necessary during the cold
season. However, in modern society, maintaining a cool environment during the
warm months has proven to be as important for the optimum utilization of human
resources and productivity.

The greatest advance has been in the change from rather artful design practices of
indoor spaces to the detailed analytical methods that are necessary in order to handle
complex building structures. Modern buildings, taking full advantage of currently
available state-of-the-art technology, provide an indoor environment with high living
and working standards.

Air-conditioning (A/C) systems can be used for year-round environmental con-
trol, in terms of temperature, moisture content, and air quality. However, like all
mechanical systems, A/C systems consume valuable electrical energy for their op-
eration. The shortage of conventional energy sources and escalating energy costs
have caused reexamination of the general design practices and applications of A/C
systems and the development of new technologies and processes for achieving com-
fort conditions in buildings by natural means. Indoor thermal comfort implies that
humans are satisfied with the prevailing air conditions in the space — neither too
warm nor too cool.

The historical development of the various processes and systems for mechanical
or passive cooling, along with current trends and practices in the field, are reviewed
in the following sections.

HISTORICAL DEVELOPMENT

Cooling is the transfer of energy from the space or the air supplied to the space, in
order to achieve a lower temperature and/or humidity level than those of the natural
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2 PASSIVE COOLING OF BUILDINGS

surroundings. The development of cooling processes has passed through several
stages, starting from simple intuitive applications of natural cooling techniques, such
as shading, evaporative cooling and air circulation for enhancing the comfort sensa-
tion, to mechanical cooling systems, known as air conditioners, based on mechanical
refrigeration cycles.

In fact, it appears that there has been a return to the utilization of several well-
known techniques and processes that were used successfully even in the early peri-
ods of civilization. The principles of passive cooling are the same, but they are now
enhanced with the available technological know-how and they are optimized so that
they can be successfully incorporated into the building design and operation, in a
suitable form for providing the best results.

In the early stages of history earth shelters were used by humans as a readily and
naturally available living space, which provided protection from high and low tem-
peratures, as well as from other unfavourable weather conditions. Building architec-
ture quickly developed as an art, as the needs and demands of humans were chang-
ing with time, along with the appropriate know-how and availability of tools.

Well before the development of mechanical systems, though, several techniques
for providing cooling and comfortable indoor conditions were applied in building
architecture. The use of these techniques was not based on the understanding of the
physical processes involved, but rather on conceptual experience. The majority were
simple applications, like air movement through open spaces, external and internal
shading, appropriate arrangement of the immediate surrounding spaces (vegetation,
open pools and ponds) and use of proper building materials (‘cold’ marble and light
surface colours). In addition, human mobility in indoor spaces was used extensively
in order to avoid spaces with uncomfortable conditions during the day, as a result of
direct solar gains.

Building design incorporated various fundamental and simple, but effective,
principles. The large openings of the buildings, allowed for ample cross air move-
ment, which can have a significant cooling effect. Even if the outdoor air is not at
the desired temperature, air movement creates a cooling sensation as it moves
around the human body.

The building itself provided sufficient protection to the occupants by properly
shading the living spaces from direct solar gains. The landscaping around the build-
ings was primarily designed for aesthetic reasons, but at the same time improved the
microclimate around the building, by providing shading and evaporative cooling.
Extensive use of vegetation around the buildings provided the necessary shading,
while absorbing large amounts of incident solar radiation and maintaining lower air
temperature, which is further reduced by evapotranspiration from the trees. Open
pools, fountains, ponds and running water were quite popular in the historical devel-
opment of architecture, especially in southern dry climates. The phase change during
water evaporation can decrease the dry bulb temperature of the air, though at the
same time, there is an increase of the water content of the air.
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Light coloured outer surfaces have been used extensively in traditional Greek ar-
chitecture. The picturesque white villages in the Greek islands provide more than an
aesthetically pleasing feeling. White surfaces reflect much of the incident solar
radiation, thus reducing the heat transferred into interior spaces.

One of the most effective ways, however, of dealing with the problem of high
temperatures during the day has also been the behavioural response of people. Use
of different, cooler indoor spaces during the day or changes in building use alto-
gether during summer, were very common behavioural actions. Gatherings in cooler
open spaces, during the day or at the midday break, and outdoor sleeping during the
night were also some simple ways of dealing with high temperatures and uncomfort-
able conditions.

Progress in science and technology has introduced tremendous changes in all
fields, including the management of indoor conditions. In particular, advances in the
fields of thermal sciences (thermodynamics, heat transfer, fluids) had as a result the
design, development and production of mechanical systems capable of satisfying
practically all needs in the field of cooling and refrigeration. The development of a
practical cooling and refrigerating machine dates back to the middle of the nine-
teenth century, although there is evidence of the use of evaporative effects and ice
for cooling in very early times [1]. Mechanical cooling for comfort got its start early
in the twentieth century, but advances in this area have been rapid.

Mechanical cooling is achieved by several means [2], including:

e Vapour compression systems;

« Gas compression systems involving expansion of the compressed gas to
produce work;

» Gas compression systems involving throttling or unrestrained expansion of
the compressed gas; and

o thermoelectric systems.

Vapour compression is the most commonly used method in air-conditioning sys-
tems. The first equipment dates back to a British patent application by Jacob Perkins
in 1835 [3]. The early systems were driven by steam engines and used ether as the
working fluid. Compressors and overall equipment size became smaller as electric
motors were substituted for the original steam engines and as vapour compression
systems were applied to space air conditioning and commercial refrigeration.

Compression is accomplished mechanically or through absorption methods. The
simple (theoretical) single-stage vapour compression refrigeration cycle is shown in
Figure 1.1.

Cooling is accomplished by evaporation of the working fluid (a liquid refrigerant)
under reduced pressure and temperature, in the evaporator, as a result of heat trans-
fer from a high-temperature space. The refrigerant then enters the compressor as a
slightly superheated vapour at a low pressure. It leaves the compressor and enters
the condenser as vapour at some elevated pressure, where it is condensed as a result
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HEAT REJECTION

CONDENSER

COMPRESSOR

EXPANSION

Y
VALVE WORK

EVAPORATOR
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Figure 1.1 A simple vapour compression cycle

of heat rejection to ordinary cooling water or atmospheric air. The relatively high-
pressure liquid is then throttled as it flows through the expansion valve. The thermo-
dynamic cycle is completed as the remaining low-pressure liquid again enters the
evaporator.

The most common refrigerants used in the 1920s and 1930s, were ammonia, car-
bon dioxide, methyl, ethyl, and methylene chloride, and isobutane, but they exhib-
ited major disadvantages. Finally, the development of nontoxic, nonflammable
working fluids, with acceptable operating temperatures and pressures and high effi-
ciencies solved the problem for many decades. Eventually, CFC-12 was accepted as
a standard working fluid for air-conditioning applications and refrigerators, HCFC-
22 for residential air conditioning, CFC-11 for most commercial air-conditioning
applications, and HCFC-502 for low temperature refrigeration.

Gas compression systems involving expansion of the compressed gas to produce
work have found commercial applications in air refrigeration systems used for
cooling aircraft spaces. The two gas compression systems are also used in the lique-
faction of various gases.

Finally, there are some systems that produce cooling by thermoelectric means [4].
The thermoelectric device, such as a conventional thermocouple, utilizes two dis-
similar materials. One of the junctions is located in the space under cooling and the
other in ambient air, as shown in Figure 1.2. When a potential difference is applied,
the temperature of the junction located in the cooled space decreases and the tem-
perature of the other junction increases. Under steady-state operating conditions,
heat is transferred from the cooled space to the cold junction. The other junction
reaches a higher temperature than the ambient and, as a result, heat will be trans-
ferred from the junction to the surroundings.
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Figure 1.2 A thermoelectric device

Since in most cases there is a need both to cool and to heat a space, depending on
the season, it appears that a system which can be used for both cooling and heating
would be most attractive. This can be achieved with a heat engine, which is also
known as a heat pump. The principle of the heat pump was introduced in the late
mid-nineteenth century by Lord Kelvin. The system, however, received widespread
application in the USA after World War 11 [5].

Technology advances that have provided systems with a high efficiency and per-
formance and lower initial cost are described later in this chapter. However, the ap-
parent concern for an overall reduction of energy consumption, including the in-
creased cost of energy, and inherent problems of mechanical compression systems
that operate with refrigerants which have been linked to atmospheric pollution, have
caused a re-examination of alternative technologies and systems. Many of the previ-
ously described techniques of passive cooling, which have been applied successfully
in the past, are now being revitalized, enhanced with new research findings, as well
as the application of current technology and advanced system design know-how.

Published research has shown that a return to alternative energy sources, tech-
niques and systems can be used to satisfy a major portion of the cooling needs in
buildings. The trend, which started following the energy crisis in the mid-1970s, has
stimulated a very active area of research with significant findings and great success
in commercial applications.

This area has been named natural and passive cooling. The terms cover all natu-
rally occurring processes and techniques of heat dissipation and modulation, as well
as overheat protection and related building design techniques. This means without
any other form of energy input than renewable energy sources or the use of other
major mechanical systems. Included are several well known methods, enhanced with
new capabilities allowed by technology advances, better understanding of the physi-
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cal processes involved and optimum utilization of their potential effectiveness, in
both traditional and modern applications, through a more comprehensive coupling
and co-ordination of the available techniques and systems with the architectural de-
sign of the building in its environment.

Passive cooling techniques are also closely linked to thermal comfort of occu-
pants. Indeed, some of the techniques used for passive cooling do not remove the
cooling load of the building itself, but rather extend the tolerance limits of humans
for thermal comfort in a given space.

It is also possible to increase the effectiveness of passive cooling with mechani-
cally assisted heat transfer techniques that enhance the natural cooling processes [6].
Such applications are called ‘hybrid’ cooling systems. Their energy consumption is
maintained at very low levels, but the efficiency of the systems and their applicabil-
ity is greatly improved.

Passive cooling refers to techniques which can be used to [6, 7]:

« prevent heat gains and
» modulate heat gains.

Protection from or prevention of heat gains involves the following design tech-
niques;

« microclimate and site design

« solar control

« building form and layout

« thermal insulation

« behavioural and occupancy patterns and
« internal gain control

while heat gain modulation can be achieved by proper use of the building's thermal
mass (thermal inertia), in order to absorb and store heat during daytime hours and
return it to the space at a later time.

Natural cooling refers to the use of natural heat sinks for excess heat dissipation
from interior spaces, including :

« ventilation

« ground cooling

» evaporative cooling and
« radiative cooling.

By combining different passive and natural cooling techniques, it is possible to pre-
vent overheating problems, decrease cooling loads and improve comfort conditions
in buildings.



COOLING IN BUILDINGS 7

The principles governing each of the above topics are briefly presented in the
following discussion, for each major category. A more comprehensive treatment is
presented in other chapters of this book. The majority of these methods were exten-
sively investigated in the USA and Israel following the major oil crisis in the mid-
1970s. In Europe, similar research was initiated in the mid-1980s. A comprehensive
overview of the current state of passive cooling research is available in [8-10].

Passive cooling by heat gain prevention

The microclimate and proper site design can greatly influence the thermal behaviour
of a building. The overall principle is that a building must be adapted to the climate
of the region and the microclimate (that is, the immediate environment around a
building). The site design is influenced by economic considerations, zoning regula-
tions and adjacent developments, all of which can interfere with the design of a
building with regard to the incident solar radiation and the available wind. Vegeta-
tion does not only result in pleasant outdoor spaces, but can also improve the mi-
croclimate around a building and reduce the cooling load. It has been estimated that
a full size tree evaporates 1,460 kg of water on a sunny summer day, which is
equivalent to 870 MJ of cooling capacity [11]. Areas with high vegetation may ex-
hibit noticeably lower air temperatures (by 2 to 3°C).

Solar control is the primary design measure for heat gain protection. The use of
various shading devices in attenuating the incident solar radiation as it enters into the
building [12], can significantly reduce the cooling load. External shading of opaque
walls with surrounding natural vegetation, external or internal shading and high per-
formance glazing can result in satisfactory thermal and optical performances. This
subject is treated in Chapter 10.

The building form and internal space layout determines the exposure of interior
spaces to incident solar radiation, as well as to daylight and wind [6]. The building
shape controls both heat losses and heat gains, by reducing or increasing the ratio of
the exposed surface to the volume. It is determined by planning regulations, space
availability, neighbouring site development, architectural styles, client preferences
and cost constraints.

The building envelope determines the physical processes taking place between
the outdoor environment and indoor spaces. The objective is to limit thermal gains
during the summer, due to high outdoor air temperatures and incident solar radia-
tion. Thermal insulation can reduce the heat conducted through the building materi-
als. During summer it reduces thermal gains and during winter it reduces thermal
losses. The level of thermal insulation in buildings is determined by national codes
and is mandatory in most countries. An increase of insulation above recommended
values results in a very small decrease in the cooling load.

Behavioural and occupancy patterns in a building can be properly adjusted in or-
der to achieve thermal comfort and consequently reduce the energy consumption for
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cooling. Dressing according to the prevailing weather conditions, adjusting the lev-
els of physical activity, moving to cooler spaces in the building, adjusting thermal
controls (opening and shutting windows, use of blinds and curtains for shading) are
simple but yet effective actions [13].

The control of internal gains can be achieved by proper design and operation of
internal heat sources, such as artificial lighting, equipment and occupants. For ex-
ample, use of energy-efficient lamps can reduce heat dissipation into the space, in
addition to reducing electrical energy consumption. Human activity can greatly in-
fluence internal heat gains, but it is difficult to modify, other than by appropriate
zoning within the building's spaces. Accordingly, groups of people with similar ac-
tivities should be placed in the same area in order to be able to best satisfy their
needs. Equipment which requires special air conditions, such as computers or other
electronic equipment, and spaces with high equipment concentration must be taken
into account when calculating the cooling load. Similarly, a large number of occu-
pants in a given space will increase the latent heat of the space and the amount of air
ventilation required. In general, internal heat loads must be carefully accounted for,
especially in large buildings that extensively utilize artificial lighting, in spaces that
are usually heavily equipped and in spaces that are occupied by a large number of
people. In fact, large office buildings require some cooling almost all year round.
The methodology for cooling load calculations is presented in Chapters 7 and 14.

Passive cooling — heat gain modulation

The thermal mass of a building (typically contained in walls, floors and partitions,
constructed of material with high heat capacity) absorbs heat during the day and
regulates the magnitude of indoor temperature swings, reduces peak cooling load
[14] and transfers a part of the absorbed heat into the night hours [15]. The cooling
load can then be covered by passive cooling techniques, since the outdoor conditions
are more favourable. An unoccupied building can also be pre-cooled by ventilation
during the night and this stored coolness can be transferred into the early hours of
the following day, thus reducing energy consumption for cooling by close to 20%
[16]. The role of thermal mass in reducing and regulating the cooling load and in-
door air temperatures is treated in more detail in Chapter 8.

Natural cooling — heat sinks

Natural or forced ventilation is one of the primary means of reducing the cooling
load in buildings (removing heat from indoor spaces) and of extending indoor ther-
mal comfort conditions for humans when the outdoor conditions (temperature and
humidity) are favourable. Ventilation is also necessary in all indoor spaces, in order
to introduce the required levels of fresh air and to control odours and indoor pollut-
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ants. Quantified ventilation research has been conducted continuously since the
1930s [17].

Natural ventilation is caused by pressure differences at the inlets and outlets of a
building envelope, as a result of wind velocity and/or stack effects. To enhance its
effectiveness, the wind can be properly channelled and moved through the building.
Night ventilation, wind towers and solar chimneys are the main natural ventilation
techniques. The subject of passive cooling with natural ventilation is also addressed
in the penultimate section of this chapter and treated in more detail in Chapter 9.

Forced ventilation is achieved by mechanical means, using fans to achieve and
control the appropriate airspeed. Ceiling, attic or simple portable room fans can be
used to control the indoor air movement and achieve the appropriate air changes.
Ceiling fans allow for higher indoor air temperatures, since increased indoor air
movement enhances occupants' thermal comfort conditions (Chapter 6). As a result,
cooling load requirements are reduced, with reductions ranging between 28% and
40% of the cooling costs [18], depending on the climate. Ceiling fans have been
proved to be a viable technology and their low capital, operational and maintenance
costs make them especially attractive.

Ground temperatures remain almost constant during the day at depths exceeding
1 m, while there are small seasonal changes which extend to a depth of 9 to 12 m.
Even during hot summer days, ground temperatures remain significantly lower than
ambient air temperatures, with small daily variations compared to the diurnal cycle
of ambient air temperature and solar radiation [19]; this is due to the high thermal
capacity of the soil. Accordingly, it is possible to couple the building with the
ground for cooling purposes [20], either indirectly or directly. Indirect ground cou-
pling involves a hybrid system. Indoor air is circulated through underground pipes,
to dissipate heat to the lower-temperature heat sink and then the cooled air is
returned to the building. A similar concept can be traced to the mid-16th century in
Italy [21] and to ancient Greece on the Aegean island of Delos. The performance of
buried pipes depends on the inlet air temperature, ground temperature, air circula-
tion rate and pipe characteristics such as the thermal properties of the materials,
dimensions and depth [22].

Another way to take advantage of the lower ground temperatures is by placing the
building in direct contact with the ground [23]. In early human history, underground
shelters were used extensively, utilizing the ground as the first insulating material.
Today, partial or total underground construction is a viable alternative to conven-
tional architectural styles, because of the resulting energy conservation associated
with such a construction, especially in climates with extreme ambient conditions
[19]. In Europe, there are a large number of one- or two-storey buildings partially
buried in hillsides, with reported energy savings of 50 to 90% [10]. Earth-sheltered
buildings can also provide isolation from noise and air pollution, although there are
several design and operational difficulties that need to be taken into account.
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Evaporative cooling applies to all processes in which the sensible heat in an air
stream is exchanged for the latent heat of water droplets or wetted surfaces [24].
Warm outdoor air comes into contact with water droplets, which can be sprayed
directly into the air stream, or it is passed through a wetted porous material. The
moisture evaporates, thus extracting heat from the warm air and lowering its tem-
perature. The majority of evaporative cooling applications use hybrid systems. Small
mechanical systems, like pumps and fans, are necessary for moving the fluids (air
and water) used during the process. When the water evaporation occurs in direct
contact with the ambient air this is a direct process. The problem with such a process
is that it increases the moisture content and consequently it cannot be used in regions
with high humidity levels. In such a case, it is possible to use an indirect process, in
which air is cooled without addition of moisture by passing through a heat ex-
changer, with a consequent reduction in efficiency. Evaporative cooling techniques
were best demonstrated at the Seville Universal Exhibition (EXP(0'92) in Spain [25—
29].

Cool towers can also be used to move air masses through interior spaces and
eliminate the use of blowers and its electrical cost. In a prototype application, a cool
tower was fitted to a test house at the Environmental Research Laboratory, Univer-
sity of Arizona, Tuscon [8]. The air circulation achieved by the mechanism inside
the house was 2.7 air changes per hour. Maximum air temperatures inside the house
did not exceed 26°C, during the summer period. Traditionally, cool towers have
been used in Middle Eastern architecture [30] and in natural-draught evaporative
cool towers [31, 32], by moving ambient air through evaporative cooling pads, re-
sulting in a lower air temperature at the exit of the tower. In a similar approach [33],
the towers use fogging devices (atomizers) as the cooling source of the system,
which allows for better regulation relative to the prevailing conditions and minimi-
zation of air-pressure losses.

Radiative cooling is a technique which can be used either passively or as a hybrid
technique [34]. It is based on the fact that every object, being at a temperature higher
than 0°K, emits energy in the form of electromagnetic radiation. If two elements at
different temperatures are facing each other, a net radiant flux will occur. In the
event that a low-temperature element is kept at a constant temperature, then the other
element will radiate and cool down, in order to reach an equilibrium with the colder
object. In the case of building radiative cooling, the building envelope (or another
appropriate device such as a metallic flat-plate radiative air cooler) is cooled by dis-
sipating infrared radiation to the sky, which acts as a low-temperature environmental
heat sink. The amount of radiant exchange depends on the temperature difference
between the sky temperature and the building element. Clear skies exhibit low sky
temperatures, while cloud cover, air humidity and pollution decrease the effective-
ness of radiative cooling processes [35].

The roof is the most important passive radiative cooling system in a building, be-
cause it continuously faces the sky dome. Roof colour influences the thermal per-
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formance of a building because it governs the absorption and reflection of incident
solar radiation during daytime and the emission of long-wave radiation during night
time, especially for light structures [36]. Measurements of the potential of this tech-
nique [37] give a cooling potential of 0.014 kWh m™ per day. To enhance the per-
formance of this technique, it is possible to protect the roof during the day with a
movable insulation system and expose it during the night. Operable insulation can be
in the form of horizontal movable panels or hinged panels, positioned vertically
during the night. Measurements of the performance of this technique give a cooling
potential of 0.266 kWh m™ per day [37]. Alternatively, it is possible to use water
bags placed on the roof, a system known as the Skytherm [38]. This is the only sys-
tem that, with favourable climatic conditions, can provide both cooling and heating.

The potential of radiative cooling for 28 locations around southern European
countries has been simulated and evaluated in [39] for a flat-plate radiator (hybrid
system). A comparison has also been performed with the results from four localities
in south-eastern USA. Accordingly, it has been concluded that southern Europe ex-
hibits a promising potential for the use of this technique. The estimated mean daily
useful cooling energy delivered by a flat plate radiative cooler ranges between 55
and 208 Wh m™ for average sky conditions, and between 68 and 220 Wh m~ for
clear sky conditions, depending on the location. For areas like the southern USA,
with high humidity levels, the potential effectiveness is limited, ranging between 41
and 136 Wh m™ for average sky conditions and between 69 and 182 Wh m™ for
clear sky conditions. Some results on specific aspects of radiative cooling have also
been reported in [40—42].

Comparative information regarding the thermal performance for a typical build-
ing of several passive and hybrid cooling techniques involving the use of natural
cooling techniques, such as ground cooling, direct and indirect evaporative coolers
and night ventilation techniques are available in [43]. The calculations were per-
formed for a typical 80 m* one-storey dwelling located in Athens, Greece. Accord-
ingly, the results have shown that :

» Night ventilation techniques can provide a part of the building's cooling
load, being more effective during the months with lower night outdoor air
temperature (June and August). The maximum depression of the peak in-
door temperature does not exceed 1°C;

« For ground cooling, the earth-to-air heat exchangers have to be buried at a
depth ranging between 3.5 and 5 m, with peak indoor air temperature re-
ductions ranging between 2 and 5°C, respectively. The diameter and air
velocity variations were found to affect the indoor air temperature signifi-
cantly. For example, an increase of the diameter from 0.20 m to 0.22 m
results in an indoor temperature decrease of 1.5°C.

o The use of a direct evaporative cooler, a parallel-plate-pad evaporative
cooler with a 50 m” wetted area, can reduce the maximum peak indoor air
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temperature by 4 to 6°C. The indoor temperature decrease is satisfactory for
a fan rate higher than 1,500 r.p.m.

« The use of indirect evaporative coolers can lead to acceptable indoor tem-
perature levels for an air speed through the cooler of 0.1 m s™'. During the
hot month of July, an air speed of 0.3 ms™ is recommended.

BUILDINGS AND ENERGY CONSUMPTION FOR COOLING

The total primary energy consumption in the European Community in 1990 was 725
million tons of oil equivalent (mtoe) [44]. Transportation and industry each con-
sumed 220 mtoe, while for domestic and tertiary uses the total is 275 mtoe. The final
energy consumption in the domestic/tertiary sector, for each member state, is given
in Table 1.1. Oil with a 44.3% share, was the primary energy source, while solids
represented 23.8%, natural gas 17.5%, nuclear 12.9% and all other technologies,
including renewable energy sources, were only utilized to satisfy 1.6%.

Table 1.1 Final energy consumption in the domestic/tertiary
sector in the EEC member states for 1990

Member state Energy consumption
[mtoe]
Belgium 12.0
Denmark 5.8
France 51.0
Germany 68.0
Greece 4.0
Ireland 3.0
Italy 38.2
Luxembourg 0.7
Netherlands 19.0
Portugal 23
Spain 13.5
UK 57.5

During the last decade, Belgium, Denmark, Germany and The Netherlands have
achieved a small energy consumption decrease, France, Luxembourg and the UK
have maintained a constant average, while there has been an increase in Greece,
Ireland, Italy, Portugal and Spain. Clearly, further actions are necessary. In 1989 the
European Commission adopted a programme of urgent measures to reinforce and
expand efforts in energy-efficient improvements, in energy conservation, combined
with the use of more non-fossil-fuel energy sources, and in the protection of the en-
vironment.

Overall, energy consumption in commercial and residential buildings represents
approximately 40% of Europe's energy budget [45]. This is allocated for satisfying
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the buildings' energy needs for heating, cooling, lighting and the other electrical
appliances and equipment.

Passive solar design reduces fossil and nuclear fuel consumption for cooling in
buildings. According to a study on the current and future use of passive solar energy
in buildings in the European Community [46], there is a large potential for consider-
able energy savings in cooling of buildings, especially in southern regions. In Italy,
for example, during 1990 the solar energy contribution to non-domestic cooling was
2.3 mtoe and 5.2 mtoe for domestic cooling purposes. In 2010, there is a technical
potential to reach 5 mtoe and 12 mtoe, respectively. The consequent reduction
in atmospheric pollution in 2010 is estimated to reach 3 million tones of CO, for
domestic cooling and 0.01 million tones of SO,. Similar information for other south
European countries is shown in Figure 1.3,
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Figure 1.3 Contribution of solar energy to cooling and consequent reduction in atmospheric
pollution in southern European countries [46]

Energy consumption for cooling of building in southern countries is of primary
concern. A recent study carried out in Greece [47], a country with a representative
south European climate, has provided a comprehensive picture of the energy con-
sumption in buildings. These energy audits were performed in over 1,000 public and
commercial buildings, including air-conditioned and naturally ventilated office,
commercial, school, hospital and hotel buildings, around the country. Each type of
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building exhibits individual characteristics and problems due to specific operational
needs, and therefore requires independent treatment and analysis.

Accordingly, the average annual final energy consumption for all the audited
buildings in the five categories is 187 kWh m™ in offices [45], 152 kWh m™ in
commercial buildings [48], 93 kWh m™ in school buildings [49], 406.8 kWh m™ in

hospitals [50] and 273 kWh/m?2 in hotels [48].

To appreciate the impact of mechanical air-conditioning systems on energy con-
sumption, one should refer to Table 1.2. The total consumption and the annual aver-
age final energy consumption for cooling in air-conditioned (A/C) and naturally
ventilated (N/V) buildings is given for each one of the five building categories. In
offices cooling represents 12.6% of the total average annual final energy consump-
tion, in commercial buildings 12.2%, in schools only 2%, in hospitals less than 1%
and in hotels about 4%. As shown in Table 1.2, air-conditioned buildings consume
considerably more energy than naturally ventilated buildings, ranging between 4% to
over 54%, depending on the type of building.

Table 1.2 Annual average values of total final energy consumption in buildings in

Greece

A/C Buildings N/V Buildings

Building Number of Total Energy Number of  Total Energy

Category Buildings [kWh/m*] Buildings lkWh/mZ]

Offices 153 226 33 179
Commercial 261 215 254 206
Schools 16 183 150 119
Hospitals 26 352 6 236
Hotels 78 285 62 270

In comparison, typical primary energy values for offices in northern climates
range between 270 to 350 kWh m™> [51]. The electrical energy consumption in me-
chanically air-conditioned buildings ranges between 93 to 115 kWh m ™ for school
buildings [52], while for a newly constructed 25,000 m? office building (with labora-
tory facilities and heavily equipped spaces) the electric energy use amounted to 214
kWh m™2 [53].

Information from a study in France has provided similar results [54]. For offices,
the annual average total energy consumption ranges between 145 kWh m™ in small
communities (population less than 2,000 inhabitants) and 165 kWh m™ in large cit-
ies (population greater than 50,000 inhabitants). For schools, the annual average
total energy consumption ranges between 147 kWh m™ in large cities and 175 kWh
m™ in small communities. For social and cultural buildings the corresponding en-
ergy consumption ranges between 77 kWh m™ in small communities and 188 kWh
m in large cities.
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The cumulative distribution of the total final energy consumption in each cate-
gory of the audited buildings in Greece, is shown in Figure 1.4.
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Figure 1.4 Cumulative distribution of the total energy consumption in buildings

Office buildings exhibit an annual average total energy consumption of 187
kWh m™>. The minimum value from the collected data was 6 kWh m™ and the
maximum value 2,100 kWh m™. Approximately 39% of the office buildings have an
energy consumption less than 100 kWh m~, while for 36% of the buildings their
energy consumption ranges between 100 and 200 kWh m>.
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Commercial buildings have an annual average energy consumption of 204 kWh
m™2 (with for the audited buildings a minimum value of 3 kWh m™ and a maximum
value of 6,400 kWh m™). About 48% of the buildings consume less than 100 kWh
m™2, while for 32% the values range from 100 to 200 kWh m™.

Schools operate for nine months and remain closed during the summer months.
Some schools also operate only during the morning hours and, as a result, the total
energy consumption has an annual average value of 110 kWh m™ (a minimum value
of 6 and a maximum value of 900 kWh m ). Accordingly, 27% of the buildings
consume less than 100 kWh m™, while 47% have an energy consumption ranging
between 100 and 200 kWh m™.

Hospitals exhibit the highest annual average total energy consumption (407 kWh
m2), as a result of their continuous 24-hour operation and the use of a large amount
of health-care equipment. The actual data ranged between 100 and 1,400 kWh m .
About 33% of the buildings consume less than 200 kWh m™, while 21% of the
buildings are in the range of 200 to 400 kWh m >,

Hotels exhibit the second highest annual average total energy consumption, equal
to a value of 273 kWh m™. Among the audited buildings, the minimum value was 20
kWh m™ and the maximum value was 1,500 kWh m™. Approximately 19% of the
hotels have an energy consumption less than 100 kWh m™, while for 33% of the
buildings the consumption ranges between 100 and 200 kWh m™.

The impact of air conditioning on the total energy consumption of a building can
be significant. For example, in N/V and A/C office buildings the annual average
total energy consumption is 179 kWh m™ and 226 kWh m™, respectively. Conse-
quently, the use of A/C in office buildings increases the annual energy consumption
by an average value of 40 to 50 kWh m2 [45). The distribution of electrical con-
sumption of the N/V and A/C buildings, in each one of the five categories, is shown
in Figure 1.5.

For offices, 42% of the N/V and 38% of the A/C buildings exhibit an annual av-
erage electrical energy consumption lower than 100 kWh m 2. In addition, 87% of
the N/V and 84.7% of the A/C buildings present an electrical consumption lower
than 300 kWh m?,

For commercial buildings, the annual average electrical energy consumption is
less than 100 kWh m ? for 58% of the N/V and 38% of the A/C buildings, while for
25% of the N/V and 35% of the A/C buildings the consumption is between 100 and
200 kWh m™.

For schools, 27% of the N/V buildings and 29% of the A/C buildings consume,
on an average annual basis, less than 100 kWh m™2 of electrical energy, while 49%
of the N/V and 35% of the A/C buildings have a consumption between 100 and 200
kWh m™.

For hospitals, over 50% of the N/V and only 5% of the A/C buildings have a con-
sumption less than 100 kWh m™, while 25% of the N/V and 29% of the A/C exhibit
a consumption ranging between 100 and 200 kWh m™,
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Figure 1.5 Distribution of annual average electrical energy consumption of naturally
ventilated (N/V) and air-conditioned (A/C) buildings

For hotels, 47.2% of the N/V and 38% of the A/C buildings have an annual aver-
age electrical energy consumption less than 200 kWh m™, while 40.3% of the NN
and 45% of the A/C buildings have a consumption between 200 and 400 kWh m™

Overall, this information, along with other related guidelines [55], can prove very
useful for efficient energy planning and building design. Following a series of
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simulations and analysis, it has been shown in [47] that it is possible to reach an
overall 20% energy conservation. In particular, several interventions in the build-
ings, to reduce the energy consumption for cooling, were investigated and assessed.
Accordingly, it is possible to achieve the following energy savings for cooling by:

« reducing external loads (proper shading can result to a 30% reduction);

« reducing internal loads from lighting by using fluorescent lamps (80 Im/W)
can reduce the cooling load by an average of 10%;

« using natural cooling techniques (like ground, evaporative cooling), where
possible;

« using night ventilation techniques, with six air changes per hour, can result
in substantial energy savings for cooling, up to 80%, depending on the type
of building; and

« using ceiling fans can result in a very high percentage of energy savings for
cooling, up to 95%, depending on the type and function of the building.

Significant energy savings for cooling, but also for heating, purposes can be
achieved by using control strategies of the indoor air temperature [56]. Indoor air
temperature is controlled in such a way as to drift from the optimum set-point to
conditions which are still acceptable for most occupants. In office buildings this can
result to energy savings up to 10% [57]. In another recently completed study of a
large office buildirg [58], indoor air temperature was allowed to increase in the af-
ternoon hours (after 3 pm). Simulation results have shown that it is possible to
achieve a reduction of seasonal consumption of chilled water of between 34 and
40% and a reduction in the energy budget for heating, ventilating and air-
conditioning systems of 11%.

Finally, it is important to consider an additional parameter for energy savings in
existing mechanical cooling systems. Proper maintenance of air-conditioners can
reduce electrical peak demand, save energy and consequently reduce operating
costs, according to a pilot project recently completed in the USA [59]. Savings and
peak reduction estimates for individual repair measures such as correcting low air-
flow rates (due to clogged-up filters), repairing overcharging and undercharging of
the refrigerant and repairing duct leakage can achieve 8 to 18% savings in cooling.

CURRENT TECHNOLOGY OF AIR-CONDITIONING SYSTEMS

Air-conditioning systems are used to control the temperature, moisture content, cir-
culation and purity of the air within a space, in order to achieve the desired effects
on the occupants of the space or on the products and equipment manufactured or
stored there. Year-round A/C includes summer cooling (maintaining the indoor
temperature below that of the outdoor air), winter heating (maintaining the indoor
temperature above that of the outdoor air), dehumidification (lowering the water



COOLING IN BUILDINGS 19

content of the ambient air to acceptable levels, usually during the cooling season),
and humidification (addition of water vapour to the indoor air, usually during the
heating season).

Air-conditioning systems are grouped into two main categories, namely central
units and independent units.

Central air-conditioning systems

High-capacity central A/C systems are primarily used in large buildings. The main
unit is usually placed in a mechanical room, generally at a distance from the condi-
tioned spaces. The central unit is connected, through a duct/piping system, to indi-
vidual units which are installed in each air-conditioned space. The outdoor air is
introduced into the main A/C unit and is mixed with an amount of recirculated air.
The mixture then passes through air filters, in order to remove any dust or other for-
eign particles.

The air is then conditioned, according to the operating mode (cooling or heating)
of the system. For cooling purposes, the air is cooled and if necessary is also dehu-
midified. For heating purposes, the air is pre-heated by passing through a system
supplied with steam or hot water, if necessary water vapour is also added passing
through a humidifier, and finally the air is heated again by using steam or hot water.
The air is then transported with fans (at speeds ranging between 5 and 15 m s™")
through a duct system, usually at ceiling height, and is then diffused and circulated
inside the conditioned spaces. There are various types and designs of inlet—outlet air
diffusers, which are usually placed at ceiling height, floor level or near the windows,
in order to ensure the best possible air circulation in the space.

For applications where there are zones in the building which may require warm
and cool air at the same time, it is possible to use two independent air-duct systems,
one for each air stream. In this way the air supplied into each zone of the building
can be independently controlled to meet specific requirements. A far more costly
design of several air duct systems is also necessary in some buildings, in order to
supply air in significantly different conditions. For example, computer rooms require
a year-round constant temperature of 20°C, while working environments may
require temperatures during summer of 25-26°C.

Finally, depending on the type of building, an appropriate percentage of indoor
air is transferred back to the central unit, for mixing with fresh but not conditioned
outdoor air. This results in considerable energy savings compared to using and
conditioning 100% outdoor air. Sometimes this is mandated by the type of building,
as in the case of hospitals. Central A/C systems can be sized accordingly, in order to
satisfy the cooling and heating loads of the building.

Rather than use all-air systems, it is also possible to use air-water systems. One
possible way is to partially condition the air at the central unit, transfer it to the in-
dividual spaces, where the air is treated in a heat exchanger by using either a hot or
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cold water stream, in order to achieve the desired temperature. These systems re-
quire, in addition to the air ducts, a pipe system for the circulation of water and also
a system for the heating or refrigerating of the water. These systems allow the occu-
pant to control and easily achieve the desired conditions inside the space.

To reduce the cost of the air—water units, it is possible to exclude the air circula-
tion system from the central unit. Instead, the local system in each conditioned space
is supplied with hot or cold water, while the indoor air is circulated by a fan in the
system, and passed through a heat exchanger where it is heated or cooled. These
systems are known as fan-coil units and can be placed on the floor or at ceiling
height.

Some innovative elements which have proved successful in the operation of cen-
tral systems include the use of cogeneration concepts for refrigeration prime movers
and waste energy recovery using absorption refrigeration for subcooling to boost the
coefTicient of performance of the refrigeration plant [60].

For large scale applications, chilled water storage may also be used in order to in-
crease the performance, reliability and energy efficiency and to lower the opera-
tional cost of a central cooling system. A partially buried 10,000 m® chilled water
storage reservoir was coupled with a 4200 ton central chiller plant, in order to re-
duce the annual cooling electricity usage for a 102,000 m* defence electronics manu-
facturing facility [61]. The thermal energy storage system reduced net annual cool-
ing electricity usage at the facility by 970 MWh (representing 9% of the total energy
consumption) during the first year of operation and by 3 GWh (about 28.3%) during
its second year of operation, in comparison to a conventional cooling system.

Independent air-conditioning systems

Smaller, independent A/C systems can be placed in any space without the need of a
central system. They are mostly used in buildings where occupants desire to install
air conditioning easily and quickly in selected spaces only, or in older buildings
where the renovation cost for installing central systems is not justified. Usually, in-
dependent A/C systems are small units, since they are only used for satisfying the
loads of small spaces, typically ranging between 9000 and 25,000 Btu/hr.

There are primarily two types of systems, namely monoblock and split units.

Monoblock units are independent air-conditioning systems that use older design
and technology. All the components are placed in the same housing. They are usu-
ally placed inside the structural material of an exterior wall of the space (in a hole of
the size of the unit) or in some cases they are placed at a window that has been prop-
erly modified.

Split units offer easier installation, since they do not require any major structural
changes of the space's construction material. One part of the unit is placed outside
(housing the heavy mechanical parts — compressor and a fan), while another part,
containing the evaporating unit and a blower, is placed anywhere in the indoor
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space. The two units are connected by two small-diameter pipes for transferring the
working fluid. Indoor air is circulated through the indoor unit, passes through the
heat exchanger and then through a filter, before it is returned into the space. Operat-
ing noise levels are very low (since the main mechanical parts are placed outdoors),
while the indoor units are designed to be aesthetically pleasing, in various sizes and
with various controls (thermostats, operating timers, fan speeds, telecontrols). The
indoor units can be easily mounted on the wall or ceiling, or placed on the floor,
depending on the needs of the occupant.

Heat pumps

The most popular current technology for small to medium cooling/heating loads is
the heat pump. Air conditioners and heat pumps were first used extensively in Japan,
but they have now penetrated the European and US markets. The characteristics of
these systems are analysed in the following discussion.

Any refrigeration system acts, to an extent, as a heat pump. Heat is transferred
from a low-temperature space and is rejected at a higher temperature level. If the
system is only to produce a cooling effect, then the rejected heat is usually wasted.
In a heat pump, the rejected heat in the condenser is utilized to heat a space during
the periods that heat is required.

A simple schematic diagram representing the operation of a heat pump is shown
in Figure 1.6.

Th High temperature heat sink

H. P. <4mmm \work Input

Tc Low temperature heat source

Figure 1.6 Basic heat pump operation

Heat pumps are categorized according to the type of operation of the compressor,
as electrically driven or as an internal combustion. Depending on the location of the
various components of the heat pump system, they are identified as monoblock units
(when all components are placed in the same housing) or split units (when the con-
denser is separated from the remaining system). Depending on the type of the heat
source for the evaporator (air, water, ground) and the heat sink (air, water), they are
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identified as air-to-air, air-to-water, water-to-water, water-to-air and ground-to-water
heat pumps. Of these, outdoor air and well water are the most commonly used,
working as a reversed Carnot cycle (smaller size and economical operation).

Heat pumps operate most efficiently with small temperature differences between
the heat source and heat sink (7, — T,). Consequently, one must look for a heat
source with the highest possible temperature, which has to be lower than the desired
one; otherwise there is no need for the heat pump. Heat pumps are available in vari-
ous sizes, small (6000 to 25,000 Btuhr), medium size (25,000 to 100,000 Btwhr)
and large units (100,000 to 600,000 Brwhr).

Small, split-system heat pumps with variable speed drives are becoming quite
popular throughout the world, owing to their ease of installation, quiet operation and
energy savings. During 1990, over 30% of all home air conditioners sold had a vari-
able speed feature [62]. The electrical energy savings of variable-speed systems can
be significant, resulting in reductions ranging between 10 and 30%. The variable
speed permits the air-conditioner to maintain high efficiency while operating at part
load. To achieve this, systems utilize an electronic chip called an inverter.

The inverter converts the mains frequency (i.e. 50 or 60 cycles per second) alter-
nating current into direct current and then back to alternating current with a fre-
quency of 30-120 cycles per second, depending on the cooling load. The motors can
then vary the speed over a wide range of heat removal rates. Because of the power
consumption of the inverter, however, a power loss ranging between 7 and 10% has
been reported. At maximum cooling load conditions, this can even reach 35%.

Mechanical compression systems using vapour refrigerants are predominant
among the cooling methods. All the mechanical cooling systems operate in a cycle
that requires work and accomplishes the objective of transferring heat from a low-
temperature system to a high-temperature system. In order to assess the effectiveness
of the various thermodynamic systems, it is possible to use a dimensionless parame-
ter, called coefficient of performance (COP), which is defined as the ratio of the
useful effect to the net energy supplied from the external source. For a heat pump
that operates in the cooling mode, the useful cooling effect is ({);), the heat trans-
ferred from the cooled space, while the energy that costs is the work (W) and is
supplied from external sources. Accordingly, for the theoretical single-stage cycle of
Figure 1.6, the coefficient of performance is given by:

COP:QL/W:QL/(QH‘QL):”(QH/QL_I)

The COP of the various systems is a determinant factor on the final energy
consumption of the unit. An increase, for example, of the coefficient of performance
(for example by using a heat pump with a COP of 2), can reduce the electrical
energy consumed by the cooling system, by as much as 25%.
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Problems and prospects in the A/C industry

During recent years, the use of mechanical air conditioners in southern European
countries has increased significantly. This is primarily due to an increase in the liv-
ing standards in these countries and a reduction in the cost of A/C units. Figure 1.7
shows that there is a clear trend of increasing sales with gross national product
(GNP) in European Community member states [63]. In Greece, the sales of A/C
units showed an unprecedented increase during the late 1980s due to a series of heat
waves over a period of three years (Figure 1.8). Sales of A/C units in Greece, have
increased by 900% during this period [46].

AIR CONDITIONING SALES AND GNP
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Unfortunately, as a result of the sudden increase in demand for air-conditioning
systems and primarily for small split units, the Greek market was invaded by a num-
ber of low-quality, low-efficiency, but also low-priced, units. The systems were pri-
marily old-technology air-conditioners, not designed for the prevailing climatologi-
cal conditions in Greece. However, customers looking for a low-price bargain pur-
chased and installed thousands of these systems. The fact that there were no official
standards or relavant legislation meant that there was no protection for the con-
sumer.

The negative impact was immediate. Bad performance, high operating costs and
numerous malfunctions of the systems started a domino effect. People lost confi-
dence in air-conditioning systems and the market exhibited a decline. The positive
result was that most of the market invaders were eventually forced out of business.
The negative overall result, though, was that people who had made an investment, in
their attempt to justify it, continued using the systems. In addition to all this, the
properly operating units and the continuous promotion of sales by the well estab-
lished major air-conditioning companies created a more serious, and, it appears
permanent, negative effect.

Clearly, the impact of this increase on electrical energy consumption has been
alarming. During this period, the peak electric energy load in Greece occurred, for
the first time, during the summer [64]. Similar trends have also been observed in
most southern regions in Europe, the USA [65], Japan and the Middle East. During
the summer of 1990, Tokyo Electric Power Company, the world’s largest private
utility, experienced a summer peak only 1% below its maximum available genera-
tion capacity [62], due primarily to the increasing popularity of air-conditioner sys-
tems. In Kuwait, air-conditioning systems consume 75% of the total electrical en-
ergy consumption during the summer months [66].

This can potentially create severe problems in the availability of electric energy,
especially in countries where the electrical energy production is primarily based on
hydroelectric power plants, as in Greece. Hydroelectric power plants do not operate
up to their potential during the dry summer months. Consequently, in order to avoid
possible energy shortages, if the same trends in energy consumption continue, power
companies must build new power generation plants to satisfy these short seasonal
needs. This will clearly require significant financial investment, which is difficult to
Jjustify if a plant is to be used only during the summer period. Furthermore, if ther-
mal plants are considered, this will have a direct impact on atmospheric pollution.
All these aspects constitute a very grim scenario, mandating immediate action to
reverse it.

Ice thermal storage systems are receiving greater acceptance throughout the in-
dustry as an effective means of shifting summer peak power in commercial office
buildings and providing lower operating costs [67]. Baseload power for freezing ice
is taken off-peak at night. This also has a positive effect on power-generating plant
efficiency, because of the higher load factor and constant operation, with minimum
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on and off daily cycles [68]. In addition, with a totally integrated off-peak ice stor-
age design, it is possible to offset the relatively high kW/ton required to make ice by
reducing pump and fan horsepower [69].

Off-peak air conditioning (OPAC) is already a major energy saver [68]. Partial
storage with chiller priority is the most common application. Ice is produced only as
a back-up which, in most climates, is only 10—-15% of the time. Even during these
times, the chiller operates during the day at 5—~7% more efficiency than with no stor-
age. This is because the chiller, being upstream of the ice storage, is handling the
higher half of cooling the return brine temperature (i.e. 16 to 11°C). When the
chiller is operating to build ice, it is at full constant load (no unloading, part loading
or on/off operation).

Taking advantage of 1-3°C chilled water available with ice storage, equipment
cost can be minimized throughout the water and air distribution systems. The instal-
lation of a full storage, dynamic ice harvester shifting a daily load of 300 tons, a 340
m’ ice storage tank, a heat exchanger, and a low-temperature variable-air-volume
(VAV) air distribution system in a 17,000 m* commercial office building [67] has
proved the applicability of such systems. Substantial energy savings and utility costs
result from reduced electrical demand and use of less expensive off-peak energy.
Additional benefits include improved air quality levels, since low water tempera-
tures at the cooling coil and low air-temperature distribution cause reduction in the
growth of bacteria and fungus in the air ducts. Overall, advances in ice storage tech-
nology are expected to reduce the energy used for mechanical cooling of buildings
by about 15% in the 1990s [68].

Despite these positive prospects, in recent years the A/C industry has been facing
a major shake-up, possibly the worst in its history. Ratification of international
agreements such as the 1987 Montreal Protocol on the phase out of the commonly
used chlorofluorocarbon (CFC) refrigerants in A/C systems have created a major
problem for the A/C and related industries as they try to identify and use new work-
ing fluids. Certain CFCs have been related to the depletion of the ozone layer and
the greenhouse effect. Guidelines have been set for a steep reduction of fully halo-
genated CFCs, such as R-11, 12, 113, 114, 115 and halons 1211, 1301 and 2402.

The members of the European Union agreed in 1990 on an immediate 85% cut in
the production of CFCs and the elimination of their use by the end of the century. In
the USA, the Environmental Protection Agency has adopted a regulation on the
Protection of Stratospheric Ozone, based on contributions from the industry and its
representatives, various engineering societies, the Department of Energy and other
interested parties. The freeze on fully halogenated CFCs took effect in the summer
of 1989 by setting production to 1986 levels, while 20 and 30% reductions will fol-
low over a ten-year period. Efforts are being made to shorten this time frame.

Consequently, other refrigerants with good thermophysical properties which sat-
isfy the new environmental restrictions must be made available to replace those
phased out. Identification and testing of substitute refrigerants has become a top
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priority to the air-conditioning and refrigeration industry. Partially halogenated re-
frigerants (hydrogenated chlorofluorocarbons), such as HCFC-22, are considered
safer. Refrigerants not containing chlorine (hydrogenated fluorocarbons), such as
HFC-152a and 134a are safest. Furthermore, the concept of employing a multi-
component refrigerant (mixtures) introduces a desirable degree of freedom in devel-
oping substitute refrigerants.

The selection of alternative working fluids for vapour compression processes de-
pends on the particular application and on some distinctive properties, according to
the chemical nature of the refrigerant, its thermophysical properties and on their
compliance with health, safety and environmental restrictions. A comprehensive
approach for the selection and screening of novel refrigerants is described in [70].

Three of the most promising candidates among the existing refrigerants for future
use are HCFC-123, 124 and HFC-134a. These alternative refrigerants satisfy our
environmental concerns, since they have about 98% less potential to deplete ozone
than R-11 (commonly used in industrial refrigeration systems).

For an acceptable capacity of a vapour compression cycle, the cooling effect of
the substitute refrigerants must not be much lower, and the specific volume must not
be much higher, than the corresponding properties of the original equipment refrig-
erant. The COP cannot be much lower without also degrading the ability of the sys-
tem to, at least temporarily, meet condenser and evaporator temperatures. The effi-
ciency of the compressor should not be much degraded if an otherwise acceptable
refrigerant is employed.

CURRENT TECHNOLOGY FOR NATURAL VENTILATION
IN BUILDINGS

Natural ventilation is the predominant passive cooling technique. In general, air
ventilation (passive, hybrid or mechanical) of indoor environments is also necessary
in order to maintain the required levels of oxygen in the space and the maintenance
of acceptable indoor air quality levels.

Traditionally, ventilation requirements were achieved by natural means. In the
majority of older buildings, infiltration levels were such as to allow considerable
amounts of outdoor air to enter the building, while additional requirements were
satisfied by simply opening the windows.

Modern architecture and energy-conscious design of buildings has reduced to a
minimum the air infiltration inside buildings, in an attempt to reduce its impact on
the cooling or heating load. Better construction of buildings has resulted in actually
sealing the building from the outdoor environment. In particular, the construction of
large glass office buildings, where the opening of windows is not allowed, has prac-
tically eliminated the possibility of using natural ventilation techniques for supplying
fresh air to indoor spaces.
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It is clear that building design approaches have to be re-evaluated and adapted to
the new requirements, in order to facilitate the application of natural ventilation
techniques for cooling purposes. The following discussion addresses the principles
of the most up-to-date techniques for natural cooling.

The use of natural ventilation, provided that outdoor climatological conditions are
favourable, can provide for the following:

« areduction of the cooling load (Chapter 8);
» enhancement of thermal comfort conditions (Chapter 6); and
+ maintenance of proper indoor air quality levels [71, 72].

The effectiveness of natural ventilation techniques is determined by:

+ prevailing outdoor conditions — microclimate (wind speed, temperature,
humidity and surrounding topography), and
« the building itself (orientation, windows — number, size, location).

Current trends of natural ventilation

Current trends for the successful implementation of natural ventilation techniques
for cooling purposes are presented in the following discussion. A detailed analysis of
the various concepts involved along with the information needed by building
designers for their proper application, are analysed in Chapter 8.

New buildings allow for 0.2-0.5 air changes per hour (ACH) by infiltration,
while with the windows wide open during summer it is possible to achieve 15-20
ACH. Even larger air changes, around 30 ACH, can be achieved by natural means,
but there is a need for a large number of window openings and careful placement
within the space. The overall problem of energy conservation in a building becomes
more complex since a large number of openings will increase the thermal load dur-
ing winter, by increasing thermal losses, since a glass window can not compare in its
thermal performance with a well insulated wall. It is also important to link the neces-
sary number of windows and their placement with the requirements for natural
lighting purposes.

Natural ventilation is used to create a volumetric flow, for renewal of indoor air
quantities and transfer of heat, resulting from the outdoor wind speed and/or stack
effects, in order to:

« remove heat stored into the building materials; and
« enhance heat dissipation from the human body to the environment.

The savings from natural ventilation depend on:
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the number of air changes;

the construction of the building (heavy or light construction);
the microclimate; and

the temperature and humidity in the space.

Outdoor temperature, humidity and wind velocity are determinant factors for the
successful application of natural ventilation techniques. For cooling purposes, the
incoming air should be at a lower temperature than the indoor air temperature. How-
ever, even at higher temperatures, the resulting air flow inside the space can cause a
positive effect on the thermal comfort conditions of the occupants, since it increases
heat dissipation from the human body and enhances evaporative and convective heat
losses. An increase of air velocity by 0.15 m s™ compensates an increase of 1°C at a
relative humidity of 75%. There is a direct link between thermal comfort and venti-
lation rates, which is explained in detail in Chapter 6.

Natural ventilation techniques for cooling purposes are also very effective during
the night hours, when outdoor air temperatures are usually lower than the indoor
ones. As a result the cooling load is reduced and the peak indoor air temperatures
can be reduced by 1 to 3°C.

Air humidity is the most important limiting factor for the application of natural
ventilation techniques. High levels of humidity have a negative influence on thermal
comfort. As a result, in regions with high relative humidity levels during summer,
the use of conventional air-conditioning systems is necessary in order to remove
water vapour from indoor air (dehumidification). Under such circumstances, natural
ventilation during the day- or night-time hours should be avoided.

Overall, natural ventilation research has concentrated on the design and optimi-
zation of window openings, for enhancing natural ventilation in relation to daylight-
ing, solar gains, and thermal losses during winter. Dealing with the prediction of the
wind potential in urban environments and air movement within the various spaces
inside a building are areas which require additional research. The European Com-
mission research programme for passive cooling of buildings, PASCOOL [73], has
addressed most of these problems and reported significant advances.

In addition to the use of windows and other openings for natural ventilation, there
are some additional means of enhancing the air movement. Wind towers utilize the
kinetic energy of wind, which is properly channelled within the building in order to
generate air movement within a space. They have been successfully integrated in
many architectural designs [74, 75]. Solar chimneys are constructions used to pro-
mote air movement throughout the building using solar gains. They are positioned
on the sunward side of the building to make the best possible use of direct solar
gains. Performance information is provided in [76, 77].

To increase the cooling effectiveness of natural ventilation techniques, especially
at locations with low outdoor air velocity and variable wind directions, it is possible
to incorporate wing-walls into the building's design [78]. Wing-walls simply project
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outward next to a window and even a slight breeze against the wall creates a high-
pressure zone on one side and a low one on the other. The pressure differential
draws the outdoor air in through one open window and out through the adjacent one.
This technique is most suitable for providing increased ventilation rates in rooms
with windows on only one side, as is the case in most schools. Classrooms are usu-
ally next to long hall-ways allowing windows on one side only, which reduces the
possibility for cross ventilation. As a result, a number of schools in southern USA
have been built with wing-walls, with very satisfactory results. Especially in Florida,
where the law requires that new schools be designed with a non-mechanical method
of venting classrooms, this concept has received wide acceptance.

Ceiling fans can also be used to enhance indoor thermal comfort conditions, by
controlling indoor air circulation. Ceiling fans allow for higher indoor air tempera-
tures and result in reduced cooling requirements by enhancing comfort conditions.
They have been proved to be a viable technology and are especially attractive be-
cause of their low capital, operational and maintenance costs.

For a detailed overview of current practice in the use of natural ventilation in
passive cooling, the reader should also refer to [9, 10, 79] and Chapter 9.

CONCLUSIONS

Natural and passive cooling techniques in buildings have been proved successful
through numerous demonstration and pilot projects. They exhibit a high potential for
reducing the energy consumption for cooling in commercial and residential build-
ings, which represents a significant percentage of the total energy consumption in
buildings.

Technology advances have provided air-conditioning systems with high effi-
ciency, good overall performance and lower initial cost. However, the current con-
cerns about reducing energy consumption, the increased cost of energy and inherent
problems of mechanical compression systems, which operate with refrigerants that
have been linked to atmospheric pollution, have caused a re-examination of alterna-
tive technologies and systems. Natural and passive cooling techniques, which have
been applied successfully in the past, are being revitalized, enhanced with new re-
search findings and applied with current technology and advanced system-design
know-how.

Passive cooling refers to techniques which can be used to prevent and modulate
heat gains. Protection from heat gains involves the use of microclimate and site de-
sign, solar control, building form and layout, thermal insulation, behavioural and
occupancy patterns and internal gain control. Heat-gain modulation can be achieved
by properly using the thermal mass of the building itself (thermal inertia) in order to
absorb and store heat during the daytime hours and return it to the space at a later
time,
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Natural cooling refers to the use of natural heat sinks for excess heat dissipation
from interior spaces, including ventilation, ground cooling, evaporative cooling and
radiative cooling

Combining different passive and natural cooling techniques, it is possible to pre-
vent overheating problems, decrease cooling load and improve indoor thermal com-
fort conditions.

In particular, it is possible to achieve an overall 20% energy conservation in new
and existing buildings. Significant energy savings for cooling can be achieved, for
example by reducing external loads using proper shading of the building facade, by
reducing internal loads from lighting with the use of energy-efficient fluorescent
lamps, by using natural cooling techniques like ground, evaporative and radiative
cooling and by night ventilation

Substantial energy savings can also be achieved in existing mechanical cooling
systems. Proper maintenance of air-conditioners can reduce electrical peak demand,
save energy and consequently reduce operating costs. Individual repair measures
may include, for example, correcting low air flow rates, repairing overcharging and
undercharging of refrigerant and repairing duct leakage. Heat pumps and other high
performance mechanical systems can replace older technology equipment in order to
achieve considerable energy savings for applications where air-conditioning systems
are necessary.
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Passive cooling of buildings

Buildings, although static in space, are dynamically related to time. In addition to
offering a shelter and fulfilling aesthetic criteria, they should ensure means of com-
fort (thermal, visual, acoustic) for their inhabitants.

The thermal behaviour of buildings is affected by various parameters. These in-
clude the climatological ones, which are environmental variables and are not subject
to human control. The other type of parameters is the design variables, which are
under control at the design stage. Insufficient attention to the aspect of a building’s
thermal behaviour at the first stages of its design can lead to an inhospitable internal
environment. During summer, especially in climates with hot weather, buildings are
exposed to high intensities of solar radiation and high temperatures. This may result
in overheating conditions that exceed the threshold of thermal comfort in the interior
of buildings. Under these conditions, cooling of buildings is of great importance.

Traditional architecture can show examples of harmonization with local climate.
In hot and dry climates the buildings were of massive construction with few and
small openings and light colours on the external surface. Fountains, pools, water
streams and vegetation accomplished the cooling effect through evaporation. In hot
and humid climates, where ventilation is desirable, we find lightweight structures
with large openings and large overhangs. Modern buildings, in many cases, fail to
follow the examples set by tradition. Part of the blame for the failure, from the cli-
matic point of view, has been attributed to the so called ‘international style’, that
brought science and technology to its design, adapting design ideas and features
regardless of different climatic regions. This was connected with the separation of
the envelope’s design, which was the task of the architect, and the interior operation,
which was entirely left to service engineers. This approach led to a total dependence
on mechanical equipment to support the energy needs of buildings. With the present
state of the art of air conditioning, the cooling needs of any building can be met, but
at the cost of using unnecessary amounts of energy.

BENEFITS OF PASSIVE COOLING

The energy required for heating and cooling of buildings is approximately 6.7% of
the total world energy consumption. By proper environmental design, at least 2.35%
of the world energy output can be saved [1]. In hot climate countries, energy needs
for cooling can amount to two or three times those for heating, on an annual basis
[2]. Utilization of the basic principles of heat transfer, coupled to the local climate,

35
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and exploitation of the physical properties of the construction materials, could make
possible the control of the comfort conditions in the interior of buildings. Even in
areas with average maximum ambient temperature around 31.7°C, comfortable
conditions inside buildings can be achieved by means of proper building design [3]
that frequently makes the use of air-conditioning units in dwellings unjustified. It is
estimated [4] that an increase of 9 mtoe (million tons of oil equivalent) per annum in
the total technical potential solar contribution (all potential solar usage is exploited)
is possible in all the EU countries by the year 2010, compared to 1990, if passive
cooling is applied in dwellings.

Passive cooling strategies in the design of buildings should be considered, since
the extensive use of air-conditioning units is associated with the following problems:

Environmental

+ Wide use of air-conditioning units has caused a shift in electrical energy
consumption to the summer season and an increased peak electricity de-
mand. Peak electric loads impose an additional strain on national grids,
which can only be covered by development of extra new power plants. It is
estimated [S] that in the USA the total electric peak load induced by air-
conditioning units is about 38% of the non-coincident peak load. In addition
to environmental implications, increased electrical peak loads result in an
increase of the average cost of electricity to cover the construction of new
power stations.

« Increased electrical energy production contributes to exploitation of the fi-
nite fossil fuels, to atmospheric pollution and to climatological changes.
During the production process (fuel conversion), CO,, which is one of the
main causes of the greenhouse effect, is released. Coal-fired power plants
burn and emit approximately 0.5 kg of carbon in the form of CO, for each
kWh generated [6]. From the pre-industrial period to 1987, the ever-
increasing use of fossil fuel and deforestation together have raised atmos-
pheric CO, concentration to some 24% [7].

« Heat rejection during the production process (for electrical energy and air-
conditioning units) and from the operation of air-conditioning units them-
selves increases the phenomenon of the ‘urban heat island’ (the climate
modification due to urban development, which produces generally warmer
air in cities than the surrounding countryside). Studies [8] show that summer
heat islands are of average daily intensity of 3—5°C, resulting in discomfort
and increased air-conditioning loads. It is estimated [9] that 5 to 10% of the
urban American electrical demand is for additional air conditioning to com-
pensate for heat islands.

« Ozone-layer depletion can be caused by CFCs and HFCs (the most common
refrigerants of currently used air-conditioning units) from possible leakage
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during manufacture, system maintenance or unit failure. It has been esti-
mated [10] that in the UK the average annual rate of refrigerant leakage
from building air-conditioning units is 20% of the total machine charge and
that around 75% of CFC consumption in 1991 by the refrigeration systems
for building air conditioning was for servicing existing systems. Although
long-term alternatives to CFCs and HFCs will have zero ozone-layer deple-
tion potential (ODP), most of them will still be strong greenhouse gases.

Indoor air quality

« Increased indices of illness symptoms (lethargy, headache, blocked or runny
nose, dry or sore eyes, dry throat and sometimes dry skin and asthma),
known as ‘sick building syndrome’ [11] are reported in people working in
air-conditioned buildings [12, 13].

¢ Occupants’ dissatisfaction with indoor comfort conditions.

Economic

» Economic and political dependence of countries with limited natural re-
sources on other countries, richer in natural resources.

» Installation of air-conditioning units presents an extra cost in the construc-
tion of a building, followed by an additional operation and maintenance
cost. In EU countries 3.1 million ECU were spent on air-conditioning units
in 1991, with Germany the largest contributor (22% of total) [14].

« Expenses for importation of A/C units. Countries with hot climates exhibit
an increased rate of sales of air-conditioning units. In Greece, sales of pack-
aged air conditioning have increased by 900 per cent over recent years [15],
with 80% of them delivered to the residential sector [14].

PASSIVE COOLING STRATEGIES

Passive cooling can broadly cover all the measures and processes that contribute to
the control and reduction of the cooling needs of buildings. It includes all the pre-
ventive measures to avoid overheating in the interior of buildings and strategies for
rejection to the external environment of the internal heat, either generated in the in-
terior or entering through the envelope of the building. Coupling of buildings with
ambient cooling sinks that can absorb the indoor built-up heat has to be provided
[16]. Natural sources that can be utilized as cooling sinks are:

« the upper atmosphere (sky)
» the ambient air
e the earth.
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Heat rejection to the heat sinks can be achieved either by the natural processes of
heat transfer: conduction, convection, radiation, evaporation (natural cooling) or
enhanced mechanically with use of small power fans or pumps (hybrid cooling).

To avoid overheating and create thermal comfort conditions in the interior of
buildings during summer, the cooling strategies should be designed at three levels:

1 prevention of heat gains in the building

2 modulation of heat gains
3 rejection of heat from the interior of the building to heat sinks (natural or

hybrid cooling).

The first two measures aim to minimize the heat gains and the air temperature inside
the building, while the third one attempts to lower the interior air temperature.

Prevention of heat gains

Prevention of heat gains is the first step towards improvement of the thermal comfort
conditions in the interior of buildings and includes every measure that provides
minimization of heat gains in it. The heat gains in a building can be classified as
(Figure 2.1):
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Figure 2.1 Sources of thermal heat gains in a building

» External heat gains, which originate from the association of the building
with the outdoor environment. The main sources are:
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— Solar radiation, which is directly transmitted indoors through the glazing
or is absorbed by the opaque elements and consequently conducted in-
doors.

— Ambient temperature, which is conducted through the building fabric and
convected by ventilation and air infiltration.

« Internal heat gains. The main sources are:

— Metabolic heat, the heat produced by occupants, which can be signifi-
cant, especially in crowded spaces. (An average adult produces 110 W,
which can rise to about 800 W when playing basketball.)

— Artificial lighting, which is a significant heat source in office and com-
mercial buildings, while its contribution to residential buildings is usually
small.

— Appliances, from which a significant amount of heat is produced, espe-
cially in modern offices.

— Cooking, bathing, etc., which add an extra heat input in the interior of
buildings.

The contribution of each type of heat gains depends on the envelope and the use of

the building.
Protection from heat gains could be achieved through (Figure 2.2):
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Figure 2.2 Ways of preventing overheating

e Modulation of the microclimate of the building. Microclimate is the cli-
mate around the building and any modifications can improve indoor com-
fort conditions and reduce its cooling load. The microclimate can be modi-
fied through:

— Landscaping. Trees around the building can protect it from the solar ra-
diation, reduce the ambient temperature through evapotranspiration and
offer at the same time protected spaces for outdoor activities. Evapora-
tive cooling from pools and fountains, combined with wind channelling
by vegetation can improve the indoor thermal environment of buildings.

— Site planning and siting of the building. Proper site design and a build-
ing’s siting can exploit existing topographical features, adjacent build-
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ings and vegetation for natural solar protection, local breezes for summer
ventilation or existing vegetation and water surfaces for natural cooling.

« Form and morphology of the building. Manipulation of the building’s

geometry and positioning and the sizing of its openings can regulate the ex-
posure to incident solar radiation and wind. The arrangement of the internal
spaces and the openings can influence the availability of natural daylighting
and air flow in the interior of the building.

Solar protection of the envelope and shading of openings. Preventing
solar radiation from reaching the building and its interior is one of the fun-
damental measures for avoidance of overheating conditions in its interior.
Although solar protection of the envelope is beneficial, most crucial is
shading of the openings. This can be achieved by creating obstacles to the
sunpath (shading devices) or manipulating the solar-optical properties of
glazed surfaces (high reflectivity, thermochromic, electrochromic, holo-
graphic glasses).

Thermal insulation. Thermal insulation in the building’s envelope can
function as a means to reduce heat transmittance through its fabric. In addi-
tion, through a special arrangement of the insulation layer, it can act as a
radiant barrier [17]. Positioning a low-emissivity material (like an alumin-
ium foil) next to an air gap in a multi-layer element (Figure 2.3) reflects the
radiation, reducing in this way the inner-layer temperature and the radiant
temperature of the internal spaces, while during the night it blocks radiant
exchange, thus reducing the required cooling load.
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Figure 2.3 Schematic representation of a radiation barrier on the roof

Surface properties. The colour of the external surface determines the
amount of solar radiation received on the external surface of the building’s
envelope, as light colours are associated with reduced solar heat absorption.
Irregularities of the texture of the external surface can modulate the heat ab-
sorbed and radiated back to the environment. The textured surface, because
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of its irregularities, has an absorbing area less than its emitting surface and
also presents an increased surface for convective heat transfer. This permits
a textured surface to cool down faster than a flat surface.

« Control of internal gains. Internal gains can be significant, especially in
specific types of buildings, like offices and commercial buildings. Maxi-
mum use of natural daylighting and high-efficiency artificial lighting can
significantly reduce the cooling load. Use of appliances of high efficiency
and the location of them in positions that allow easy rejection of the heat
produced can improve the internal thermal environment. Also allocation of
the spaces according to the occupation densities and types of activities
should be considered.

Modulation of heat gains

Modulation of heat gains can be achieved through the use of materials with high
thermal storage (or thermal mass, as it is also called) in the building’s structure.
High-thermal-mass materials, like brick and concrete, act as a storage for both heat
and cold as they heat up and cool down relatively slowly.

This procedure provides an attenuation of peaks in internal temperatures, by de-
laying the discharge of heat until a later time, when outdoor ambient temperatures
are lower. At the same time it reduces the heat flow reaching the interior of the
building, as part of the stored heat in the envelope is reradiated and convected back
to the external environment during the evening hours. During the evening, the ther-
mal mass acts as a storage of cold that is gradually recovered during the day.

The distribution of thermal mass in the building’s envelope and its size play an
important role in the effectiveness of the cooling discharge operations (mainly night-
time ventilation and radiative cooling) and the amount of stored coolness. For as-
sessment of the effectiveness of indoors-positioned thermal mass, the concept of the
‘diurnal heat capacity’ was introduced [18, 19]. This is defined as the amount of
energy stored in the material and returned back to the indoor space during the diur-
nal cycle per unit surface area, for one degree diurnal swing in the surface tempera-
ture of the storage element (Wh m™ K).

The larger the swings in outdoor temperature, the more important is the effect of
the thermal mass. The role of thermal mass attains its highest importance for build-
ings in continuous occupation, such as residences. Some recommendations for
buildings in Israel are presented by Shaviv [20] and for European conditions in a
study by INSA [21].

Heat rejection

In many climates, the preventive and modulating measures related to heat gains are
not sufficient to keep indoor temperatures at a comfortable level during the day. The
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design of the building should ensure means to reject the heat build-up in the interior
of the building (natural or hybrid cooling). The main techniques of natural cooling,
according to the mode of heat transfer and fluid flow, can be classified as (Figure
2.4):

« cooling with ventilation
« radiative cooling

« evaporative cooling

« earth cooling.
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Figure 2.4 Modes of heat transfer

Some of the techniques provide a direct instantaneous cooling effect. In others, the
coolness is collected during night-time and is released the next day, thus smoothing
the effect of the accumulated heat inside the building. Materials suitable for storage,
which can even store the coolness of the cold winter ambient air, are [22] (Figure
2.5):

« building mass, for storage for a few hours

« rock beds, which can store coolness for a few hours or months

« earth, for seasonal storage from winter to summer

« water, for a few hours’ or a few months’ storage

« phase-changing materials, for daily and seasonal cooling storage.
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Figure 2.5. Different methods of heat storage

VENTILATION
Ventilation of buildings has been a major cooling technique throughout the world. It
is based on the fundamental heat-transfer mode of convection, where the air flowing
next to a surface carries away heat, provided it is at a lower temperature than the
surface. When it passes over the human body, it increases the evaporation rate from
the skin and enhances heat extraction.

Air movements through buildings result from the difference in pressure indoors
and outdoors which can be achieved (Figure 2.6) by:

« Natural forces:
— wind-induced pressure difference
— pressure difference induced by temperature gradients between the inside
and outside of the building (sack effect) (Figure 2.7) [23]
+ Mechanical forces:
— Pressure difference induced mechanically, like a fan.

Ventilation of buildings can be divided [24] into:

+ Comfort ventilation (or daytime ventilation), which provides human com-
fort, mainly during daytime, through higher indoor air speeds. The air flow
can provide a direct psychological cooling effect even at temperatures as
high as 34°C. The higher air speed increases the rate of sweat evaporation
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from the skin, minimizing in this way the discomfort from the feeling of wet
skin. Thus, it is especially beneficial when the relative humidity of the air is
high {25].

Although daytime ventilation can raise the temperature of the internal
surfaces and air, its overall effect on comfort can be positive, provided that
indoor comfort conditions can be experienced for the outdoor air tempera-
ture, with an acceptable indoors air speed [25]. It is estimated that increas-
ing the air velocity by 0.15 m s™' compensates for a 1°C increase in air tem-
perature at moderate humidity levels (less than 70% RH) [26].

The design objectives should be:

— to obtain a continuous air flow throughout the building
— to direct the air flow through the occupied zones
— to achieve high air velocities at the level of the occupants.
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The structure materials should be of low storage.

» Nocturnal convective cooling. Air movement through the building during
the night, when the outside air temperature is low, lowers the indoors ambi-
ent temperature and is also associated with storage of its coolness in a stor-
age mass. The storage mass can be distributed in the structure itself, for ex-
ample in the walls, floors, ceiling or in a specialized thermal store, such as a
rock bed or water store mass. The building is kept cool during the next day,
provided the windows are closed, as the cool structural mass is able to ab-
sorb the heat that penetrates through the envelope or is generated inside the
building. When the storage mass is outside the building, it can be used to
precool the ventilation supply air or to cool the building by a closed-circuit
flow.

The effectiveness of the nocturnal ventilation is linked to:

the ventilation rate

— the storage area

the area that comes into contact with the flowing air

the heat capacity and thermal conductivity of the storage material.

The design of the building should ensure a high ventilation rate through the

building and especially over the storage surfaces.

This strategy is beneficial in climates with a large diurnal temperature
swing, over approximately 15°C, where the night minimum temperature
during summer is lower than about 20°C [24]. The indoor air-temperature
pattern in a nocturnally ventilated building follows the outside one. In a
high-mass, well insulated building, shaded and closed during the day, a drop
of 35-45% in the internal air temperature, relative to the outdoor tempera-
ture, is possible through nocturnal ventilation [24].

|

RADIATIVE COOLING

Radiative cooling is based on the fundamental principle that any warm body emits
thermal energy in the form of electromagnetic radiation to the facing colder ones.
The sun is radiating heat (in the form of short-wave radiation) to the earth during the
day and earth is radiating back heat (in the form of long-wave radiation) to the cool
sky. The radiant heat loss takes place both day and night; especially in the northern
hemisphere, the upper atmosphere layers are cool enough during the day to provide
a useful heat sink [27]. During the day, the absorbed solar radiation counteracts the
cooling effect of the long-wave emission.

The radiative cooling is stronger in clear night skies but it is reduced by the exis-
tence of particles, such as water vapour, carbon dioxide and dust in the atmosphere.
As these particles absorb and emit back long-wave radiation, the net outgoing radia-
tive heat flux from any object on the earth is equal to the radiation emitted from it
towards the sky dome minus that re-emitted from the atmosphere. This difference in
radiation rates determines the maximum potential of radiative cooling. Radiance
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from the clear sky tends to be low in the 8-13 um spectral region. This high trans-
parency to radiation is known as the infrared ‘atmospheric window’.

The envelope of the building, which absorbs heat during the day, emits this heat
back to the sky during the night (Figure 2.8). As a horizontal surface is the best ra-
diator to the sky, the roof is the most effective radiator. The radiative potential of a
surface is reduced when hot air surrounds it (hot summer nights) because it convects
heat to the surface. The convected heat increases with the wind speed and its effect
can be decreased by using wind-screens, a screen partially transparent to long-wave

radiation.
Water droplets ﬂ @

Figure 2.8 Thermal radiation processes

Dependent on the thermal coupling of the radiative surface and the interior of the

building, radiative cooling can be classified as:

« Direct radiative cooling, where the roof acts as a radiator. The roof is the
element of the building that absorbs the biggest part of the solar radiation
during summer [27] and has also the best view of the sky dome and thus is
an effective radiator. (On a hot summer day the roof of a house could reach
65°C at noon and at this temperature could reradiate almost 750 W m™
towards the sky [28].)

Use of high-thermal-storage materials can increase the radiative potential
of a building, by delaying the transfer to its interior of heat which is radiated
back during the night. Traditional architecture in hot, dry and sub-tropical
climates can show examples of radiative cooling by using vaulted roofs.
The surface of a vault is bigger than its horizontal base (three times bigger
for a hemispherical roof) and, thus, there is a bigger storage surface during
the day and a bigger radiative surface during the night.

The ‘Roof pond” or ‘Skytherm system’ is the most characteristic contem-
porary application [29]. The roof is made of structural steel deck plates and
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plastic bags, filled with water, are placed on them. Movable insulation pan-
els cover the water bags during the day and expose them to the sky dome

during the night in summer (Figure 2.9).
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Figure 2.9 The Roof pond system

Similar is the Movable thermal mass roof. A pond, filled with water is
sitnated above an insulated layer during the night and is cooled by radiation.
During the day the water is drained below the insulating layer and absorbs

the solar gains.
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Insulation of the roof’s structure minimizes the actual radiative cooling
potential of the building. Application of movable insulation on top of the
roof enhances the radiative potential of the roof, as it is used to protect the
roof from solar gains during the day and leaves it exposed during the night.

Efforts have been made to develop selective radiators that enhance the
radiative cooling effect [30, 31, 32]. These radiators attempt to exploit the
‘atmospheric window’, by presenting high emissivity at the long-wave
spectrum of the ‘atmospheric window’ and high reflectivity below and
above this range.

The cooling effect of the roof radiative systems is restricted to the space
that is in contact with the roof and thus only single storey houses or the top
floor of a multi-storey building can benefit.

o Indirect radiative cooling is obtained by cooling a fluid (water or air)
through radiation to the sky. The coolness is then stored in a specialized
storage mass (e.g. rock-bed, water tanks) or in the structural mass of the
building. The cool air can also be flushed directly into the building, pref-
erably next to the storage mass (Figure 2.10). A metallic sheet over the roof,
with an air gap of 5-10 c¢m beneath, is a typical radiator.

Figure 2.10 Indirect radiative cooling

EVAPORATIVE COOLING

Evaporation is the phase change of water from liquid to vapour. This is accompanied

by release of high amounts of heat (sensible heat) from the air that comes in contact

with the wet surface or from the surface where evaporation takes place. Depending

on fluctuations of the air’s moisture content, evaporative cooling is characterized as:

+ Direct evaporative cooling of the ventilation air. The ventilated air passes

over a wet surface (e.g. a pond or fountain) and is cooled by evaporation.
The decrease in the dry bulb air temperature (DBT) is accompanied by an
increase in the air’s moisture content. On the psychometric chart, direct
evaporation is characterized by a displacement along a constant wet bulb
temperature (WBT) (line AB in Figure 2.11).
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Figure 2.11 Evaporative cooling on the psychometric chart

+ Indirect evaporative cooling. The evaporation takes place on a surface
which is cooled during this process. The air that comes in contact with the
cool surface is subsequently cooled without increasing its moisture content.
Its representation on the psychometric chart is along a line of constant
moisture content (CD in Figure 2.11).

The efficiency of the evaporation process depends on the temperature of
the air and of the wet surface, the moisture content of the air and the veloc-
ity of the air flowing over the wet surface. Evaporative cooling is especially
effective in arid and dry climates. Direct evaporative cooling is considered
effective in places where the maximum ambient WBT is 22 to 24°C and the
maximum DBT is 42 to 44°C. It has been suggested that indirect evapora-
tive cooling can be applied in places where the WBT is 25°C and the
maximum DBT is 46°C [24].

Air flow can be induced by natural forces (wind or temperature differ-
ences) (natural evaporation) or with simple mechanical systems (hybrid
evaporation). The most simple application of natural evaporation is the use
of vegetation for evapotranspiration, in fountains, ponds and water streams
(Figure 2.12). Traditional architecture can show examples of wet pads made
of fibres and placed on windows or wind towers where the incoming air
passes through jars with water or through a water spray (‘Volume cooler’)
(Figure 2.13).
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Figure 2.12 Natural evaporative cooling

Indirect evaporation is used to cool the roof of the building either by
keeping a thin layer of water on the roof surface — Water-film — or by using

a water spray — Roof spray — to keep the roof wet. The water-pond tech-
nique is also used to cool the roof surface by evaporation. The building is
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then cooled, because the radiant temperature of the roof, and of the indoor
air coming in contact with the roof;, is lowered.

EARTH COOLING

The earth can serve in many climates as a cooling source. Its high thermal capacity
keeps the soil temperature, below a certain depth, considerably lower than the ambi-
ent air temperature during summer. Seasonal variation of the earth temperature de-
creases with increase of the depth, moisture content and soil conductivity. It is esti-
mated that a few metres below the surface, the earth temperature remains constant
throughout the year [27].

In regions with a temperate climate, the temperature of the soil at a depth of 2.0-
3.0 m can be low enough during summer to serve as a cooling source. In hot cli-
mates, however, the earth temperature is usually too high to allow the earth to act as
a cooling source [24]. Several measures have been proposed to lower the soil tem-
perature, for example shading the earth surface with a layer of gravel or wood chips
about 10 cm thick or encouraging evaporation by irrigating the surface of the earth
[33]

The cooling potential of the earth can be utilized by (Figure 2.14):

« Direct earth contact cooling. The cooling capacity of the earth mass is di-
rectly exploited by fully integrating the building within the earth
(underground buildings) or by partially earth integrating the building’s en-
velope, for example by covering with earth some of the walls or the roof of
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Figure 2.14 Earth cooling

the building. It is most suitable in hot-dry climates with a mild winter, as the
direct coupling of the building with the earth, which is necessary for effec-
tive cooling, causes high rates of heat loss during winter.

o Indirect earth cooling, by precooling the air entering in the building
through use of underground pipes. The hot external air or the air circulating
through the building (closed-circuit) is cooled by flowing through tubes
positioned in the ground. The length and the diameter of the pipes depends
on the cooling load of the designed building; they are usually about 10-30
cm diameter and 12-60 m length. When the available earth space is re-
stricted, an array of pipes can be used instead of one big pipe. Circulation of
the indoor air through earth pipes can lower the indoor air temperature by
10°C compared to the external ambient one [24].

COOLING POTENTIAL - LIMITATIONS

The operation and efficiency of passive cooling techniques is more dependent on
climate than passive heating ones. While the processes for passive solar heating are
common throughout the world, passive cooling is based on processes fundamentally
linked to climate (air temperature, relevant humidity, velocity and direction of
winds). Passive solar heating will always make a positive contribution to the overall
thermal performance of a building, whereas improper choice of a cooling technique
could create an unpleasant internal environment. In addition, thermal comfort re-
quirements during summer are different for each climate type. As an example, hot
dry climates require different cooling strategies to hot humid climates.

The choice of the appropriate cooling technique depends not only on the local
climatological conditions, but also on the building type and the occupancy patterns.
Additionally, the climatic boundaries for the applicability of various systems differ
from region to region [24], in that, as a result of the phenomenon of natural acclima-
tization, people living in hot regions can tolerate higher temperatures before experi-
encing distinct discomfort.
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Measures for prevention and modulation of heat gains are effective in any climate
and type of building. Their necessity and importance in the overall design is associ-
ated with the contribution they make to the cooling load. On the other hand heat
rejection from the building by natural means depends mainly on [26]:

« sufficient climatological and environmental conditions for providing an ap-
propriate heat sink for rejection of the indoors developed heat;
« appropriate thermal coupling of the building with a heat sink.

The applicability of passive cooling strategies could be limited by :

+ Climate and microclimate. High night ambient temperature, cloud cover,
high humidity and insufficient wind speeds are the main climatic factors af-
fecting the efficiency of the different cooling approaches.

+ Air pollution and noise levels, especially in the centre of big cities, could
discourage the application of some cooling techniques, such as natural
ventilation.

«» Site topography and building regulations in some cases put restrictions in
the design of buildings and limit the applicability of several techniques.

+ Lack of national regulations and guidance for meeting the cooling needs
of buildings. There is an emphasis on the heating needs of buildings through
regulations on thermal insulation, but the important issue of thermal comfort
during the summer period has received less attention.

+ Insufficient information to both designers and building users on the po-
tential of passive cooling. Also, the number of evaluation tools for the
summer thermal performance of buildings is limited.

EPILOGUE

Passive cooling should be considered as part of an overall environmental design
strategy that attempts to meet comfort conditions in the interior of buildings and to
minimize its dependence on mechanical equipment. Incorporation of passive cooling
measures should always be considered in association with the winter thermal needs
of the building.

Although climate seems to be a determining factor in the demand for cooling,
building type, occupancy patterns, activities and building design are equally impor-
tant. This makes passive cooling techniques relevant even in northern regions where
overglazed offices can experience overheating.

The overall concept behind a strategy for passive cooling can be summarized in
the following steps:
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1 reduce the solar radiation reaching the building and control the hot ambient
air entering its interior;

2 minimize the effect of heat reaching and penetrating the envelope of the
building;

3 contribute to the reduction of internal gains, through daylighting and effi-
cient use of appliances;

4 couple the envelope with environmental sinks for heat dissipation.
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The Mediterranean climate

GEOGRAPHICAL CHARACTERISTICS

The countries surrounding the trapped Mediterranean basin are characterized by
special climatological conditions due to the combination of their latitudes and to the
influence of the sea on the formation of the area’s weather. In addition, a significant
role is played by the terrain of the northern part of the basin, which consists of high
mountain ranges. Thus, the climate of the European Mediterranean countries intro-
duces special characteristics which are also encountered in certain areas in Australia
and in California, USA.

The Mediterranean Sea lies within the temperate zone between 30° and 46°N.
Except for a small part of North Africa, east of Tunisia, the rest of the sea is en-
closed by mountains over 3000 metres high, lying close to the coast with a coastline
that is much indented.

The Mediterranean basin may be regarded as being divided geographically into
three parts:

« the eastern part, mainly around Cyprus and Greece, the northern part of
which is occupied by the Adriatic Sea and the Aegean Sea;

o the central part between Corsica—Sardinia—Tunisia-Sicily and Greece—
Cyrenaica; and

« the western part between the coasts of France—Spain—North Africa and
Corsica.

The western basin of the Mediterranean is surrounded by high mountains (Atlas,
Pyrenees, Alps). The main gaps in the area through which we can have inflow of air
masses from the Atlantic and Northern Europe, are:

« the Strait of Gibraltar and the Alboran Channel, between the mountains of
Spain and the Atlas range in North Africa;

« the Garronne—Carcassonne gap, north and west of the Pyrenees which sepa-
rates them from the Massif Central of France; and

« the narrow Rhone—Séone gap, which separates the Massif Central of France
from the Alps.

All around the western basin the coastal plain is narrow except where the Rhone
enters the Gulf of Lyons.

56



THE MEDITERRANEAN CLIMATE 57

The eastern Mediterranean basin is bordered on the north and east by ranges of
mountains of over 1000 metres high. The Adriatic Sea is surrounded on the west by
the Apennines, which cross the Italic peninsula, on the north by the Alps and on the
east by the Dinaric Alps, which lie along the coastline of Yugoslavia and continue
south as the Pindus range of Albania and Greece. The only gaps in the general area
are the wide, funnel-shaped Po Valley at the northern end of the Adriatic Sea — sepa-
rating the Apennines from the Alps — and the Trieste gap between the Alps and the
Dinaric Alps.

The Aegean Sea, which lies in the north-eastern part of the Mediterranean, has as
a northern boundary the Rhodope range and the Turkish mountains. Between them
there is the Dardanelles gap, between 50 and 100 miles wide, which provide an out-
let from the Black Sea to the Aegean Sea. To the east, the Mediterranean is sur-
rounded by mountains 1000-2000 metres high, which extend to Lebanon and Syria.
To the south the eastern basin is bounded by the mountains of North Africa, which
are not very high (< 300 metres) except for the mountains of Cyrenaica, which reach
500 metres above sea level.

As a result of this special topography of the area, the inflow of air into the Medi-
terranean basin takes place through gaps in the mountain ranges, except over the
southern shores east of Tunisia. Strong winds are ‘funnelled’ through the gaps and
influence the Mediterranean areas, thus creating the special conditions that deter-
mine the Mediterranean climate.

The most important winds of the Mediterranean, are:

« The north-westerly Mistral, through the Alps—Pyrenees gap

« The north-easterly Bora, in the Adriatic area, which blows through the Tri-
este gap

¢ The easterly Levanter and the westerly Vendaval, through the Strait of Gi-
braltar

« The warm south-easterly to south-westerly wind, which blows from Africa
towards the Mediterranean and is best known as the sirocco, ghibli or
khamsin.

» The south-easterly winds that blow in the Aegean Sea through the Dardan-
elles and which, during summertime and under special synoptic conditions,
create strong or even stormy local winds mainly during daytime (Etesian
winds).

As a result of the topography, the trapped Mediterranean basin and the prevailing
synoptic systems in the temperate region, the outstanding features of the weather are
mild and wet winters and relatively calm, hot and dry summers. The transitional sea-
son of spring is similar to that in England in that the change from the winter to the
summer regime takes place with a number of false starts. On the other hand, autumn
is relatively short, ending in early November.
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In the Mediterranean there are mainly two season categories, the warm season
and the cool season. Warm season denotes the months from June to September and
cool season the months from October to May, although October and May may be
regarded as transitional months.

SOLAR RADIATION

It is widely known that all the observed atmospheric processes are the consequences
of the received solar radiation. Thus, the measurement of the solar radiation presents
special interest for the environmental researchers.

The prevailing weather conditions in the Mediterranean basin, combined with the
latitude, form conditions of uniform distribution of the solar radiation parameters.
As a result, the values of the coefficient of variability do not exceed the value of
12%, while in the east Mediterranean region, they are even smaller (4—7%). Thus,
despite the lack of a dense network of solar radiation measurements, we can refer
with sufficient precision to parameters covering the whole Mediterranean region.

Global radiation

From the Test Reference Years (TRY) of the CEC [1] solar radiation data have
been gathered, for 19 on-shore stations in the western and central Mediterranean
(Italy and France). In addition, global radiation data has been recorded in Greece for
36 measurement stations using mainly Robitzsch actinographs. From these we have
considered data from 11 stations in coastal areas and included this information with
the network of the stations mentioned above, as well as data from stations in Croatia,
Malta and Cyprus. For all these stations (Table 3.1) we have processed the meas-
urements of temperature, relative humidity, wind and cloudiness (Figure 3.1).

Initially, there appears to be a correlation of the kind:

logy=a+be 3.1

between the annual values of the global radiation (') and the latitude (¢). The corre-
lation coefficient that was calculated (—0.76) is statistically significant in the signifi-
cance level of 0.05. If, using regression analysis, the annual values of the global ra-
diation of the total of all the shore stations in Greece are evaluated, it appears that
the differences between the evaluated and the observed annual values are not statis-
tically significant at the significance level of 0.05 in the mean values.

However, evaluation of the annual values of the global radiation, with the help of
the above equation, for areas away from the Mediterranean coastal zone, leads to
results that differ significantly from existing measurements. The average annual val-
ues of the global radiation of the 19 stations of the Mediterranean basin that we ex-
amined ranged from 505,080 J cm™ (Thessaloniki, Greece) to 655,590 J c¢cm >
(Trapani, Italy).
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Table 3.1 Network of Mediterranean stations examined

Zone A p<37°N

Zone B 37°<@<40° N

1. Gibraltar

2. Valletta, MALTA
3. Kithira, GREECE
4. Iraklion, GREECE
5. Milos,GREECE

6. Rhodes,GREECE
7. Morphou, CYPRUS
8. Paphos,CYPRUS

9. Nicosia, CYPRUS

10. Alicante,SPAIN
11. Valencia,SPAIN
12. Palma,SPAIN
13. Palermo, ITALY
14. Catania,ITALY
15. Corfu, GREECE
16. Patras, GREECE
17. Athens, GREECE
18. Skiros, GREECE
19. Samos,GREECE

Zone C40°<p<43°N

Zone D p>43°N

20. Barcelona, SPAIN
21. Pertusato, ITALY
22. Rome, ITALY
23. Naples, ITALY
24. Taranto, I[TALY

28. Marseilles, FRANCE

29. Genoa, ITALY
30. Leghomn, ITALY
31. Ancona, ITALY
32. Venice, ITALY

25. Dubrovnik, CROATIA 33. Trieste, ITALY
26. Thessaloniki, GREECE 34. Fiume, CROATIA
27. Alexandroupolis, GREECE  35. Split, CROATIA

Figure 3.1 Network of the Mediterranean stations

Mediterfannean Sea
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Over the whole Mediterranean zone the annual variation of the global radiation is
the same, having a maximum, mainly, in July and a minimum in December. The
percentage of the global radiation during the warm period (June—September) covers
the 47-50% of the annual values.

We have divided the Mediterranean region into four zones (A, B, C, D) according
to latitude [zone A (¢ < 37° N), zone B (37° N < 9 <40°N), zone C (40° N< ¢ <
43°N), zone D (¢ > 43° N) — see Table 3.1}. Grouping together the measurements,
we have calculated for each zone the mean annual variation of the global radiation
(Figure 3.2). It is clear from Figure 3.2 that generally the global radiation decreases
as the latitude increases. A slight increase, observed during July and August in zone
B relative to zone A, can be attributed to the geographical distribution of the stations
within zone B.
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Figure 3.2 Mean annual pattern of the global radiation of zones A, B, C and D

The greatest increase from month to month is observed for the areas with a lati-
tude less than 37° N between February and March, while in zones B and C this in-
crease is encountered between April and May. In contrast, the greatest decrease is
observed between August—September and September—October.

Diffuse solar radiation

The annual values of the diffuse solar radiation represent 35—44% of the respective
global radiation values and some increase of this percentage with latitude is ob-
served. The annual variation of the diffuse global radiation is the same too, having a
maximum in July and a minimum in December.
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The diffuse solar radiation of the warm period (June—September) ranges from
220,000 to 232,500 J cm™ and represents the 45-49% of the respective annual val-
ues. These percentages are of the same order as those referring to the global radia-
tion.

The lack of sufficient data prevents a latitude zonal study of the diffuse solar ra-
diation distribution, but it seems, as expected, that there are other factors which also
significantly influence this distribution, so that there is no statistically significant
correlation between diffuse solar radiation and latitude.

Direct normal radiation

The annual values of the direct normal radiation range from 0.98 to 1.06 of the re-
spective global radiation values. As far as the annual variation of the direct normal
radiation is concerned, it presents a single annual variation with a maximum between
June and August and a minimum between December and January.

The total of the direct normal radiation of the warm period (June-September)
ranges from 217,000 to 308,000 J cm™ and represents the 41-47% of the annual
totals.

The direct normal radiation thus presents statistically significant linear correlation
with the latitude (correlation coefficient » = —0.87), but the small size of the sample
does not permit the definition of a regression line that can efficiently provide correct
estimates for the entire Mediterranean zone.

THE AIR TEMPERATURE

The most important meteorological parameter that is relevant to issues of buildings’
cooling and of human comfort in external and internal environments, is the air tem-
perature. In the Mediterranean region, owing to the great longitudinal extent of the
surrounding countries (30°-45° N latitude) and to the terrain, there are great con-
trasts in temperature. In addition, temperature is influenced, in the interior, by the
site location in relation to the approach of tropical maritime (MT) air masses.

After studying the various expressions of the air temperature in some coastal sites
of the European part of the Mediterranean, we make the following observations.

Mean air temperature

The mean annual air temperature for the selected 35 sites in the European region of
the Mediterranean Sea (Figure 3.1) is related more to the stations’ latitude than to
their positions in accordance with the synoptic weather systems appearing in the
area.

Thus, the statistically significant linear correlation (correlation coefficient
R =-0.909) between the latitude and the mean annual air temperature permits the
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evaluation of the mean annual air temperature ({(T)) in low-altitude sites of the
Mediterranean region, with the help of the area’s latitude (¢), through the equation

<T> =3423-0437¢°. 3.2)

Equation (3.2) was used for the estimation of the mean annual air temperature in a
number of other sites, including some on the African coast, and the error relative to
the real values did not exceed 0.5-1.1°C.

The mean annual temperatures of the network of the selected stations ranged be-
tween 13.2° C (Venice) and 19.2° C (Morphou).

In the entire Mediterranean zone there is a single annual variation of the mean air
temperature, with a maximum in July or August and a minimum in January or Feb-
ruary. The annual thermometric amplitude ranges from 11.7°C (Gibraltar) to 21.7°C
(Venice).

The mean values of the warmer months range from 21.7°C in Marseilles, which is
under the influence of the north-westerly wind (Mistral), to 28.3°C in Nicosia. Tak-
ing the warm season in total (June—September), we find — especially in the northern
sites — lower mean monthly temperatures (19.4°C), so that the mean temperature of
the warm season ranges from 20.7°C in Marseilles to 26.7°C in Nicosia. In this case,
the changes from place to place are related less to the latitude and are influenced by
other local factors, such as the altitude. During these months, slight differences in
the altitude are obvious in the air temperature changes, given that the vertical lapse
rate in the summer is greater.

Furthermore, with the Mediterranean region divided into four zones according to
the latitude, so as to eliminate the influence of the local factors, we have calculated
the annual variations of the mean monthly air temperatures (Figure 3.3). It seems
that there is a definite change of the mean monthly air temperatures in relation to the
latitude in all months and the observed differences are less intense during the warm
months of the year, which is according to the, previously mentioned, smaller influ-
ence of the latitude during the warm season. In addition, greater cooling is observed
in all four zones between October and November (4.3—4.8°C) with a delay of one to
two months relative to the global radiation. Greater warming is observed between
May and June (~3.9°C) with a delay of one month relative to the greater increase of
the global radiation for the zone 37°N < ¢ < 42° N, except for zone D where greater
warming is observed between April and May (4.8°C), with a delay of two months
relative to the greater increase of the global radiation in this zone.
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Figure 3.3 Mean annual pattern of the mean air temperatures of zones A, B, C and D

Mean maximum air temperatures

For cooling purposes, the parameters of greater interest are the mean monthly
maximum air temperatures, especially those of the warm season (June—September),
which are more directly related to the number of hours per day that the air tempera-
ture exceeds the comfort level. These are especially influenced by local conditions,
such as sea breezes or seasonal winds, e.g. Etesian winds in the Aegean Sea.

The monthly values of the mean maximum air temperatures range in the northern
parts of the Mediterranean Sea, from 27.8°C (September) in Venice, where we also
observed low mean monthly air temperatures, to 40°C (July and August) in Nicosia.
The variation width of the mean maximum temperatures of the warm season is, it
seems, greater than that of the mean temperatures, defined by the extreme values of
30-30.3°C (Genoa, Venice) and 38.9°C (Nicosia).

Examining, for the latitude zones, the annual variations of the mean monthly
maximum air temperatures (Figure 3.4), we notice in all months a decrease in the
values as the latitude increases.This decrease is more intense during the cool season
of the year, especially in higher latitudes.
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Figure 3.4 Mean annual pattern of the mean maximum air temperatures of zones A,
B, Cand D

Mean minimum air temperatures

The annual variation of the mean monthly minimum air temperatures in the Mediter-
ranean follows that of the mean monthly temperatures, with minimum values in
January or February, ranging from —5.6°C in Alexandroupolis to 6.1°C in Kithira.
Generally, lower mean minimum monthly air temperatures are observed in the cen-
tral Mediterranean and in the northern parts of the east Mediterranean. The same
observations are made during the warm season. The mean monthly minimum tem-
peratures for the latter period ranged from 8.3°C (September) again in Alexandrou-
polis, which is influenced by the north wind current through the gap to the Black Sea
as well as by its high latitude, to 18.8°C in Kithira.

The same picture is presented by the zonal annual variation of the mean minimum
air temperature (Fig 3.5) as for the mean monthly and the mean maximum air tem-
peratures.

The monthly values of the mean minimum air temperature decrease constantly
with increasing of the latitude. However, the differences during the summer months
are less intense than those of the mean maximum air temperature. Generally, the
difference between mean maximum and mean minimum air temperature during the
warm season is greater in the eastern Mediterranean, mainly due to the higher mean
maximum temperatures prevailing in this region.
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Figure 3.5 Mean annual pattern of the mean minimum air temperatures of zones A, B, C
and D

Absolute maximum and minimum air temperatures

Absolute maximum and minimum air temperatures are observed, respectively, in the
periods July—August and December—February and are influenced by the latitude as
well as by local factors. The absolute maximum temperature of the July—August
period ranged from 35.6°C (Barcelona) to 46.7°C (Nicosia), while the absolute
minimum of the winter months ranged from —14.4°C (Trieste), to 5.0°C (Malta).

Generally, lower absolute minimum temperatures, during the winter, were ob-
served in the central Mediterranean, while higher absolute maximum temperatures,
during the July—August period, were observed in the eastern Mediterranean, mainly
in Cyprus.

For a more general covering of the Mediterranean regions, we should note that
the absolute minimum air temperatures depend not only on the latitude, but also on
the station’s continentality factor and on its altitude and orientation.

In Figures 3.6 and 3.7 the observed absolute maximum and minimum air tempera-
tures are reported for each month and each zone. The absolute maximum tempera-
tures present, generally, a decrease as the latitude increases. On the other hand, the
absolute minimum air temperatures during the winter months present a certain de-
crease as the latitude increases (~15.9°C), while, during the May—September period
and especially during the summer, lower absolute minimum air temperatures were
observed in latitudes below 37°N, particularly in the eastern Mediterranean, where
local conditions favour the appearance of low temperatures during summer.
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RELATIVE HUMIDITY

As has been proved, the conditions of human comfort do not depend only on the
prevailing conditions of air temperature. Significant roles are also played by the pre-
vailing atmospheric humidity and by the wind, which contributes to the modification
of evaporation. At particular air temperatures, extremely high values of atmospheric
humidity, as well as an extremely dry atmosphere, can create discomfort, mainly in
the respiratory system.

The Mediterranean Sea is characterized by values of relative humidity, that, in
general, do not create conditions of human discomfort. In addition, unlike other
meteorological parameters, the regional distribution of the relative humidity is fairly
uniform.

The annual variation of the relative humidity does not seem to be as simple as the
variation of the air temperature. There mostly seems to be multiple variation, where
the maxima and the minima are modulated by the influence of local factors. Gener-
ally, we note that, in the western Mediterranean, a minimum is observed during
spring and summer months, while in the central and eastern Mediterranean it is ob-
served in July and August. The main maximum in the western Mediterranean is ob-
served in December, while in southern parts the maximum is observed to shift to
January or February, when the depression activity in the area is at its maximum.

The mean annual value of the relative humidity ranges from 55% (Nicosia), to
74% (Gibraltar, Venice). The eastern Mediterranean, in general, has slightly lower
values of relative humidity than the other regions. The values of the mean relative
humidity of the warm season (June-September) are slightly lower than the mean
annual ones, ranging from 72% (Gibraltar) to 41% (Nicosia). In the eastern Mediter-
ranean, the values are lower than in the other regions and this difference is much
more intense during the warm period.

In studying the annual variation of the relative humidity in the four zones 4, B, C
and D (Figure 3.8), we note that only in the January—March period is there a slight
decrease of the mean monthly values of relative humidity as the latitude increases. In
addition, in the July-December period, the relative humidity for zone B is slightly
higher than that of zone 4. Generally, the differences are slight and do not seem to
be related to the latitude.

In the zonal annual pattern of the relative humidity, it is obvious that for zones 4,
B and C there is a single annual variation, with a maximum in December or January
and a minimum in July or August. On the other hand, in high latitudes (zone D) the
annual variation of the relative humidity presents a multiple variation related to the
area’s climate, which is not too similar to the Mediterranean type. Thus, in areas of
high altitude, which have a far-from-Mediterranean climate because of the altitude,
we often observe an opposite annual variation of relative humidity, with a maximum
during summer months and a minimum during winter months.
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Figure 3.8 Monthly variation of the relative humidity (%) of zones A, B, C and D

CHARACTERISTICS OF THE WIND

The anomalous topography of the northern part of the Mediterranean basin, com-
bined with the African deserts and the indented coasts, results in the development of
a multiform wind field in the Mediterranean. This is directly influenced by the gaps
between the mountain ranges. The wind is amplified when it is funnelled through the
gaps, so that an initial wind field is formed where the basic winds are :

« The north-westerly Mistral, through the Alps—Pyrenees gap

« The north-easterly Bora, in the Adriatic area, which blows through the
Trieste gap

s The easterly Levanter and the westerly Vendaval, through the Strait of
Gibraltar

o The warm south-easterly to south-westerly wind that blows from Africa
towards the Mediterranean and is best known as the sirocco, ghibli or
khamsin.

In addition, as a result of the topography and the coastlines, significant anabatic
or katabatic winds develop locally, while there is also a significant contribution from
sea-breeze phenomena. While general consideration is not possible, the contribution



THE MEDITERRANEAN CLIMATE 69

of the local and seasonal (e.g. Etesian winds during summer in the Aegean Sea)
winds is apparent.

The wind, with the temperature and the humidity of the air, plays an important
role in human comfort in the exterior environment. In addition, proper building de-
sign in relation to the prevailing wind directions may contribute to natural cooling of
the buildings. Studying the wind over a wide area, even within one particular coun-
try, is not possible because of the significant differentiations of this parameter from
place to place. Thus, other than the general information regarding the gaps between
the mountain ranges, which allow or even amplify the intensity of the traversing
wind, it is not possible to study, in general, the annual variation of the wind intensity
and direction as they relate to specific topics, such as cooling. In the central and
western Mediterranean we record, more often in summer than in winter, low wind
speeds, while in the Aegean Sea, the prevalence of the Etesian winds during summer
months favours the development of high wind speeds.

The values of the reported wind speed are indicative only of the areas examined.
On an annual basis wind speeds are higher in the eastern Mediterranean than in the
rest of the region examined. The highest mean annual wind speed (6.6 m s™') was
measured at Skiros (Aegean Sea), but it is known that in the southern part of the
Aegean Sea we can measure even higher values. The lowest value (2.2 m s™') was
measured at Palma (west Mediterranean). Similar results were found for the mean
wind speeds of the warm season (June—September), where the highest value was
measured in the south-east Aegean Sea (9.3 m s™' at Rhodes) and the lowest value
(2.8 m s7') at Valencia.

An effort was made to group the existing data into latitude zones (Figure 3.9), but
it is better for comparison between the zones than for studying mean values. It is
obvious, throughout the year, that the mean monthly speeds in zone B are lower than
those in both zone 4 and zone C. Such a situation cannot be explained, given that the
greater part of the Aegean Sea is located in zone B, where, as is well known, during
the year there are higher wind speeds than in other areas. This observation must be
attributed to local factors influencing the stations existing within this zone.

Finally, it is reported that between zones D and C there are no significant differ-
ences in mean monthly wind speeds.

CLOUDINESS

Theoretically, the percentage of the global radiation received by an area is directly
related to the latitude. Thus, the annual values of the global radiation on a horizontal
surface indicate that there is a certain increase in the received global radiation as the
latitude decreases. It has been calculated that the increase per degree of decreasing
latitude is about 0.3%. In spite of this, the actual received global radiation is signifi-
cantly modified by local geographical and climatic factors. The most important of
the climatic factors contributing to this modification, is cloudiness. Thus, for exam-
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Figure 3.9 Monthly variation of the wind speeds, in m s™, of zones A, B, C and D

ple in mountainous areas, the development of lower cloud is frequent during the
winter, while during the summer the development of convective cloudiness is also
frequent, so that the attenuation of global radiation may reach 20%.

As is widely known. the Mediterranean region is characterized by light to me-
dium cloudiness. Towards the northern boundaries of the Mediterranean basin, there
is a heavier cloudiness because these areas are not too close to the Mediterranean
climate. Thus, it seems that there is a positive correlation between cloudiness and
latitude, which has as a result an even greater decrease of the global radiation in
higher latitudes.

The main characteristics of the cloudiness in the Mediterranean region are:

« A single annual variation, with a maximum during winter months and a
minimum during summer, is observed only in the southern parts of the east
Mediterranean.

+ The maximum of cloudiness in the west Mediterranean is observed early in
spring, while in the Aegean Sea this is observed in January. In the remain-
ing part of the Mediterranean a maximum is observed in December, relating
to the maximum of the cyclonic activity that is observed during winter
months in this area.

+ A minimum of cloudiness in the whole Mediterranean basin is observed in
July and August.
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The mean annual cloudiness is heavier in the central and western Mediterranean
than in the east, but the differences are very small. The maximum mean annual value
of cloudiness (5.8/10) was observed in Ancona (similar values were reported at
Venice and Trieste and generally in the north Adriatic). The minimum mean annual
value was reported at Milos (3.5/10), where it was obvious that the central and
southern Aegean Sea is characterized generally by light cloudiness and, as a result,
the area has over 3000 hours of sunshine annually.

The cloudiness during the warm period is generally low, especially in the eastern
Mediterranean where the minimum is observed in Rhodes (0.9/10). The maximum
(4.5/10) is observed in the central Mediterranean (Rijeka) as well as in the western
Mediterranean (Barcelona).

From the annual variation of cloudiness within each of the latitude zones (Figure
3.10) it can be seen that in the May—October period there is an increase in cloudi-
ness with the latitude, because of the increase of cloudiness during the early after-
noon hours, due to intense convective air movements. During November and De-
cember, cloudiness in all zones is almost the same, while during January and
February there is a slight decrease, especially in zone D. Finally, during March and
April there is no clear variation in the values of cloudiness with latitude.
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Figure 3.10 Monthly variation of the cloudiness of zones A,B,C and D
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SUNSHINE

One safer way of indirect measurment of solar radiation is by evaluation through
sunshine, which, unlike cloudiness, can be measured and not just estimated.

Processing the sunshine data from the 19 stations for which measurements of so-
lar radiation exist, a statistically significant correlation between the logarithms of the
annual number of sunshine hours and the latitude (correlation coefficient r = —0.729)
was found.

The estimation of sunshine for the total number of shore stations in Greece, with
the help of the regression equation

Iny =3816-0.0099¢, (3.3)

where y is the annual sunshine in hours, has indicated that the observed differences
between measured and estimated values satisfied the null-hypothesis, that is to say,
they are not statistically significant.

On the contrary, for other sites in Europe which are not in the on-shore Mediter-
ranean zone, as for global radiation, it seems that it is not possible to evaluate sun-
shine through this equation.

The average annual values of sunshine of the stations examined range from 2077
h/year in Venice to 3041 h/year in Rhodes, while on the northern coasts of Crete the
values are even higher. Generally, the annual number of sunshine hours in east
Mediterranean is about 8% higher than that in the rest of the Mediterranean, which
relates to the decreased cloudiness of the east Mediterranean compared to the central
and west Mediterranean.

Both a simple annual variation of sunshine in the Mediterranean, with a maximum
in July and a minimum in December or January, and a multiple variation, with a first
maximum again in July, minimum in December or January and a secondary mini-
mum in February or April, are observed.

The zonal study of the annual variation of sunshine indicates, initially, a flattening
of the multiple variation in zones 4, B and C but not in zone D, in which there is a
secondary minimum in February. In addition, the decrease in the number of sunshine
hours as the latitude increases is apparent only in the April-September period. Dur-
ing the remaining period, covering mainly the winter season, the sunshine hours in
zone B are more than those in zone A during the January—March period and those in
zone D are more than the equivalent ones in zone C during the December—January
period (Figure 3.11).

The maximum increase from month to month in zones 4, B and C is observed in
the April-May period, while in zone D it is in June—July. The decrease rate becomes
maximum between September—October and October—November.
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Figure 3.11 Monthly variation of the sunshine hours within zones A, B, C and D

METEOROLOGICAL MEASURES TO REPRESENT
ENVIRONMENTAL STRESS

Meteorologists and physicists have tried for well over four decades to simulate the
physiological reactions of the body by analogy with physical reactions. Most designs
follow the early experiment of Heberden. First was Hill’s katathermometer, used
originally in mines. The thermometer body is warmed to body temperature and the
time for a specific temperature drop measured. This gives a quantity termed the
‘cooling power’, which represented the combined effects of ambient temperature,
radiation exchange and wind on the thermometer bulb. The effect of the humidity
factor on a sweating body can be partially simulated by placing a wet wick around
the thermometer bulb.

This system was refined by Dorno and Thilenius in order to obtain continuous re-
cords. Their system keeps a metal bulb at a constant temperature by electrical heat-
ing. The current needed to maintain this temperature is a measure of the combined
cooling effects of the environment. More complex systems, based on the same prin-
ciple, but simulating the human body by using a dummy, have been designed and
primarily used for testing in the laboratory the insulating quality of clothing.

It was an obvious step to try approximating the cooling power (dry or wet), usu-
ally given in mcal cm? s™', by the various basic meteorological elements. A large
number of different formulae was the result. Most of them represent the dry cooling
power based on air temperature and wind speed and nearly all of them give cooling
power as a linear function of the difference between skin or body temperature and
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the air temperature, together with a power of the wind speed. In a majority of cases
this power is the square root. Cena et al. [2] have performed a most useful service by
comparing a large number of these empirical formulae with frigorimeter and
katathermometer observations.

The general form of these empirical formulae is

H=(a+b°)1, —1)

where H is the cooling power calculated by the various formulae, in which a, b and ¢
are constants; v is wind speed in m s, 1, is the body temperature or skin temperature
and ¢ is the air temperature.

There are several heat-loss formulae not included in the above mentioned tabula-
tion. One is from Vinje [9]:

H=057v"*(365-1)x36 kcalm™ h”™’

where v denotes the wind speed in m s™ and ¢ is the air temperature in °C.

This is an alternative to an earlier formula by Siple and Passel [3], which was
primarily evolved to establish the wind chill at very low temperatures, essentially for
temperatures below freezing. That formula, with skin temperature as a basis, origi-
nally gave:

H=(100v +1045-v)(33-1).
The constants were later revised to read:
H=(109vy +9-v)(33-1).

Recent observations in the Antarctic have shown that frostbite ensues with a wind
chill index of 1400, according to Vinje’s formula, and fingers will freeze when the
index exceeds 1500 kcalm™=h™ .

Because thermal quantities mean little to the layman, attempts have been made to
express the wind chill at low temperatures as an equivalent temperature by simply
transposing the calculated value to an equivalent chilling with zero wind speed.

So far all the formulae given for cooling power refer to dry conditions, i.e. with-
out sweat on the skin. Wet cooling powers have been represented by

H =(037+051v°°)(365-1") mcal em™ s~

where ¢’ is the wet-bulb temperature.

Cooling powers have been related to sensation scales. These can be classified ac-
cording to one system, for dry cooling values as shown in Table 3.2.

Recently, Flach and Morikofer [4] have provided a detailed climatological
analysis of frigorimeter measurements at six middle-latitude localities with rather
different climatic conditions. In their assessment they indicate that, for the sensation
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Table 3.2 Cooling powers and sensation scales

H, mecal em™ 57! Sensation
<5 Hot
5-10 Pleasant or Mild
11-15 Cool
16-22 Cold
23-30 Very cold
>30 Extreme cold

of ‘cold’, wind is the strongest contributing factor, temperature the least effective,
with the long- and short-wave radiation fluxes taking an intermediate position.

The two factors already discussed, namely effective temperature and strain index,
are distinctly more discriminating at the warm end of the scale than at the cold end.
A large number of variants of the effective temperature have been proposed. One of
these, which has the virtue of simplicity, is the discomfort index (DI) of E. C. Thom

[S, 6]. It is given by
DI, =04(1; +1,)+15 (a)

DI, =04(t,+1,)+48 ®)

where f; and 1, are the dry- and wet-bulb temperatures respectively given in (a)
Fahrenheit and (b) Celsius degrees. Over a considerable range the values of the dis-
comfort index are essentially identical to the effective temperature (ET), between 65
and 88 ETF (18.3-31.1 ETC). Thom was primarily concerned with devising a
scheme which would permit ready calculation of air-conditioning needs on the basis
of available climatic data. Degree-day sums for D/ values above 60 (D/. = 15.6)
were used to estimate relative monthly cooling requirements.

Other indices based on Thom’s pattern, but lacking the relation to effective tem-
perature, include the following:

e An index by Kawamura (7), given by
Di g, = 0991 +0.361,, +415

where ¢ and tg4, are air and dew-point temperatures, respectively. Kawamura
found this index useful in distinguishing regional differences of summer

climate in Japan.
» An index by Tennenbaum et al. [8], which is defined as

DIy =(t;—1,)/2
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where 1; and 1, are dry- and wet-bulb temperatures. According to these
authors discomfort starts for ¢; = £, = 24°C, i.e. a temperature of 24°C with
100% relative humidity.

Landsberg [9] defines a biological temperature #, in which he tries to apply
temperature equivalents of wind and humidity. His index is expressed by the
following set of equations:

t,=t—At, —Ar,

where

At =ty L 1+1)+3 i—])
2" 10010 10

and

At, = -T'—(3o —1SEXU - 30)

K

where ¢ is air temperature in °C, v wind speed in m s> 7 temperature in
Kelvin, e prevailing vapour pressure in mbar, £ maximum vapour pressure
at ¢ in mbar and U relative humidity in per cent.

This complex variable is represented as corresponding to sensations of
the human skin as the receptor organ.
Several authors have particularly attempted to represent the sensation of
sultriness by vapour pressure alone. Scharlau [9] originally fixed a value of
18.8 mbar (14.1 mm Hg) as the limit of sultriness. This obviously estab-
lishes a gradient to the maximum vapour pressure at skin temperature which
is about 60 mbar (46 mm Hg). Marinov (1964) [9] discussed this gradient
but fixes the comfortable vapour pressure at considerably higher values
(23-33 mm Hg). These would perhaps be better interpreted as tolerable
rather than comfortable values. Marinov defines a transfer coefficient:

W= 2.1%C(Re)"’(EB —e)

where A is the coefficient of thermal conductivity, D body diameter, Re the
Reynolds number, Ej the saturated vapour pressure at skin temperature, e
the prevailing vapour pressure and C and m are constants (values not given
in reference).

One of the psychological drawbacks of the effective-temperature concept is
the fact that the values are lower than the dry-bulb temperature. Several
authors have tried to overcome this by establishing a different base. Thom
[5] proposed accomplishing this by transforming the ET lines based on
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100% relative humidity to a new base of 30% relative humidity.This results
in making the effect of the humidity factor additive to the temperature.
Thom gave this index the label ‘sentient temperature’.

« Another fairly empirical index, first proposed by Lally and Watson [10], la-
belled ‘humiture’ and renamed ‘humidex’ by the Canadian Meteorological
Service (Thomas [10]), has the simple form

Hi=t+h

where /# = e — 10 with ¢ as air temperature in °F and e vapour pressure in
mbar. This has been used in climatological analysis at Toronto, where a
five-year interval showed that Hi equalled or exceeded the 100 value for
130 hours.

At the conclusion of this brief look at all the hygrothermal indices for biomete-
orological purposes it may be noted that the effective temperature (ET) concept is
simple and that the other indexes are not clearly superior in use. Many have, of
course, a better physical or physiological basis. One might perhaps add that, for out-
door conditions, temperature equivalents of factors not included in ET may provide
a significant improvement.

Gregorczuk [7] noted that net effective temperatures even for negative Celsius air
temperatures are a meaningful quantity, corresponding to sensations of ‘cold’. He
evaluated this in terms of the Missenard formula:

NET = 37— 374, —0.29:a[ —L)
0.68—0.00147 + 100

176+ 14y

where 1, is the air temperature in °C, v is the wind speed in m s™' and 4 the relative
humidity.

A human comfort diagram based on a construction of Olgyay [9] has a similar co-
ordinate net. It is shown in Figure 3.12, reproduced here from Newman [9]. In this
temperature/relative humidity diagram zones of comfort are shown which take some
wind and radiation effects qualitatively into account. At the lower temperatures wind
would, even in the outlined ‘comfort area’, undoubtedly cause discomfort, but oth-
erwise this seems to be a simple approach that may be useful for quick assessment of
meteorological conditions for outdoor activities.



78 PASSIVE COOLING OF BUILDINGS

100 ¢
T
E 80 L Above this line
M wind needed
P 80 p Comfortable
E inc
R nr Below this fine sun
A needad
T 60 p Too dry Too damp
g so b - for comtort
E
40 p
°C Below this (ine too cool for comfort
a0 } avan in full sunlight
. - I S - F 1

0 10 2.0 230 4:0 gO 60 70 80 90 100
RELATIVE HUMIDITY (%)

Figure 3.12 A temperature—humidity climatic comfort diagram

COOLING DEGREE DAYS

Apart from the changes of the temperature in the exterior environment, the changes
of the air temperature within buildings are of special interest. For the evaluation,
though, of the energy needs for maintaining interior environments in conditions of
human comfort, the observed changes of the indoor temperatures are essential. For
such studies, scientists have, eventually, decided to use a quantity, which may not
have physical meaning but is offered for the calculation of the energy needs of a
building. This quantity is, in the case where we want to cool a building during the
warm period, the cooling degree days (DD), as they are called. The cooling degree
days for a month are defined as the sum of the positive deviations of the mean daily
temperatures from a base value, the temperature we want to maintain constant in the
interior of a building. The base value is defined in terms of our demands, but does
not usually exceed 25°C.

Interest in the evaluation of heating and cooling degree days, especially in the
European region, is very recent, so that the results are not yet widely known. For this
reason, we will refer to the existing studies relating to the cooling degree days of
Athens (Greece), which were studied after the heatwaves of the summers of 1987
and 1988, when a rapid increase in the installation of air conditioners was reported.

In Table 3.3 the average number of DD for temperature bases of 25°C and 28°C
are given for three stations in the greater Athens area.
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Table 3.3 Mean number of cooling degree days for the bases of 25°C and 28°C

June July Aungust September

BASE 25°C

N.OA. 299 84.1 783 15.2

Hellinikon 19.2 69.1 69.8 11.0

N.Philadelphia 24.1 71.2 64.6 9.4
BASE 28°C

N.O.A. 44 20.8 17.9 1.6

Hellinikon 1.4 13.6 14.2 0.5

N.Philadelphia 29 15.4 11.9 0.5

From Figure 3.13 it is obvious that the DD number presents a satisfying linear
correlation with the respective values of the mean monthly temperatures, especially
during July and August.
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Figure 3.13 Linear correlation between DD and mean monthly temperatures

A more precise approximation of the calculation of the energy needs can be ob-
tained if, instead of the DD, degree hours (DH) are used. This presupposes the exis-
tence of hourly measurements of air temperature.
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In Athens during the warm period the relative frequency of hours (HTxX) having a
temperature over a defined base shows an increase in HTx from the first to the third
ten-day period of June. An important increase is also observed during the second ten
days of July and the first ten days of August.The last twenty days of August, as well
as of September, are characterized by a continuous decrease in THx (Figure 3.14).
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Figure 3.14 Ten-day frequencies of the HTx values. Series 1: T > 25°C (——);
Series 2: T> 26°C (———); Series 3: T>27°C(----- ); Series 4: T> 28°C (—---)

Night-time temperatures over 25°C were measured during June, July, August and
September. The percentages of night-time temperatures over 28°C are nearly zero
for June, August and September and only about 5% for July.

As was previously reported for DD, there is a certain linear correlation between
the monthly number of hours with temperatures over a certain base and the respec-
tive DH values. The average values of DH for the months of the warm period for
Athens are presented in Table 3.4.

Table 3.4. Mean number of DH for the 25, 26, 27 and 28°C air-temperature bases

June July August September
T>25°C 957 1370 111 387
T7>26°C 589 1283 1023 332
T>27°C 523 1204 950 280

7>28°C 372 958 729 181
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In order to provide algorithms for the estimation of the cooling degree hours, re-
gression analysis has been used. It was found that the monthly cooling degree hours
can be estimated accurately by a multi-linear regression equation, in which DH ap-
pears as a function of mean and mean maximum monthly air-temperature values.

If mean air temperature values are not available, a simple linear regression
analysis, involving only the use of the monthly mean maximum air temperatures, can
be used with significant accuracy for all the summer months. These methods can be
applied successfully to any coastal location of the Mediterranean area, but in each
case a separately ‘local’ regression analysis should be applied.

Finally, it is found that the cooling degree days present a strong linear correlation
with the corresponding values of the cooling degree hours. Therefore it is possible,
using the monthly values of the cooling degree days, to estimate the values of the
cooling degree hours.

THOM’S DISCOMFORT INDEX

If we want to focus on issues of human comfort we could refer to some of the pro-
posed equations presented above.

For Greece and especially for Athens, the discomfort index proposed by Thom
[11] has been calculated. Table 3.5 shows the mean monthly number of hours with
DI > 24°C and DI > 26.7°C, where for values of DI above 24°C 50% of the popula-
tion feels discomfort and for DI > 26.7°C the discomfort is very strong and danger-

ous.
Table 3.5 and Figure 3.15 show that the frequencies of hours per day with D] >

24°C and T > 28° C are very high for the warm period. Also high hourly values of
DI follow the pattern of the frequencies of hours with 7> 28°C.,

Table 3.5 Mean number of hours per day with DI>24°C and DI>28°C for Athens

June July August September
DI>24°C 4.4 83 8.0 3.1
DI>28°C 0.4 1.5 1.0 0.1
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Microclimate

CLIMATE AND MICROCLIMATE

The atmosphere’s conditions at any given time are descibed as the weather. Climate
is the average of weather conditions over an extensive period of time, specified over
a large region. The principal elements that characterize climate and weather are the
air temperature, solar radiation, moisture (humidity and precipitation) and winds [1,
2]. Variations in the amount, intensity and spatial distribution over the earth of the
weather elements create a variation of climate types, for example tropical, temperate
and arctic climates.

Within a particualr region, deviations in the climate are experienced from place to
place within a few kilometres distance, forming a small-scale pattern of climate,
called the microclimate. Microclimate is affected by the following parameters:
topography, soil structure, ground cover and urban forms.

Urban forms can also modify the climate of a city, creating the urban climate, and
differentiate it from the climate of the surrounding rural areas. The space created by
the urban buildings up to their roof level is referred to as the ‘urban canopy’ [3] and
the volume of air surrounding the city, which is affected by it, is the urban boundary
layer, referred to as the ‘urban air dome’. The variation in the height of the build-
ings and in the wind speed alters the upper boundaries of the urban canopy from one
spot to another. The energy needs of buildings and those of human comfort are af-
fected by the climatic conditions prevailing within the urban canopy, which can be
different from those in the urban air dome.

From the design point of view, designers should appreciate that the climate of the
region is the one that drives microclimate and urban climate. Thus, a systematic
analysis of the climate should be the first step in the design of buildings, in order to
ensure the building’s climatic response. Adjustments in the design should then be
considered to reflect local microclimate patterns.

TOPOGRAPHY AS CLIMATE MODIFIER

Climate varies with latitude, since the amount of solar radiation received changes.
The unequal distribution of solar radiation over the earth and the fact that continents
heat up and cool down more rapidly than oceans, result in a variation of different
climate types. Terrain features, such as mountains, valleys and lakes, affect the cli-
matic conditions of a region. Mountains, due to their height impose a different cli-
mate than lowlands. In the same area, small differences in terrain can create re-
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markably large modifications in the microclimate. On a mountain, the climate is
different from one side to the other and at different heights as well. Proximity to the
sea has also a profound effect on the climate of a region. Deviation in climate from
site to site plays an important role in selection of favourable settlement locations.
The main climatic elements affected by the topography are described below.

Temperature

Since temperature normally decreases with increasing altitude, 0.65°C for every
100 m in the atmosphere [1], mountains and plateaux are generally characterized by
lower temperatures than lowlands. On mountains the temperature drop can be
approximately 1°C for each 56 m height rise during summer, and for each 68 m in
winter [4]. As cool air is heavier than warm air and heat radiating from the ground
during the night causes a cold-air layer to form near the surface of the ground, ‘cold
islands’ are created at the lowest points. This is more profound in valleys where
the flow of cool air slides down the valley slopes. Thus late in the evening, the
valley floor will be very cold and a plateau will be cold. However, the higher slopes
of the hill will be warm, as the low circulation mixes the ground layer with neigh-
bouring warm air. As a result, mountain slopes experience smaller temperature
changes than the lowlands, while plateaux have higher temperature ranges than
mountains (Figure 4.1).

Plateau

/Warm slopes

Cold reservoir

Figure 4.1 Temperature stratification on a mountain slope

Temperature changes over water tend to be more moderate than over land be-
cause water, owing to its high capacity, heats up and cools down more slowly
than land. Thus, the further one gets from water surfaces, the more extreme are the

temperatures.
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Radliation

The amount of solar radiation received on the earth varies with latitude. At the same
latitude, the amount received on a surface changes with its inclination and orienta-
tion. In the Northern hemisphere, south-facing slopes receive more direct sunlight
and have a warmer climate than those facing north (Figure 4.2). As an inclined sur-
face receives more solar radiation during winter and less during summer compared
to a horizontal one, sites on slopes receive larger amounts of solar radiation during
underheated periods and less at overheated periods than a horizontal site. Thus, the
same amount of solar radiation received on a southern slope of a mountain will be
received on a horizontal level a few weeks later during winter. This results in a shift
of the arrival of the seasons at different locations in the same region.

P oy

Figure 4.2 Irradiation on south and north hill slopes

Wind

Wind is the result of a pressure difference between two areas, the movement of air
being from the area of higher pressure towards the area of lower pressure. Topogra-
phy influences the wind pattern and the wind speed. Because of friction with the
ground, wind speeds are usually less over land than over the sea, and they increase
with altitude. As mountains and hills act as obstacles to the movement of air, wind
flow is diverted by them in both its horizontal and vertical pattern (Figure 4.3). This
results in higher speeds near the top of the mountain or the hill on the windward side
and less turbulence on the leeward slope. However, mountains also create local
winds that vary from day to night. During the day, the air next to the surface heats up
faster than free air at the same height and thus warm air moves up along the slopes.
During the night, as mountain surfaces cool down by radiation faster than the free
air, cold breezes are formed and slide down the slopes of the mountains (Figure 4.4).
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This phenomenon can be intense, especially in narrow valleys, which can experience
strong upward winds along the valley floor during the day and down the valley at
night.

)]

% ROT AR
SN

Figure 4.3 Air pattern around a mountain

Figure 4.4 Air pattern in a valley
throughout the day

Similar but reverse wind patterns between day and night occur near large water
surfaces. During the day, the air is hotter over land (low pressure) than over water
surface (high pressure) and the resultant pressure difference imposes a breeze, called
‘sea breeze’, from the sea towards the land (Figure 4.5). Seaside areas benefit from
sea breezes, which can lower the temperature up to 8.3°C on a hot day [2]. At night,
the air flow reverses but the established breezes are weaker because the temperature
difference between land and water is smaller than during the day. Late in the after-
noon and early in the morning there is no breeze, as land and water are at approxi-
mately the same temperature.

Precipitation

Precipitation (e.g. rain and snow) in an area can be affected by the existence and size
of the surrounding hills and mountains. Windward sides of hills experience less
precipitation than leeward sides as precipitation on the windward side of a hill is
carried over it by the wind as it strikes the slope so that the precipitation falls on the
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leeward side (Figure 4.6). High mountains on the other hand cause reversed precipi-
tation distributions. Air gets colder as it is forced to ascend on the windward side
owing to the volume of the mountain. When the air temperature drops, the relative
humidity increases until it reaches saturation point and any further reduction in tem-
perature results in condensation of the moisture in the form of clouds, rain and snow.
On the leeward side, the descending air is warmed as it falls down the slope and
consequently its relative humidity decreases, allowing the air to suck in moisture
rather than release it (Figure 4.7). Thus, the windward side has a higher rate of rain
than the leeward and mild winters are experienced at sites positioned at the bottom
of the leeward side of high mountains.

SEA BREEZE LAND BREEZE

Figure 4.5 Sea and land breezes
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Figure 4.6 Wind and precipitation over a hill
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Figure 4.7 Wind and precipitation over a mountain

URBAN FORMS AS CLIMATE MODIFIERS

The climate of cities — urban climate — shows considerable differences from that of
the surrounding countryside, as big urban areas are warmer than the surrounding
suburban and rural areas. This temperature difference between the city and its sur-
roundings is known as the ‘Urban Heat Island ¢ [5] and is responsible for a summer
temperature increase of 1 to 4.5°C in cities [6] (Figure 4.8). Urban forms, the struc-
ture of the cities and the heat released by vehicles are the main causes of this
phenomenon.

The difference in climate between urban areas and countryside is greatly affected
by the way the received solar radiation is treated. Countryside is generally character-
ized by large amounts of green. A large proportion of the solar radiation falling on

29

Rural C i Dowtown Urban Suburban Rural
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Residential Resintential ark Residential

Figure 4.8 Representation of temperature distribution over different areas [6]
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plants, which are characterized by high solar absorptivity — about 80% — is used for
evapotranspiration, which lowers the temperature of the surrounding air and releases
moisture. In addition, solar radiation absorbed by the earth is partly used for evapo-
ration of its moisture, a process that keeps the earth’s surface and the air in contact
with it at moderate temperatures. On the other hand, cities are characterized by
reduced green areas and an accumulation of artificial materials, which are of high
absorptive properties. Construction materials have low solar reflectance, ‘albedo’;
for example, asphalt has very low reflectivity and absorbs almost all the solar radi-
ation falling on it (Figure 4.9). The absorbed heat from the material increases its
temperature, which is partly convected to the adjacent air and partly radiated to the
surroundings. Landsberg [7] referred to observations where asphalt surfaces reached
51°C for a 37°C air temperature, while Gajago [8] reported that for a maximum
ambient temperature of 28°C, asphalt surfaces reached 47°C while dry grass reached

only 39°C.
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Figure 4.9 Solar reflectance of different materials
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The solar radiation absorbed and stored in the structure of buildings is radiated
back to the environment after late afternoon. If the buildings are of approximately
the same height, the radiant losses from the roofs of the buildings are of about the
same magnitude as the losses in an open area. However, if the buildings are of
different heights, the higher ones block the sky and reduce the amount of solar
reflection and long-wave radiation from the lower buildings. During the night, the
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vertical surfaces radiate less heat to the sky as a result of their restricted view of the
sky dome. The radiated heat from the vertical surfaces of buildings and its repeated
reflection from opposite facing surfaces traps part of the heat inside the urban
atmosphere, the ‘Urban Canopy’. Thus, the denser the urban area with buildings of
unequal height, the slower the radiative cooling rate.

In addition, tall buildings in cities, known as urban canyons, block the flowing
winds, in this way preventing the removal of the built-up heat inside them. The
overall wind speed in cities is about 25% lower than in open areas although in some
cases, tall buildings create local turbulence with very high wind speeds [9].

Additionally, air pollution in cities creates a layer that blocks the night heat ra-
diation to the sky dome, contributing to the enhancement of the ‘heat island’ phe-
nomenon [10]. Air pollution and heat from cars and other mechanical equipment
contribute to heat islands during winter. During summer, solar radiation is so intense
that it overcomes the exhausted heat. The severity of the summer heat island is
mainly caused by solar radiation and the structure of the urban areas [6].

The heat-island phenomenon is more intense during the night, when buildings and
ambient air remain hot, resulting in thermal stress in people. The greatest air tem-
perature differences between urban and suburban areas are experienced during even-
ings, when the air temperature in cities has been observed to be higher by 5°C and
sometimes even by 8—-10°C [11].

Thus, generally the climate in cities is characterized by [12]:

« high ambient temperatures even during evening hours;

« reduced relative humidity, due to high air temperature and lack of
sources of humidity;

« disturbed wind patterns with a reduction of air speeds which contribute to
an increase in air pollution;

» reduction of the received direct solar radiation and increase of diffused ra-
diation, owing to pollution particles in the atmosphere.

CLIMATE AND DESIGN REQUIREMENTS

The different climate types impose a variation in the required thermal comfort con-
ditions, as the physical and physiological causes of climatic stress differ from one
type of climate to another. This creates a variation in urban design objectives and in
the design and structural characteristics of buildings. In addition, the layout and
structure of a settlement affect the climate of the area and can even modify it through
proper design, thus improving the thermal comfort conditions both outside and
inside buildings and even reducing their energy demands for heating and cooling. As
the design objectives differ from climate to climate, regional architecture exhibits
variations from one region to another to provide a better response of buildings to the
existing climate conditions.
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In regions with hot summers, control of the ambient temperature, and even lower-
ing it, is desirable. Shade for the pedestrians and the minimum solar exposure of the
buildings to the sun should be ensured.

In hot and dry climates, shading is of greater importance than ventilation. The
settlements are characterized by a dense layout with the main public spaces em-
braced by the buildings, in order to provide shading to pedestrians and buildings
(Figure 4.10). Often multistorey buildings are built in narrow streets to create the
shade desirable for the streets and the buildings. Special features, such as arcades,
are also used in wider streets to provide shade. Buildings in many cases are arranged
around courtyards, which are used to provide ventilation and shade to adjacent
spaces. The walls are of massive construction, such as stone, adobe and brick, to
delay the transport of heat into the buildings and to act as a heat sink that cools
down during the night and accumulates the heat during the day. Domed roofs are
quite common in this type of climate, as they offer a larger area, compared to a flat
roof, for heat storage during the day and heat radiation to the sky during the night.
Buildings have few and small windows, for reduction of direct solar gains, but which
are adequate for internal daylighting. Shutters are used on the windows; these are
kept closed in the hours of high solar intensity and opened during evening hours in
order to allow night ventilation. External surfaces are painted in light colours, to
reduce the absorption of solar radiation. In areas with very low humidity, use of
fountains, pools, water streams and plants is desirable to provide evaporative cool-
ing, which can also be combined with cross ventilation of buildings. In this type of
climate we also find settlements of underground dwellings (Tunisia, Greece, Turkey,
China, etc.) since these types of settlements are kept protected from the solar gains
and are using the earth’s cooling potential.

In hot and humid climates on the other hand, emphasis is given to cross ventila-
tion as the high humidity of the air creates discomfort for human beings. As air
movement over the skin increases the rate of evaporative cooling and offers relief,
cross ventilation of streets and buildings is desirable in order to reduce discomfort
from excessive humidity. The fabric of the settlements becomes scattered and loose,
as the buildings are positioned at a distance apart from one another, in order to
channel the winds through the streets and inside the buildings. Although tempera-
tures are not very high, shading is still desirable. Trees along the streets and arcades
on the outside of buildings provide shaded walking routes. Buildings have many and
big openings, with large overhangs and covered verandas. The ceilings are high to
allow space for high windows and stratification of the interior air, with openings in
many cases on the ridge of the roof for exhaustion of the hot air. As there is not a big
diurnal temperature difference, the structure of the buildings is lightweight.
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Figure 4.10 Traditional Mediterranean architecture

Although design strategies during winter — minimization of wind speed, increase
of solar exposure — are opposite to those for summer, advantage can be taken of sea-
sonal changes in the sun-path and in the direction of the prevailing winds. The sun
moves in a lower orbit during winter and winter winds in many regions usually blow
from a different direction than in summer; for example, north winter winds in con-
trast to south summer breezes.
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Urban design

STAGES OF URBAN DESIGN

Cities are increasing in size very rapidly, and it is estimated that in the future most of
the world’s population will be living in urban areas. The industrialization, the con-
centrated activities of the population in the cities and the rapid increase of motor
traffic are the main contributors to air pollution and deteriorating environmental and
climatic quality. Until now, as Cook [1] emphasizes, the main efforts of bioclimatic
planning have been focused on the single building and little attention had been paid
to the whole urban area.

Quality of life in urban areas can be improved if air quality and climate quality
can be ensured. Air quality is related to control of the air pollution, resulting from
the activities occurring in the urban areas. Climate quality, as Bitan [2] says, means
that, by correct usage of different climatological elements and their correct inte-
gration at different levels of planning and building design, improvement of local
climates could be ensured, for instance in urban built-up areas, and even indoors.
Urban areas with poor climatic quality use a lot more energy for air conditioning in
summer and for heating in winter, as well as more electricity for lighting, than areas
with higher climatic quality.

Design strategies for improvement of thermal comfort conditions during summer
should focus on :

« solar protection of buildings and pedestrians;

» reduction of outdoor air temperature;

« wind enhancement, for both pedestrians and the ventilation of buildings;
« improvement of humidity levels.

Design initiatives should aim to:

1 provide protected spaces for outdoor activities which both improve outdoor
comfort conditions and promote indoor comfort; and

2 contribute to reduction of the cooling load and to a lesser dependence of
buildings on air conditioning.

The design of urban areas should start from a decision taken concerning the se-
lection of the location for a new city or expansion of an existing one and the whole
procedure could be carried out in the following stages [3]:
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« Urban planning, where actions are taken on the scale of a whole city or
greater,

« Urban morphology, where actions are taken for groups of buildings and
the spaces between them;

+ Building design, where individual buildings are treated.

The overall design strategy should be a compromise of measures for both summer
and winter thermal requirements.

Site location

The selection of the site is very important for the thermal comfort of a settlement.
Correct site selection for a new settlement or for new large housing developments
can prevent environmental problems and improve the microclimate of the develop-
ment. According to the specific climatic conditions of the region and the activities
that are planned to be housed in the development, different topographic locations
should be selected. Although in cold climates the desirable sites are the protected
ones, in overheated climates exposed ones are preferred. This is because exposed
locations offer undisturbed linkage with natural cooling resources, such as the sky,
air and the ground. Sites affected by natural hazards, such as floods, should be
avoided. In addition, the location of a site should be carefully chosen in relation to
pollution sources (heavy industry, etc.) and the direction of prevailing winds.

The direction of prevailing winds is a very important parameter in the site selec-
tion process, as winds can transfer pollution particles from the sources (industry, city
centre) to other sites lying in their path. Especially in hot climates, the effects of air
pollution can be very intense if the topography of the area helps temperature inver-
sion, which traps the pollution and, combined with the intense solar radiation, can
cause the formation of photo-chemical smog.

As far as cooling needs are concerned, sites with low summer insolation and good
ventilation conditions, especially during the evening and the night, should be con-
sidered. North- and east-facing slopes get less direct solar radiation than west and
south slopes. During summer, a north slope is the coldest and shadiest, while a west
slope is the warmest.

The altitude of a site and its distance from the sea affect its air temperature. Air
temperature decreases with altitude, at a rate of 0.65°C for every 100 m [4]. Sites
with proximity to sea or a lake experience lower air temperature, especially during
daytime, and smaller diurnal air temperature differences during summer, than sites
on the mainland. In addition, these places benefit from daytime sea breezes and
night-time land winds. Sea breezes are associated with high humidity, which can be
a problem, especially in humid climates, but in most cases the problem is balanced
by the beneficial effect of the increased wind speed on human thermal comfort.
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From the ventilation aspect, windward slopes are preferable to leeward slopes.
Sites near the crest of a hill, or at high elevations on the windward side near a ridge,
are exposed to high air currents. Lower hillside locations benefit from downslope
cool air flow and they tend to be cooler than slopes, provided that special arrange-
ments are made to avoid strong wind flow during the winter period [5].

During the night, valley slopes cool down by radiation faster than the free air and
cold breezes are formed and slide down the slope of the valley. Thus, valley slopes
can experience downslope air current during windless nights, providing in this way
more comfortable conditions than on the valley floor [6]. However, the valley floor
also benefits from these air currents, especially under hot conditions with no local
night winds. If a valley is surrounded by mountains, it is possible to experience poor
ventilation conditions, which, under temperature inversion conditions at night, can
trap the air pollution produced in the area.

The main points for preferred sites for envelope-dominated buildings, such as
residences and small offices are [5, 7]:

« In hot and dry climates, the main emphasis is on reduction of heat gains
and on potential means of heat rejection from buildings. Positions on lower
hillsides are beneficial as they collect cool air. In areas with cold winters,
the bottom of a south-facing slope is preferable. In areas with mild winters,
east- and north-facing slopes can be used. West slopes should be avoided in
any case. Eastern orientation is beneficial because of the large daily ambient
temperature range. As shading during the hours of intense insolation
(incoming solar radiation [8]) is required, a south-east orientation can be
considered beneficial in hot-arid climates.

« In hot and humid climates, ventilation is desirable and location on the high
parts of windward slopes can improve ventilation conditions. West sites
should be avoided, as they are associated with high ambient temperatures
and exposure to high solar radiation. East slopes are not desirable as during
summer east and west slopes collect more solar radiation than any other ori-
entation, owing to their inclined position. Because of their lower exposure
to solar radiation, northern and southern oriented slopes are beneficial, but
the ventilation aspect should have priority in this climatic type.

The microclimate around a hill is shown in Figure 5.1 and the building sites pre-
ferred on the basis of climate are shown in Figure 5.2. Desirable orientations of site
locations for different climatic zones were presented by Olgyay [5], who considered
the best use of solar radiation throughout the year.



98 PASSIVE COOLING OF BUILDINGS

TEMPERATE CLIMATE

HOT - DRY CLIMATE

HOT - HUMID CLIMATE

Figure 5.2 Preferable location in different climates

Urban planning

Urban planning is related to actions taken to optimize the energy use at the level of
the whole urban area. Planning decisions aim to provide more energy-efficient forms
of urban area by properly distributing or altering the mix of land uses. This can be
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achieved by developing a city in configurations that demand less energy for the
thermal needs of buildings, for transportation and for the distribution of fuels.

The different variables affecting the energy requirements of urban spaces rank
from the regional to the neighbourhood scale (Table 5.1) [9]. They include the lay-
out of the settlement, location of main traffic routes, distribution of residential and
commercial areas, and landscape design. Thus, several scenarios have been consid-
ered for the development of more energy-efficient urban regions, as follows (Figure
5.3)[3]:

« Concentration of new developments in the centre of existing cities
(nucleated configuration);

« Arrangement of new developments along existing main routes (linear
configuration);

« Concentration of new developments along secondary routes (dispersed
linear configuration);

o Development of new satellite towns;

o Development of existing villages (dispersed nucleated village
configurations).

Although, these scenarios concern savings in fuel and energy, they will not be dis-
cussed in detail as they are not directly associated with passive solar design.

Table 5.1 Different variables affecting the energy requirements at different
scales of land-use planning [9]

Structural variable Scale
Settlement pattern (e.g. rank-size, geometrical Regional
arrangement, etc.)
Communication network between settlements Sub-regional
Size of settlement (area) Individual
Shape of settlement (circular, linear, etc.) Settlement
Communication network within settlement (radial, grid, Neighbourhood
etc.)
Interspersion of land uses Neighbourhood
Degree of centralization of facilities Neighbourhood

Urban morphology

The climatic zone in which the settlement is located is one of the basic parameters
that will guide the overall planning process, along with the architectural character of
the area and the functions it is designed to cover.
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A Nucleated configuration
B Linear configuration
C .Dispersed linear configuration

D New satellite towns

E Dispersed nucleated village configuration

Figure 5.3 Different scenarios for the development of new urban regions

URBAN DENSITY

Urban density is one of the principal factors that affects the microclimate of an area
and determines the urban ventilation conditions and urban air temperature. It is not
irrelevant that the phenomenon of the ‘heat island’ is more intense in the city centre,
where there are a dense urban plot and concentrated activities. Studies have shown
that the phenomenon of the ‘heat island’ is mainly affected by urban density rather
than by the size of the urban area [10] although it can be argued that, the larger the
city, the more intense is the summer heat island [11].

In general, the higher the density of buildings in a given area, the poorer its venti-
lation conditions. On the other hand, a high density is beneficial for reducing the
solar exposure of buildings during the summer period. The influence of the urban
density on the ventilation conditions depends on the wind direction and the spatial
arrangement of the buildings and their height. Givoni [12] proposed a bigger sepa-
ration between buildings in the north and south directions than east and west, in or-
der to ensure high solar collection during winter and solar protection of the west and
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east sides, which are not easily shaded, during the summer. Thus, high urban density
could be achieved by a row of terrace houses along the east—west axis without pre-
venting ventilation, provided that there are adequate openings in the north- and
south-orientated walls.

Hot—arid climates, like the Mediterranean and semi-desert climates, are charac-
terized by high-density settlements with narrow streets, arcades and small enclosed
courtyards, to minimize buildings’ solar exposure and to provide outdoor shaded
areas (Figure 5.4). In hot and wet climates, wide streets and open spaces between
buildings are found in order to ensure adequate ventilation. The same layout is found
in cold climates in order to allow maximum solar exposure of buildings and of the
open spaces during the winter period.

Figure 5.4 Typical settlement in a hot-dry climate

LAYOUT OF STREETS
The orientation and width of the streets affect the urban ventilation conditions and

the solar exposure of buildings. They are of a greater importance in densely built
urban areas, such as commercial and high-density residential areas.

An optimum street layout, which provides good ventilation conditions to pedes-
trians in the streets and to the buildings along the street, is one with wide main ave-
nues orientated at an oblique angle to the prevailing winds [13] (Figure 5.5). In this
way, wind can blow through the city. Buildings along such avenues are exposed to
differential air pressure between the front and back facades (positive—negative pres-
sure and vice versa), providing in this way potential for natural ventilation. Pedestri-
ans should be protected from solar exposure by the provision of trees planted along
the streets and special building features like awnings, overhanging roofs, colon-
nades, etc. (Figure 5.6).
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Figure 5.5 Optimum street layout for ventilation
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Figure 5.6 Solar protection in outdoor places

When the prevailing winds flow perpendicularly to the streets, they are forced by
the facing buildings to flow over them. The air flow in the streets is the result of the
friction of the wind on buildings® comers (Figure 5.7) and in this case, the width of
streets is of no importance.

In climates where shading is of prime importance, narrow streets ensure the
shading of buildings during summer and restricted solar exposure of the buildings
along the streets. In southern latitudes [3], effective shading of south-facing build-
ings can be provided with a street width of around a fifth of the height of the build-
ing on the opposite side of the street. For west-facing buildings, the separating dis-
tance increases to about 1.5 to 2 times the height of the building that provides the
shade.
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Figure 5.7 Air flow pattern over and around buildings[14]

HEIGHT OF BUILDINGS

The height of buildings is the most important factor determining the wind pattern
over a built-up urban area and this, in association with the distance separating the
buildings, characterizes urban ventilation conditions. These parameters also affect
the solar exposure of buildings.

Buildings modify the existing wind pattern, as they present a greater roughness to
the wind flow than an open area. The air flow around and over the buildings reaches
a lower average air speed but has higher turbulence, due to friction on them. Thus,
an urban wind pattern is characterized by a lower average wind speed with higher
local air speeds and higher turbulence than in an open area. There is a variation of
wind speeds inside an urban area which depends on the wind direction and speed,
the urban layout and the height of buildings.

As the wind blows against a building, it is diverted from its original direction and
zones of positive and negative pressure are created around the building. The pres-
sure on the facades facing the wind (windward sides) exceeds the atmospheric pres-
sure (pressure zone) and the pressure on the leeward sides is reduced (suction zone)
(Figure 5.8). This pressure difference drives the air flow around and through the
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Figure 5.8 Pressure distribution around a building

building, as the air flows from regions of higher pressure to those of lower pressure.
For buildings perpendicular to the prevailing winds, the front facade is subjected to
positive pressure and all the other sides are under negative pressure. For an oblique
wind direction, the two sides facing the wind are subject to positive pressure, with a
decreasing magnitude from the windward to the leeward side, while the other two
facades are under negative pressure. The leeward side of the roof is always in suc-
tion, while the windward side is in suction for small slopes and under pressure for
steep ones.

Long rows of high, long buildings of the same height, which are perpendicular to
the prevailing wind direction, block the wind in the first row and divert it upwards,
creating poor ventilation conditions both along the streets and inside the buildings in
the rows behind (Figure 5.9). The wind speed in the spaces between the buildings is
gradually decreased after the first row and the result is the same, irrespective of the
buildings’ height and their separation distance. There is a weak flow in the streets
between the rows, which is even weaker in side roads. These flows are caused by the
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Figure 5.9 Wind shadow behind tall buildings

wind diverted over the roofs and by the turbulence created by the friction effect of
the buildings. The average air speed in these places is about 30% of the undisturbed
flow at the same height [14].

Individual tall buildings, rising higher than neighbouring ones, disturb the wind
pattern of the area and create strong wind currents, especially at pedestrian level
(Figure 5.10). The height of such a tall building mainly determines the flow diverted
to the sides of the building while its width affects the flow pattern behind it. An in-
crease in the windward surface width results in diversion of a larger air volume
around the building, more of it over the roof and a strong upward turbulent flow
behind the building. The highest wind speeds are experienced in front of the wind-
ward facade and the lowest speeds behind and between tall buildings [14]. The
shape of the windward wall also modifies the flow pattern, as a convex wall dis-
perses the flow around the building and a concave wall concentrates the flow along
this wall and increases the turbulence. The air flow around buildings has been inves-
tigated by several researchers [14-17].

—

Figure 3.10 Strong wind currents in front of tall buildings
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Tall, narrow buildings spread around an urban area increase significantly the air
speed in the streets. Consideration should be given to their performance under win-
ter winds, as the high air turbulence developed could cause problems to pedestrians
and to the surrounding buildings. Several design solutions have been proposed to
overcome the problem, such as breaking the facade with horizontal projections in
the form of shading devices [18] or covering the open space between a tall and low
building [16,19] (Figure 5.11).

.

| g
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Figure 5.11 Covered spaces in front of tall buildings

A row of buildings of different heights with their facades oblique to the wind di-
rection, improve ventilation conditions both on an urban scale and inside the build-
ings. If the buildings are of variable height, even a highly dense area may have better
ventilation conditions than an area of lower urban density with buildings of the
same height.

LANDSCAPING
The microclimate of an urban area can be positively modified with appropriate land-
scaping techniques by combining use of vegetation and water surfaces.

Landscaping could be applied to public places, in the form of large public parks,
small neighbourhood parks, playgrounds, trees along streets [20] or by providing
space for landscaping around buildings in the form of private gardens.

Vegetation Landscaping through vegetation is a very effective strategy for modi-
fying the microclimate, having a positive impact on the urban climate as well. Apart
from the decorative function that vegetation affords, it also modifies the microcli-
mate and the energy use of buildings by lowering the temperature of the air and of
surfaces, increasing the relative humidity of the air, functioning as shading devices
and channelling the wind flow. In addition, plants can control air pollution, filter
dust and reduce the level of nuisance from noise sources (Figure 5.12). Big, green
urban areas can positively contribute, under proper maintenance, to the social life of
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Figure 5.13 Shading of an air-conditioning unit

an area, by housing recreation places, cafés, open cinemas or open theatres. The
psychological effect of the green areas on people’s moods, their happiness and
calm, should not be underestimated either.

Plants offer shade to surfaces and buildings and modulate their temperature.
Strategic planting of trees and shrubs next to buildings can reduce summer air-
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conditioning costs by 15 to 35%, and even up to 50% in specific situations. Shading
of an air-conditioning unit with shrubs and vine-covered trellises can reduce annual
cooling costs by up to 10% [21] (Figure 5.13).

Vegetation acts as an air-conditioning substitute, by cooling the air through
evapotranspiration. This process reduces temperatures and conventional energy use.
Although trees absorb most of the solar radiation falling on their leaves — up to 90%
— they reradiate back a small portion of it (Figure 5.14). The absorbed solar radia-
tion is mainly consumed for evaporation of the water from the leaves. This process
cools down the leaves, and consequently the air in contact with them, and releases
vapour, increasing the air humidity. The remaining small portion of the absorbed
solar radiation is used for photosynthesis. Leaves with open pores release about 50
to 70% of the amount of vapour that would be released from the same water area,
under the same climatic conditions, effectively releasing a quantity of water about
five times that of the leaves’ weight [22].

Trees can transpire up to 378.54 litres (100 US gallons) of water in one day and
the corresponding cooling effect on a hot dry summer day can be equivalent to five

SUMMER

Absorbed
70 - 85%

Transmitted

WINTER

Absorbed
35-45%

Transmitted
55-65%

Figure 5.14 Summer and winter performance of a tree
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air-conditioning units running for 20 hours [21]. The cooling effect of plants, due to
the combined effect of evapotranspiration and the shade they offer, can result, in
heavily landscaped areas, in an ambient temperature drop in the immediate sur-
roundings by 5.5 to 8.5°C (10—15°F) in hot dry climates [23]. Increasing the vegeta-
tion cover by 10 to 30%, which corresponds to one to three properly placed trees per
house, may reduce the required cooling energy by as much as 50% [21]. The com-
parative benefits of the cooling effect of vegetation as a result of the shade they offer
and the lowering of the wind speed (direct effects) and by the evapotranspiration
process (indirect effect) are presented by Huang et al. [24] (cited in [21]) (Figure
5.15).
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Figure 5.15 Cooling effect of planting ([24] cited in [21] )

The shade provided by a tree is better than any man-made shading device, as
plants also modify the properties of the surrounding air. Bowen [25] reports that a
shaded area with spread tree canopy, is about 22.2°C (40°F) cooler than an un-
shaded area owing to evapotranspiration.

During the night, trees block the long-wave radiation from the ground and conse-
quently the night air temperature is warmer and the diurnal temperature range is
smaller under trees than in an open field. Vegetation on a hill can modify the wind
pattern, for example by decreasing the zone of wind protection on the windward side
and increasing the downwind zone of reduced air velocity in the leeward side.

In hot dry climates, trees with a dense canopy that give thick shade are desirable
as they reduce direct and diffuse irradiance (Figure 5.16). In areas where water is not
so scarce, vegetation is a very attractive cooling approach. In humid climates, the
beneficial cooling effect may be reduced by the undesirable increased relative hu-
midity of the air. The vegetation should be arranged to encourage movement of the
air and dispersion of the moist air. Tall plants with light foliage are recommended as
they do not block the air and permit less disturbed air movement through the foliage
(Figure 5.17).
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HOT-DRY CLIMATE
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Figure 5.16 Trees with dense foliage for hot dry climates
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Figure 5.17. Tall plants with light foliage for hot humid climates

The most appropriate plants for good landscape are native plants as they are ac-
customed to the local climatic conditions. For effective use of plants, consideration
should be taken of:

o their specific biological needs such as soil type, watering needs, minimum
safe temperature and exposure to sun;

e maintenance costs; and

« availability of water in the area.
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Water surfaces Water surfaces modify the microclimate of the surrounding area
by reducing the ambient air temperature either through evaporation (latent heat) or
by contact of the hot air with the water surface which is cooler, owing to its high
thermal mass. Fountains, ponds, streams and waterfalls or mist sprays may be used
as cooling sources in order to lower the air temperature of outdoor spaces and of the
air entering a building. The psychological cooling effect offered to people is also
important, when added to the cooling result — evaporation of half a litre of water
corresponds to about 0.3 kWh. Under average wind speed, dry-bulb and wet-bulb air
temperature conditions, the energy released by 1 m* of an exposed water surface is
about 200 W {26].

As water surfaces increase the air humidity, their existence can be problematic in
very humid climates and thus circulation of the air should be promoted. In hot cli-
mates, their cooling effect should be maximized through special design features,
which prevent diffusion of the air cooled by them and direct this air to inhabited
places. Although water surfaces are very beneficial in dry climates, their existence
may be limited by scarcity of water. Overheating of the water mass, which encour-
ages algae growth, should be avoided by special features such as shading with trees,
bushes, etc. The water should not become stagnant and its circulation is recom-
mended.

PUBLIC SPACES

Air and radiant temperatures behind trees are significantly lower than on hard sur-
faces like roads, concrete or soil open areas. Provision of trees can minimize the
danger of thermal stress and heat stroke in people in cities. Plenty of spaces with
trees must be provided along streets, in public parks and in children’s playgrounds in
order to provide shaded areas. Other functional landscaping elements like trellises,
pergolas, alleys and hedgerows can also be used (Figure 5.18). Shade trees and trel-
lises can block sunlight during overheated periods, by reducing the air temperature
by as much as 11.5°C (21°F) [27].

Sl
I

Figure 5.18 Landscaping of open spaces for shading
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The influence of open green spaces on the ambient conditions extends only a
short distance into the surrounding urban area. Thus, it is more effective to have
plenty of small green areas spread around an urban area than a few large parks.
Their contribution is mainly by creating ‘islands of cool’ inside cities and by provid-
ing areas with a pleasant climate for rest and recreation. Duckworth and Sandbery
[28] found that the temperature in the heavily vegetated San Francisco Golden Gate
Park was around 8°C (14°F) cooler than nearby less vegetated areas. Development
of private gardens around the buildings has the same beneficial effect on human
comfort.

Although flowerbeds and lawns contribute to the reduction of the surrounding
ambient temperature, their benefits are dependent on the availability of water sup-
plies. They should be preferred in humid climates rather than in dry ones. Montgom-
ery [27] reports that temperatures over grass are about 5.5 to 8.0°C (10-14°F) lower
than over exposed soil and that an acre of turf (4,047 m®) on a sunny summer day
can transfer more than 13,770 kWh of energy, which is enough to evaporate 25,740
litres (6,800 US gallons) of water.

Green belts are effective both in trapping soil particles and particles generated by
motor vehicles and industrial pollution and in purifying the air. Also some nitrogen
oxides (NO and NO,) and airborne ammonia (NHs) can be absorbed by the foliage,
the nitrogen being used by the plants. Some trees, depending on their sensitivity, can
also use the sulphur dioxide (S0O;) and the ozone (O3) — which are products of air
pollution — while several other species suffer damage from exposure to high concen-
trations of these chemicals. It has been estimated that a street planted with trees can
reduce airborne dust particles by as much as 7,000 particles/litre of air [29]. It was
also found [30] that although industrial pollution is significantly reduced within a
green area and in the area behind it, there is little or no reduction outside this vicin-
ity.

The actual effect of vegetation on noise reduction is very limited, as it does not
reduce the level of noise reaching the buildings, but it can reduce the reverberation
time in the street as a result of sound absorption in the leaves. The actual effect is
mostly psychological, by visually hiding the source of noise from the affected person
[20]. The use of trees and shrubs is effective for noise reduction if they are planted
densely in belts of 6.1 m (20 ft) to 15.2 m (50 ft) width [31].

BUILDING DESIGN

Design approaches at this stage are concentrated on the domain of the site and aim
to improve the microclimate around a building and its thermal performance, by re-
ducing heat gains and by promoting natural cooling of the building. Actions are
taken in the space surrounding buildings (private gardens, courtyards, atria), in the
design (orientation, shape, openings, internal layout, functional elements) and in the
construction (material, colour) of each individual building. Successful intervention
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in the environment surrounding a building can result in minimizing the operating
hours of the air conditioning in mechanically ventilated buildings, or reducing the
hours of thermal discomfort in naturally ventilated buildings.

Private gardens

Landscaping through vegetation and water surfaces around buildings can reduce the
impinging solar radiation and modify the air temperature outdoors and indoors and
effectively minimize the cooling load of buildings. It can also extend the living area
outdoors under more pleasant thermal conditions. Plants can be effectively used to
reduce solar access, to provide shade during summer and to improve ventilation
conditions in buildings. They can also improve the quality of daylight entering a
building, by softening and diffusing it and by reducing the glare from the bright sky.
Trees, bushes, vines and creepers can effectively fulfil these conditions.

Parker [32] has shown that careful landscaping with trees, shrubs and ground
cover for maximum cooling, can reduce the air temperature by up to 5.5°C (10°F).
As an air conditioner uses 5-7% more energy for each additional degree, a 50%
energy reduction can be achieved in buildings that use evaporative coolers or air
conditioners and are shaded. Thus, | ton of air-conditioning capacity is saved in a
shaded building for each 3.5 kW energy consumption.

Choice of trees should be very carefully based on the shape and character of the
plant (tree or bush), both during the winter and the summer period and on the
shadow shape they provide. Broadleaves and deciduous trees are very useful as they
drop their foliage during the autumn and permit solar access during winter. This is
especially true of those with dense summer canopy and an almost branchless open
winter canopy. Of course, branches of trees, even without leaves, create significant
shade, 30 to 60% during winter, which can be as high as 80% for trees that hold
their dead leaves like an oak tree [33]. A defoliated Honey Locust was found to
block about 60% of the sun [33], while a Silver Maple in full leaf blocks about 75%
of the impinging solar radiation [34]. Montgomery [35] has presented a list of se-
lected species for energy conservation (Table 5.2). The principal factors that must be
considered in the selection of deciduous plants are [35]:

» mature height and crown;

e growth rate;

« leaf appearance and fall patterns;

« distance of branches from the ground.

Early leaf fall can be encouraged by reduction of late summer pruning, irrigation and
fertilization.

The position of plants around the building should be strategically chosen in order
to provide shade at the most critical hours of the day. Shading of the windows is the
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Table 5.2 Tree species which can be used as windbreaks [35]

Name Mature height Growth rate Site features
(m)

Deciduous

Caragana arborescens — 5-11 Moderate Sunny and well-drained
Siberian pea tree soils

Elaegnus multiflora — 611 Fast Full sun, dry area
Russian olive

Populus alba—White poplar 18-21 Fast Sunny, moist soils

Spiraea - Bridal wreath 5-11 Fast Sun or shade, moist soils

Syringa vulgaris — Lilac 511 Moderate Sunny/city or seashore

Tamarix parviflora — 5-11 Moderate Sunny area
Salt cedar

Evergreen

Elaegnus pungen — 8-11 Moderate Sun or shade
Silverberry

Juniperus scopulorum — 12-17 Moderate Sunny area
Rocky mountain juniper

Kalmia latifolia — 611 Moderate Sun or shade
Mountain laurel

Pinus nigra — 18-24 Moderate Sunny area
Austrian pine

Pinus thunbergii - 18-21 Slow Seashore, moist soils
Japanese black pine

Thuja occidentalis — 11-18 Moderate Sunny area

Eastern arborvitae

most beneficial. Horizontal overhangs, like pergolas, are preferable at the south side,
as the sun is in its high position at this orientation (Figure 5.19). Trees on east-south-
east and west-south-west sides give the best performance as the sun is at low alti-
tudes in the morning and late in the afternoon and low sun rays cast long shadows
(Figure 5.20). Bushes can also be used to shade east and west windows and addi-
tionally act as vertical wingwalls (Figure 5.21). Vertical trellises covered by vines or
other creeping plants are very effective on east and west facades. In the case of
buildings with solar collectors on the roof, precautions should be taken to control the
height of trees positioned at the south side, in order to allow solar access to the
collector.
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Figure 5.19 Pergolas for shading of south facades

SUMMER

Shade from trees on

E and W sides /

Figure 5.20 Trees at east and west sides for shading in summer

FEELRRIATATN

(
MinH2
, r T
H
4
{

EAST - WEST FACADE

As deep as
possible

Figure 5.21 Bushes for shading of east and west windows
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Climbing plants on the walls are very effective in reducing the solar heat penetrat-
ing through the building’s envelope. It is not unrealistic to expect a reduction of up
to 50% in the cooling load when an envelope-dominated building is effectively
shaded by plants [7]. A 60% reduction in the use of electricity was realized in a
Florida school when the walls and windows were shaded by plants [7]. In another
study, the temperature inside a mobile home was reduced by 13°C (24°F) when it
was well shaded by plants [27]. In tests carried out in South Florida, it was indicated
that the shade provided by a large tree reduced the wall temperature by approxi-
mately 3.5°C (6.4°F) [36]. When a sparse vine, about 7.5 cm (3 in) thick, covering
almost 80% of the wall area, was used on a west wall, an average reduction of 7.5°C
(13.8°F) was measured in the surface temperature during the late afternoon com-
pared to an unshaded wall [36].

Trees and bushes can be also positioned in such a way as to improve ventilation
conditions inside the building (Figure 5.22) by guiding more of the cooling breezes
into the building or even by preventing the wind from spilling around the sides of
the building (Figure 5.23). If bushes are used, they should be positioned at a distance

Figure 5.22 Planting to guide breeze through a building

t4

Figure 5.23 Planting to prevent spilling of air
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from the building, in order not to deflect the evening breezes above the building
(Figure 5.24). However, they can also act as windbreaks to the hot winds if they are
located to block the wind reaching the building. Especially in mechanically venti-
lated buildings, this arrangement can reduce the cooling load of the buildings, as a
dense screen can reduce wind pressure and velocity by 75-85%, which results in
lower cooling load due to reduced heat gains by convection and air infiltration from
the developed pressure [27]. The vegetative windbreaks on the windward side
should be positioned at a distance not more than 1-1.5 times the height of the
building. A cluster of canopy trees, shrubs or trees creates a dead air space around it,
which decreases the air velocity for about five times its height on the windward side
and about 25 times its height on the leeward side [27].

Shrub close to a tree in order
to promote ventilation

) ﬂ n

The location of the shrub should
not deflect the wind over the building

QSN

S |

Shrub positioned to create negative pressure
and draw air from inside the building

Figure 5.24 Planting position can modify ventilation

As the roof is the part of the building that absorbs the highest amount of solar ra-
diation during summer, grass planting provides a sharp decrease in the roof’s surface
temperature and consequently in the air temperature of the space below it. Ohlwein
[37)(cited in [22]) reported that planting of a normal roof, which presents maximum
surface temperature of 80°C, can reduce its temperature to 25° C (Figure 5.25). The
development of a roof garden may considerably reduce the roof’s temperature, by
additionally providing an amenity space and by extending activities at a higher level,
where air speed is higher than at the ground. Solutions could range from a simple
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Figure 5.25 (4) Normal and (B) planted roof temperature [37] as cited in [22].
Winter — — —; Summer - - - -

horizontal vine-covered trellis, to trees and bushes planted in lightweight soils, made
up of perlite or vermiculite, or even creation of fountains, pools, etc. (Figure 5.26).
In the Texas area, a house can be up to 11.5°C (21°F) cooler with grape vines on a
roof trellis [38].

Grass and other plants covering the ground around a building are also effective in
controlling its air temperature and in ensuring that its cooling load will be smaller
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Figure 5.26 Examples of roof arrangements
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than a building surrounded by asphalt or concrete surfaces. It was also found that the
earth temperature at a depth of 7.6 ¢cm (3 in) under lush grass was about 2.2° C (4°
F) cooler than that under soil with about 50% cover of weeds [39].

Water surfaces, in the form of a small fountain, a pond or a stream can be used to
cool the air. Evaporative cooling, combined with wind guided to occupied places,
can increase human comfort. Distribution of wet surfaces around a garden is particu-
larly effective in hot dry climates. They can also be used in humid climates, but they
will be more effective if they are positioned downwind in order to avoid human dis-
comfort from the extra humidity in the air.

Characteristics of buildings

SHAPE

Optimum shape of a building is widely considered to be the one that loses least heat
during winter and accepts the least amount of radiation during summer. Volume is
approximately related to its thermal capacity — ability to store heat — while exposed
surface area is related to the rate at which the building gains or loses heat. Thus, the
ratio of volume to exposed surface area is widely used as an indicator of the speed at
which the building will heat up during the day and cool down at night. A high vol-
ume-to-surface ratio is preferable for a building that it is desired to heat up slowly,
as it offers small exposed surface for the control of both heat losses and gains. In hot
climates, the area exposed to solar radiation is more important than the total exposed
surface area. During summer, in low latitudes, the roof is the surface most exposed
to solar radiation, followed by the east and west walls.

Knowles [40] proposed an alternative measure, that takes into account both heat
losses and direct solar exposure, by taking the ratio of the surface in solar exposure
divided by the overall surface area. The ratio of the summer values of this measure
to the winter values reflects the amount of seasonal solar shading inherent in the
built forms of the blocks.

A summary of requirements for conditions of optimum heat gain and heat loss for
the case of a simple rectangular building form in different climates is presented by
Evans (Table 5.3) [41]. In hot humid climates, where ventilation is desired, build-
ings should maximize the area of the exposed surfaces. For hot arid climates,
buildings with high volume-to-surface ratios are recommended, an example being
the compact urban forms seen around the Mediterranean basin.

It is widely believed that the square form is the optimum one, but calculations
based on a yearly thermal performance carried out by Olgyay [5] showed that this is
not the case for all climates. An elongated form, somewhere along the east-west
direction, can perform better. A square form performs better in old massive tradi-
tional structures with small openings, whereas the large glazed areas in contempo-
rary buildings lead to big thermal gains in the interior of buildings which eliminate
the effect of shape.
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Table 5.3 Requirements of building form for different climate types [41]
Climate Element and requirements Purpose
Warm humid Minimize building depth For ventilation
Minimize west facing wall To reduce heat gain
Maximize south and north walls To reduce heat gain
Maximize surface area For night cooling
Maximize window wall For ventilation
Composite Controlled building depth For thermal capacity
Minimize west wall To reduce heat gain
Limited south wall For ventilation and some winter
heating
Medium area of window wall For controlled ventilation
Hot dry Minimize south and west walls To reduce heat gain

Mediterranean

Cool temperate

Equatorial upland

Minimize surface area
Maximize building depth
Minimize window wall

Minimize west wall
Moderate area of south wall
Moderate surface area
Small to moderate window

Minimize surface area

Moderate area of north and west walls
Minimize roof area

Large window wall

Maximize north and south walls
Maximize west-facing walls
Medium building depth
Minimize surface area

To reduce heat gain and loss
To increase thermal capacity
To control ventilation heat gain
and light

To reduce heat gain (summer)
To allow (winter) heat gain
To control heat gain

To reduce heat gain but allow
winter light

To reduce heat loss
To receive heat gain
To reduce heat loss
For heat gain and light

To reduce heat gain
To reduce heat gain
To increase thermal capacity
To reduce heat loss and gain

Although the ratio of volume to surface [42] provides some indication of the
thermal efficiency of the enclosure, it does not take into account either the variations
of the thermal characteristics of the building fabric or the effects of solar gains,
which can be determinants of the building’s thermal performance. It is argued [43]
that restriction of the optimum shape could be relaxed by adopting several energy-
saving measures, for example extra insulation, allowing in this way architectural
freedom in the choice of the building’s form. In practice, planning regulations, site
conditions, neighbourhood buildings and architectural styles are becoming determi-
nants of a building’s form. As high-rise blocks are common in urban areas, charac-
terized by small exposed surface related to occupied area, their summer thermal per-
formance could be improved by giving more importance to the materials used and to
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the architectural elements such as shading devices, wing walls, courtyards, etc. In
addition to thermal characteristics, forms should be explored which enhance wind
channelling into the building and permit ventilation throughout the occupied spaces.

INTERNAL LAYOUT

The layout of a building’s interior determines the ventilation conditions throughout
it. An open plan combined with a proper distribution of openings is preferable for
undisturbed ventilation conditions in the interior. As practical needs require separa-
tion of spaces, restriction of air-flow paths should be avoided and the positioning of
partitions should help channelling of the air motion throughout the occupied space.
In general, partitions should be positioned in such a way that creates the larger space
on the windward side (Figure 5.27). Design solutions, especially in multi-storey
buildings, should explore the possibilities of permitting cross ventilation (Figure
5.28). Distribution of spaces on two floors — maisonette houses — improves ventila-
tion conditions by imposing an additional air movement in the vertical direction as a
result of the stack effect (Figure 5.29).
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Figure 5.27 Bigger space on the windward side permits better ventilation conditions
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Figure 5.28 Design solutions in multi-storey buildings for improving ventilation conditions

Although high ceilings, which are traditionally met in hot climates, have little
effect on the air flow pattern, they allow thermal stratification and decrease the
transfer of heat gains through the ceiling. Use of high ceilings to reduce discomfort
is based on the assumption that there will be high rates of heat gain through the roof,
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Figure 5.29 Design solutions for stack-effect ventilation

which can be the case with an uninsulated ceiling. The cooling effect of the room
height is greater in spaces with very high ceilings where stratification of the air al-
lows the occupants to inhabit the lower cool space. For dwellings that are character-
ized by moderate ceiling heights, it has been argued [41] that rooms with high ceil-
ings are not significantly more comfortable than rooms with ceiling heights of 2.7m
or even 2.5m.

ORIENTATION OF BUILDINGS

The orientation of buildings determines the solar exposure of the building, which
should be maximized during winter and offer easy manipulation for shading during
summer. The orientation of buildings usually follows the orientation of roads by
positioning the main facade facing the main road. As the south side of a building is
the one that can be easily shaded during summer and the best one for solar heat col-
lection during winter, buildings on an east-west road are ideal for both summer
cooling and winter heating needs (Figure 5.30).

[n

STREET

STREET

Figure 5.30 East—west orientation of streets is ideal for solar
access (winter) and shading (summer) [7]
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The thermal performance of buildings on a south-north road could be improved
in different ways. Orientating the short facade to the main street (Figure 5.31) or
developing a row of houses, detached or terraced, with the long facades facing
south-north and permitting access from the central houses to the main street through
driveways (Figure 5.32), can offer some solutions to maximizing winter solar expo-
sure and providing shading during summer.

STREET

Figure 5.31 Arranging the narrow facade to face the road in
south—north orientated streets is advisable [7]
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Figure 5.32 Access to the main road through driveways can
permit east—west orientation of buildings [7]

In diagonally orientated streets, houses can be positioned diagonally in each lot.
(Figure 5.33). This positioning ensures orientation of buildings along the south—
north axis, allows unobstructed ventilation in the complex of buildings and also im-
proves privacy inside the houses, as windows of opposite rows of houses do not face
each other.
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Figure 5.33 South orientation of buildings in diagonally orientated roads [7]

COLOUR OF EXTERNAL SURFACES
The colour of the external surface of a building’s envelope influences its thermal
performance because it determines the amount of heat absorbed and thus transmitted
to its interior. The amount of heat absorbed by a surface is characterized by its ab-
sorptivity. Radiation is absorbed selectively, according to the wavelength of the in-
cident radiation (Figure 5.34). The colour of a surface provides a good indication of
its solar radiation (short-wave radiation) absorptivity but does not indicate anything
about long-wave radiation absorption. In general, the solar absorptivity decreases
and the reflectivity increases with lightness of colour. The more solar radiation a
surface absorbs, the hotter it gets, while the more it reflects, the colder it stays.

Differences of up to 27°C in the solar temperature on an east facade have been
reported between a dark surface of absorptivity 0.9 and a surface with an absorp-
tivity value of 0.2 in a 52° N latitude [44]. The effect of colour on room air tempera-
ture depends on the heat resistance and heat capacity of the envelope’s materials
[45] as well as on the ventilation rate and the direct solar gains [46]. Thus, the effect
of surface colour is more intense in lightweight structures, which are characterized
by low thermal resistance and low thermal capacity, than in heavyweight structures.
Continuous ventilation and solar access to the interior of the building diminishes the
effect of colour on both lightweight and heavyweight structures [46].

Orientation effects are reduced with light colours, as differences up to 23.0°C
have been reported between different orientations for grey painted walls whereas,
for whitewashed walls, deviations were less than 3.0°C [45].
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Figure 5.34 Spectral variation of solar absorptivity [47]

Ceramic materials like white cement, gypsum and lime, with the exception of
earth-based materials, offer high reflectivity and are suitable for hot climates. Tradi-
tional architecture can show examples of reflecting external surfaces, such as the
whitewashed buildings and streets around the Mediterranean Sea.

The colour of a building, as well as affecting the building’s thermal performance,
has a great impact on the urban climate, by modifying the air temperature. Computer
simulations of neighbourhoods have shown that changing the colour of the roof,
walls and streets can significantly reduce air temperature and cooling energy use.
Realistic changes of the colour in hot, sunny climates with many dark colours, could
reduce a city’s air temperature by as much as 2.8°C (5°F) [21].

The colour of a building’s envelope also affects the glare and light in the streets.
Special elements on the envelope could reduce the visual discomfort of pedestrians
from light-washed buildings. The uniformity of the facades can be reduced with use
of overhangs, either short or extended over the entire length of a wall, with other
architectural elements on the walls or by trying out different light colours, etc.
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Thermal comfort

Modern buildings are designed to provide an optimum indoor environment depend-
ing on their function (working, leisure etc.). This way occupants can optimize their
productivity and fully utilize their human resources. Indoor spaces should provide
optimum thermal conditions (temperature, humidity, air movement), visual condi-
tions (proper light levels and pleasant environment), acoustical conditions (low
noise levels and disturbances), and air quality (required amounts of fresh air, control
of odours and air pollutants). The objective is to achieve all the above conditions in
indoor spaces, so that the occupant can be in total comfort (thermal, visual and
acoustical), in a ‘healthy’ environment; this is sensed by the skin (temperature, hu-
midity, air movement and resulting cooling effect), as well as by the eyes (light lev-
els and temperature variations), ears (atmospheric pressure, noise disturbances), and
nose (temperature and relative humidity levels in the air and air quality).

Human thermal comfort is defined as the conditions in which a person would pre-
fer neither warmer nor cooler surroundings [1]. It is a rather complex concept, since
it depends on various influencing parameters. It is the combination of the various
parameters that create the end result of comfort. The dependence of comfort on
some of these parameters is stronger and more determinant than for others, as is
concluded from the analysis presented in the following sections.

It has become increasingly important, however, to achieve comfort with minimum
energy consumption. It is clear that, with the available technology, there are no
technical limitations on the heating and air-conditioning industry in providing sys-
tems which can result in optimum indoor air conditions. The problem is rather to
achieve, maintain and control comfort conditions with a rational use of energy and
by optimizing the parameters which influence them.

The following discussion includes a description of the parameters affecting ther-
mal comfort, methods for calculating and controlling it, and some related examples
and applications.

THE INFLUENCING PARAMETERS

Building occupants are always in search of thermal comfort, which in turn influences
a person’s performance (intellectual, manual and perceptual). Recently, a team of
researchers at Rensselaer Polytechnic Institute in the USA have completed a scien-
tific study which has shown a direct and measurable link between individual comfort
control and job performance [2].

129
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It was found during this investigation that the use of environmentally responsive
workstations (ERWs) led to a 2% increase in office productivity. Each ERW allows
the employee to control workstation temperature, lighting, background sound and
the direction and quantity of constantly filtered fresh air. A panel under each work-
station provided radiant heat to warm the lower part of the body. An energy-saving
occupancy sensor would automatically shut off the equipment if the employee left
the workstation for more than 10 minutes.

Depending on the available means, occupants will attempt several actions to
change or control environmental conditions. In order to be most successful in these
actions, one must have a thorough quantitative, as well as qualitative, knowledge of
the conditions establishing the parameters that influence thermal comfort. This will
also enable building designers to provide alternative means to the occupants for
controlling their thermal comfort conditions, instead of just lowering the thermostat
during summer or increasing it during winter.

The human body is like a complex internal combustion engine. To achieve ther-
mal comfort, the body must balance its heat gains and losses by properly adjusting
its functions (i.e. perspiration), while also responding to the prevailing environ-
mental conditions (i.e. temperature and humidity). Under good conditions the human
body can function at optimum levels.

There are times, however, when comfort cannot be achieved by the functions of
the body itself, owing to the severity of the prevailing conditions. Under such
circumstances it is necessary to provide some assistance, by natural, hybrid or
mechanical means. It is important, though, for rational use of available energy
resources, to exhaust first all means of achieving comfort by natural or hybrid
techniques, before having to resort to energy-consuming mechanical systems.

Depending on the function of the building and its various spaces, indoor envi-
ronment conditions will vary significantly, since occupant needs are different.
Clearly, there are significant variations of indoor conditions among houses, offices,
factories, shops, hospitals, schools, theatres, restaurants, hotels, athletic halls,
museums, computer rooms, etc.

The parameters which influence overall comfort can be grouped into three gen-
eral categories [1], namely :

« Physical parameters, which include the air temperature of the environment
(dry bulb), the mean radiant temperature of the indoor wall surfaces, the
relative humidity of the air, the relative air velocity of the indoor air, the
atmospheric pressure, the colour of the surrounding environment, odours,
light intensity, and noise levels;

« Organic parameters, which include age, sex and national characteristics of
the occupants;

« External parameters, which include human activity levels (related to the
metabolism), type of clothing, and social conditions.
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Among these, the most important parameters influencing thermal comfort are:

¢ dry bulb temperature
« relative humidity

« air velocity
 barometric pressure
« clothing

« activity.

Thermal comfort can be achieved by many different combinations of the above vari-
ables. In all cases, it is the end result that we are interested in achieving, which
means that it is the combined effect of these parameters on the human body which is
important. The positive or negative affect of one parameter on comfort may be en-
hanced or counterbalanced by the change of another parameter.

The body’s thermal equilibrium is a dynamic balance between heat production (as
a result of human metabolic rate) and body heat transfer by convection, conduction,
radiation and evaporation to or from the environment, as shown in Figure 6.1. The
thermal balance equation between the human body and the environment can be ex-
pressed as follows [3]:

QM - Qdif - Qevap - Qresp = Qr + Qc (61)

where

Q,, = body’s heat production due to metabolic rate (metabolism),
Qy: = vapour diffusion through the skin,

Oeap = SWeat evaporation,

Q., = latentheat from sweating,

Q. =radiative heat loss from the outer surface of a clothed person to the
environment,
Q. = convective heat transfer to the environment.

Sweating, and the resulting evaporative cooling sensation, is the main mechanism
of thermal adjustment for the human body under hot environmental conditions or at
a high level of activity. Clothing will directly influence the amount of heat exchange
from the body to its environment and, depending on the type of material, will also
influence the amount of absorbed solar radiation.

The control of environmental conditions in order to achieve thermal comfort can
be performed by:

« passive controls (on the environment, clothing, metabolic rate), and
« active or hybrid controls (on the building).
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Figure 6.1 Interactions of the human body with the environment

To create thermal comfort and maintain the necessary indoor air-quality levels, in
any environment, it is necessary to have air ventilation. Ventilation systems supply
the necessary amounts of fresh air, which is controlled in terms of quantity, velocity,
quality and thermal conditions.

The quantity of outdoor air that needs to be brought into the space is determined
by national standards, depending on the function of the space. The air movement
into the space has to be handled with care, since there is a direct influence of air
velocity on occupant comfort.

Outdoor air quality will influence indoor conditions, thus one needs to exercise
caution when using untreated outdoor air. This is of especially great importance in
large metropolitan cities, where outdoor air may be heavily polluted with particulate
and gaseous contaminants. Health standards may impose limits on the use of un-
treated outdoor air, which, as a result, limits the effectiveness of natural ventilation
techniques and influences comfort conditions in naturally ventilated buildings.
Ventilating a space with polluted outdoor air can significantly affect indoor air qual-
ity, which may result in occupant health problems. Alternatively, the use of me-
chanical ventilation and air-conditioning systems can be used to clean the outdoor
air, removing atmospheric dust. However, it is not possible to treat outdoor air for
gaseous contaminants. In any event, the use of mechanical ventilation and air condi-
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tioning will increase the energy consumption and operational cost of the building. It
is also essential that the filtering system is well maintained, to prohibit the growth of
micro-organisms, which can even be fatal.

Thermal conditions include indoor temperature and relative humidity. The indoor
temperature is defined in terms of air temperature and internal wall surface tempera-
ture in a given space (radiant temperature). The relative humidity is the ratio of the
mole fraction of water vapour in a given moist air sample to the mole fraction in an
air sample that is saturated at the same temperature and pressure. Most air-
conditioning systems are, in fact, used primarily to remove the excess water vapour
from the air.

In order to understand better the various processes taking place between the hu-
man body and the air conditions of the surrounding environment, it is necessary to
review some fundamental principles of psychrometrics.

PSYCHROMETRICS

The various thermodynamic properties of moist air can be graphically represented
by the so-called psychrometric chart, illustrated in Figure 6.2. Although, the choice
of coordinates for a psychrometric chart is arbitrary, a chart with coordinates of
temperature and humidity ratio has been the most widely used. ASHRAE [4] has
developed such charts for various pressure ranges (sea level pressure, 24.89 in Hg
and 22.65 in Hg) and temperature ranges (low, normal and high temperature).

The coordinate system of a psychrometric chart has as the x axis the dry-bulb
temperature, while on the y axis the humidity ratio (moisture content of the air, the
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Figure 6.2 An illustration of the psychrometric chart
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ratio of the mass of water vapour to the mass of dry air [kg of water/kg of dry air]).
The outer left boundary of the chart is a curve representing the saturation line (100%
relative humidity). The dry-bulb temperatures are straight lines, not precisely paral-
lel to each other and inclined slightly from the vertical position. The wet-bulb tem-
perature lines are oblique straight lines and differ slightly in direction from the en-
thalpy lines, which are drawn across the chart precisely parallel to each other. The
volume is represented by oblique straight lines, again not precisely parallel to each
other.

All the processes which deal with the treatment of moist air (i.e. cooling, dehu-
midification, mixing of air streams) can be represented on the psychrometric chart.
In addition to the use of the chart for defining the various properties of air at a given
condition, it can also be used to express the thermal energy content of the air, since 1
kg of water vapour represents 2.26 MJ of latent heat, while it takes 1004 J to in-
crease the temperature of 1 kg of dry air by 1°K.

THERMAL EQUILIBRIUM OF THE HUMAN BODY

Human comfort is not a simple heat balance, but needs to take into account complex
psychological processes. The thermal sensation is processed through several mental
processes before it leads to an expression of preference or judgement. Of course, the
primary parameters are physical, for example environmental conditions, activity,
clothing, but there are also other influences, such as the state of acclimatization of
the individual, personal expectations and attitudes and behavioural adjustments.

Among the various models and suggestions for the quantitative estimation of
thermal comfort, the most widely used is the one suggested by Fanger [3]. This
equation has been empirically developed following extensive study and monitoring
of human beings under varying conditions, and a comprehensive statistical analysis
of their responses.

Fanger’s Thermal Equilibrium Equation is given by the following empirical for-
mulation:
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where
M = heat generated by metabolism, depending on the activity, kcal h™
Apy = total surface of the human body (average values for an adult ranging
between 1.65 to 2.0 m?)
M/Apy =  metabolic rate, kcal h m™ (Table 6.1)
h = mechanical efficiency (Table 6.1)
ty = skin temperature, °C
P, = vapour pressure, mm Hg
Eiow = heat dissipated by sweating, kcal h™
t, = ambient air temperature, °C
Ly = temperature of clothing surface, °C
Iy = clothing insulation, minimizes conduction, convection and radiation
losses and gains by increasing the surface resistance to heat transfer,
clo (Table 6.2)
JSa = clothing factor accounting for the relative increase in the clothed
body surface over that of the unclothed body (Table 6.2)
o = mean radiant temperature, °C (see section below on ‘Comfort
indices’)
h. = convective heat transfer coefficient, W m=.°C (Table 6.3).
Table 6.1 Data for different human activities [1]
Activity Metabolic rate Mechanical Relative velocity in
(M/Apu) efficiency (1) still air [m s™')
[keal hr™! m™}
Sleeping 35 0 0
Seated 50 0 0
Standing 60 0 0
Miscellaneous occupations
Laboratory work
General work 80 0 0
Setting up apparatus 110 0 0-0.2
Machine work
Light 100-120 0-0.1 0-0.2
Heavy 200 0-0.1 0-0.2
Heavy work 300 0.2 0.5
Domestic work 100-170 0-0.1 0.1-0.3

Once the equality in Fanger’s Thermal Equilibrium Equation is satisfied, then the
heat generated by the body is dissipated and there is no increase or decrease of the
body’s temperature. This is the fundamental requirement for survival.
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Table 6.2 Data for different clothing combinations [1]

Clothing combination I [clo]* Ja
Nude 0 1.0
Shorts 0.1 1.0
Light summer clothing 0.5 1.1
Light working ensemble 0.6 1.1
Typical business suit 1.0 1.15
Typical business suit and 1.5
cotton coat
Light outdoor sportswear 0.9 1.15
Heavy traditional 1.5 1.15-1.2
European suit
Heavy wool pile 34 1.3-1.5
ensemble

Thermal resistance of clothing is expressed in [clo] units
(1 clo = 0.155 m>.C/W)

Table 6.3 Variation in h. and 1,; with activity in still air [1]

Activity [met]’ B WmACl I [clo]
Resting (0.85) kR 0.83
Sedentary (1.1) 33 0.80
Light activity (2.0) 6.0 0.60
Medium activity (3.0) 7.7 0.52

* 1 met=582Wm>=50kcal h"' m?

t ke =5.7 (met-0.85)>%, active in still air [5). To relate &, to
room air velocity ¥, while the person is seated with moving air,
use h=8.3V%4 [6].

Y 1u=645/(4.7+h,)

Thermal comfort can be achieved by adjusting one of the influencing parameters.
It is preferable, in order to achieve the desirable end effect, to give priority to the
parameters which can be varied with no or low energy requirements.

Clothing is one of the easiest parameters that an individual can adjust in order to
achieve thermal comfort in an environment with given conditions. Actions such as
removing some garments during summer, or adding some clothing during winter,
should be given first priority before attempting to bring the environment (by chang-
ing the air temperature for example) to the necessary conditions for thermal comfort
[7].

Furthermore, thermal sensation depends on the type of clothing material and on
the fit of garments. Research has shown that people are more affected by air humid-
ity than previously assumed and that individuals wearing wool clothing feel the most
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warmth when entering a humid space [8]. If polyester is worn or people are naked,
the effect of changing humidity is of short duration, whereas the thermal effect lasts
longer when wool is worn. The increased thermal effect is caused by absorption or
desorption in the wool clothing, while polyester is almost unaffected by humidity.

Air movement around the human body can also influence thermal comfort. It de-
termines the convective heat exchange of the body and the evaporative capacity of
the air. Convective losses are directly proportional to a power of the air velocity and
the temperature difference between the skin and air temperatures. Higher air veloci-
ties increase evaporation rates and consequently enhance the cooling sensation and
reduce the negative effect of high humidity [9].

During summer, natural ventilation or the use of ceiling fans to enhance and con-
trol indoor air movement can shift the thermal comfort area to higher air tempera-
tures. The ASHRAE recommended upper limit of indoor air movement is 0.8 m s,
Above this value, loose papers may be disturbed. Such air speeds permit one to
maintain a space about 2°C warmer, at for example 60% relative humidity, and still
maintain optimum comfort. This means that occupants can be in comfort at higher
air temperatures. Even in air-conditioned spaces, this will allow us to maintain the
thermostat at a higher setting, which means a lower energy consumption of the air-
conditioning system, while maintaining comfort conditions.

Humidity is another determinant factor of thermal comfort. It does not affect the
thermal load from the environment on the body, but it determines the evaporative
capacity of the air. Low relative humidity of ambient air aids the evaporation of per-
spiration from the human body, which in turn enhances the cooling sensation (a form
of evaporative cooling). During an 18-month study sponsored by ASHRAE [8], re-
searchers from the Technical University of Denmark have shown that during tran-
sient conditions where people are moving from one space to another with a different
humidity, the immediate thermal effect of humidity was felt 2-3 times more strongly
than the various standards predicted [5, 6], on the assumption that people are in
steady-state conditions. As a result, the thermal effect of humidity is much greater
during a change than during a longer stay in a given environment.

The metabolic rate depends on human physiology, sex and type of activity. Al-
though the type of activity is usually specified by the nature of work that humans
have to perform for a given task, it is evident from experience that people avoid
strenuous work during the hot summer months or at least during the midday hours.
Another common practice for the control of metabolic rate is to vary the type of
foods consumed during summer. Low-fat, light foods in smaller quantities, and high
rates of fluid consumption, are usually recommended in order to keep heat produc-
tion due to metabolism as low as possible.
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COMFORT INDICES

To assess the environmental conditions in terms of comfort, there are three classes
of environmental indices [10], namely :

¢ Direct indices

— dry-bulb temperature,

— dew-point temperature,
wet-bulb temperature,
relative humidity, and

— air movement.

« Rationally derived indices
mean radiant temperature,
— operative temperature,
heat stress, and

thermal stress.

o Empirical indices

- effective temperature,

— standard effective temperature, and

— equatorial comfort.

Each one of these indices is explained in the following:

Dry-bulb temperature (#y, or t,). The simplest practical index of cold and warmth
under ordinary room conditions is the reading obtained from an ordinary dry-bulb
thermometer. For average relative humidity values (40—-60%), it can be significant in
judging comfort, especially towards lower temperatures.

Dew-point temperature (fy,). A unique measure of humidity in the environment.
The temperature at which a given air—water vapour mixture is saturated with water
vapour. The saturated vapour pressure at Z4, is the ambient vapour pressure.

Wet-bulb temperature (f,,). A temperature, for any state of moist air, at which
liquid water may be evaporated into the air to bring it to saturation at exactly the
same temperature and pressure. A useful index for severe heat stress, especially
when the human body is near its upper limits of temperature regulation by sweating.
The upper tolerance limit for ¢, occurs at approximately 30°C for both normally
clothed and unclothed subjects, with air movement ranging from 0.1 to 0.5 ms™.

Relative humidity (rh). For any temperature and barometric pressure affecting
people’s living space, the ratio of the partial pressure of water vapour to the satura-
tion pressure is a measure of rh, as a fraction or as a percentage. Relative humidity
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has no meaning as an environmental index without knowledge of the accompanying
dry-bulb temperature.

When any two of the above four factors are known, then the other two may be pre-
dicted by using the Psychrometric Chart. Figure 6.3 shows a detail of a psychromet-
ric chart, concentrating around the comfort region. It includes the dry-bulb tempera-
ture (°C) on the x axis and the wet-bulb temperature (°C) on the y axis. Relative
humidity lines run from lower left to upper right. The 100% relative humidity line is
called the saturation line. The scale of the effective temperatures (discussed in a
following section) is marked off along the saturation line.

The assumptions on which this chart is based are that:

+ subjects are clothed normally for indoor living,

« subjects are engaged in light activity (office work),

« air velocity is 15 to 25 fpm (0.1 m s™' — almost still air ), and
« there are no radiation effects.
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Figure 6.3 The comfort chart [1]
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In general, relative humidity values above 70% or below 30% are not considered
to be in the optimum comfort zone for the majority, even though some people may
prefer one or other humidity extreme. Air conditioners are used to achieve comfort
conditions and are primarily intended for mechanically removing the water vapour
from the indoor air, rather than lowering the air temperature. The potential effect of
humidity on comfort is presented in [11]. An increase in dry-bulb temperature by
0.5°C has the same effect on comfort as a 5.5°C increase in dew point [12]. Lowered
humidity levels of indoor air have beneficial effects other than allowing a higher
temperature setting, resulting in energy savings, including reduction in mould and/or
mildew, reduced sensitivity to odours and a greater feeling of air freshness [11].

The winter comfort zone, shown as area ABCD in Figure 6.3, encompasses the
possible combinations of dry bulb temperature and relative humidity which produce
winter comfort conditions for most people. The area EFGH shows the summer com-
fort zone for most individuals.

The reader is cautioned on the use of this chart if the four assumptions listed
above are not in effect. The values on this chart will not be reliable, for example, if
there are large warm or cold surfaces that will result in radiation heat transfer to or
from the people.

Air movement (). The heat-balance equations are also a function of air movement.
The convective heat transfer coefficient is a qualitative measure for the effect of air
movement on convective heat exchange.

Figures 6.4 to 6.6 show the combined effects of the various parameters [3]. Comfort
lines have been drawn, i.e. curves through various combinations of two variables
which create comfort, provided that the remaining parameters are kept constant. In
using the comfort charts, one should first estimate the activity level and clothing,
taking space use into account. Let us, for example, calculate the comfort temperature
in a space where the mean activity corresponds to 1.5 met, relative air velocity is 0.4
m s, clothing is 1.0 clo and relative humidity is 50%. Then from the lower chart in
Figure 6.5, the air temperature that would satisfy comfort for the given conditions is
ty= lo=20.8°C.

Mean radiant temperature (Z,). The uniform surface temperature of an imaginary
black enclosure with which a person (also assumed as a black body) exchanges the
same heat by radiation as that in the actual environment.

Let us, for example, consider a warehouse space which must be maintained at an
air temperature of 14°C and 50% rh, because of the nature of goods stored. Air
velocity is 0.2 m s™'. The comfort of an occupant performing sedentary work and
clothed at 1 clo is to be maintained by means of high-intensity infrared heaters
placed above their workplace. To calculate the mean radiant temperature necessary
for comfort, we use the upper right-hand chart in Figure 6.6, to obtain ¢, = 38°C.
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Figure 6.5 Comfort lines as a function of air velocity and
ambient temperature for people with different clothing and
activity levels [3]

Operative temperature (7). The uniform temperature of an imaginary enclosure
with which a person will exchange the same dry heat by radiation and convection as
that in the actual environment. It can be estimated as follows:

t,=(ht,. +ht) (B +h), (6.3)
where, £, is the radiation transfer coefficient with an average value of 4.7 W m2.C

in normal environments.

Heat stress (HS). The heat stress index [13] expresses the heat balance equation of
the human body adopted for the given conditions of work and climate. The index is
calculated by :

HSI = (Required evaporation / Maximum evaporative capacity) x 100 (6.4)

where the required sweat evaporation can be estimated by the
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total heat stress acting on the human body = metabolism + radiation £ convection

W0th(t, -1, )th(t,—t,) (6.5

I

i

and the maximum evaporative capacity 24.2V°4(60- P,). (6.6)

The HSI overestimates the cooling effect of wind and the warming effect of humid-
ity [14].

Thermal stress (TS). This index was developed to cover all the mechanisms of heat
loss and heat gain by the human body, at various levels of work and clothing [14].
The general equation for calculating TS is given by:

TS =[M—W +Clexp(0.6(E / E,,, —0.12)) 6.7

where

W = 02(M -100)

C=aV*(, -35)

E=(M-W)tC
E..=pV”@2-P).

o and p are coefficients depending on the type of clothing (o = 18.3, p = 31.6 for
seminude; o = 15.1, p =2 0.5 for light summer clothing). The thermal stress index
has also been modified to include a term for the effect of direct solar radiation on
human comfort, for outdoor conditions [14].

Effective temperature (ET or £g). This index combines the effects of dry- and wet-
bulb temperatures and air movement, to yield equivalent sensations of warmth and
cold. The effective temperature index was developed for ASHRAE, by Houghten,
Yaglou and Miller [15]. The original ¢4+ was developed for subjects wearing 1 clo
insulation. However, this scale overemphasizes the effect of humidity in cooler and
neutral conditions [16, 17], underemphasizes its effect in warm conditions and does
not fully account for air velocity under hot humid conditions [17].

Standard effective temperature (SET). The new effective temperature is defined
as the dry-bulb temperature of a uniform enclosure at 50% rh in which humans
would have the same net heat exchange by radiation, convection and evaporation, as
they would in the varying humidity test environment. Clothing is standardized at 0.6
clo, air movement (still) at 0.2 m s ', time of exposure 1 h and the chosen activity
level sedentary (1 met).
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The varying zones of physiological regulation for this standard combination of
met—clo—air movement are illustrated in Figure 6.7. The shaded area represents the
thermal comfort zone. The human thermal responses corresponding to the various
SET temperatures are shown in Table 6.4 [18].
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Figure 6.7 Standard effective temperature and the comfort zone [1]

Table 6.4 Human thermal responses to standard effective temperature (SET)

SET Temperature Discomfort Regulation of body
1°C} sensation temperature
Limited tolerance Failure of free-skin
evaporation
40
Very Hot Very uncomfortable
Hot Uncomfortable
35
Warm Slightly Increasing sweating
uncomfortable
30
Slightly warm
25
Neutral Comfortable No registered
sweating
Slightly cool
20
Cool Slightly
uncomfortable
15 Behavioural changes
Cold

10 Very cold Uncomfortable Shivering begins
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Equatorial comfort (EC). The index was based on a thermal comfort study of
people in Singapore [19]. It was developed by correlating observed temperature,
pressure and air velocity with the temperature of still, saturated air which would
produce the same overall sensation. The derived equation for EC is given by:

EC = 05741, +02033P, — 181V°° +42. (6.8)

The index is applicable for conditions with #,, > 25 °C and when air temperature is
equal to the mean radiant temperature.

PREDICTION OF THERMAL COMFORT

Thermal comfort is a complex concept, which is influenced by a number of parame-
ters and is not always perceived the same by all humans. However, several attempts
have been made in order to develop empirical correlations for relating comfort per-
ceptions to specific physiological responses, in a more comprehensive way than the
previously presented comfort indices.

There are several ways of quantitatively expressing thermal comfort and thermal
sensation, the most popular one being the theory of Predicted Mean Vote (PMV),
associated with the index of Predicted Percent of Dissatisfied (PPD) people.

The PMV and PPD indices were introduced and empirically derived, by Fanger
[3] during the 1970s. However, there have been several field surveys [20] which do
not fully agree with the results predicted by the PMV theory. As a result, an adaptive
model has been formulated by Humphreys and Nicol [21, 22], in an attempt to
account for the fact that people can eventually adapt to the prevailing conditions,
while it is in fact sudden or unexpected changes in temperature that are primarily the
cause of discomfort [23, 24].

Predicted Mean Vote (PMV)

The PMV index is calculated through a complex mathematical function of human
activity, clothing and four environmental parameters. Since 1984 the method has
been the basis of the international standard 1SO-7730 [9] for assessing thermal com-
fort in spaces with average temperatures.

PMYV relates the imbalance between the actual heat flow from the human body in
a given environment and the heat flow required for optimum comfort at the specified
activity in terms of the following equation:
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PMV = 0352 exp[—o.042( ud J +0.032
Aby
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X (1-1n1)-0.35/43-0.061 1-n)-P,
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—34x1078 £,[(t, +273) = (tpm +273)* = fuh (24 —za)} (6.9)

where

MiApy metabolic rate, kcal h™' m™ (Table 6.1)

n = mechanical efficiency (Table 6.1)

P, = vapour pressure, mm Hg

t, = ambient air temperature, °C

Iy = temperature of clothing surface, °C

I = clothing insulation, minimizes conduction, convection and radiation
losses and gains by increasing the surface resistance to heat transfer, clo
(Table 6.2),

fa = clothing factor accounting for the relative increase in the clothed body
surface over that of the unclothed body (from Table 6.2 or the equation
below)

ton = mean radiant temperature, °C (see previous section)

h, = convective heat transfer coefficient, W m2°C!

t, = 35.7—0.032( M )(l—n)

DU

Ja

Ja
he

—0.1817,[34%107 £, [(ty +273)* = (1, +273)* ]+ fuh.(ta —1,)]
cl cl cl mrt cl

=1.00 + 1.290/, for [, <0.078 [m* K W]

=1.05 +0.6451, for I, > 0.078 [m* K W]
=2.05(1y — t,)*% for 2.05(t - 1.)°% > 10.4 V°3
=104 V°? for 2.05(ty — 1,)°% < 10.4 V°°
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The PMV index can be used to quantify the degree of discomfort, giving the pre-
dicted mean vote of a large group of subjects according to the psychological scale
listed in Table 6.5. PMV values range between —3 and +3. Negative values indicate
an uncomfortable feeling due to a cold sensation, while positive values indicate an
uncomfortable feeling due to a hot sensation. Zero is the neutral point, representing
comfort.

Table 6.5 Thermal sensation scale for the PMV index

Scale Sensation
-3 Cold
-2 Cool
-1 Slightly cool

0 Neutral comfort

+1 Slightly warm
+2 Warm
+3 Hot

The PMV index has also been calculated and tabulated as a function of represen-
tative values of the various influencing parameters, as listed in Table 6.6. The full
expression for PMV, equation (9), can be easily programmed in order to facilitate
repetitive calculations. A program listing written in BASIC, for calculating the PMV
values or any other variable for balancing Fanger’s comfort equation, is given in
Appendix A, at the end of this chapter. A manual method is also available in Ap-
pendix B at the end of the chapter. Worksheets, along with a worked example, are
also provided.

It is also possible to estimate the percentage of people dissatisfied (i.e. voting -3,
-2, +2, or +3) with the thermal environment at various temperature conditions. Re-
sults of various studies conducted by Fanger [3], led to a relationship between PMV
and PPD, as shown in Table 6.7.

The value of PPD is calculated by the following and expressed as a percentage:

PPD = 100 - 95exp[—(0.03353 PMV* +0.1297 PMV?)] (6.10)

where dissatisfied is defined as anybody not voting either —1, +1 or 0. This relation-
ship is shown in Figure 6.8. A PPD of 10% corresponds to the PMV range of 0.5
or +0.5. Even with PMV equal to zero, about 5% of the people remain dissatisfied.

It is very difficult to achieve thermal comfort for all people in a space, since
people have different dressing habits, different levels of activities, different meta-
bolic rates and different psychological influences, which also play a role in deter-
mining thermal comfort. The objective should be to provide thermal comfort for the
majority of occupants in a space. Values ranging between —0.5 < PMV < 0.5 and
PPD < 10%, are considered acceptable.
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Table 6.6 PMV values for typical conditions

Ambient
Clothing temperature Relative velocity [m/s]
|elo] [C] <0.1 0.2 0.3 0.4
0.5 23 -1.1 -1.51 -1.78 -1.99
24 ~0.72 -1.11 -1.36 -1.55
25 -0.34 -0.71 —0.94 -1.11
26 0.04 -0.31 -0.51 —0.66
27 0.42 0.09 -0.08 -0.22
28 0.80 0.49 0.34 0.23
29 1.17 0.90 0.77 0.68
30 1.54 1.30 1.20 1.13
0.75 21 -1.11 -1.44 ~-1.66 -1.82
22 -0.79 -1.11 -1.31 —-1.46
23 -0.47 -0.78 —0.96 -1.09
24 —0.15 —0.44 -0.61 —0.73
25 0.17 -0.11 -0.26 -0.37
26 0.49 0.23 0.09 0.00
27 0.81 0.56 0.45 0.36
28 1.12 0.90 0.80 0.73
1.00 20 —0.85 -1.13 -1.29 -1.41
21 -0.57 —0.84 -0.99 -1.11
22 -0.30 -0.55 -0.69 -0.80
23 -0.02 —0.27 -0.39 —0.49
24 0.26 0.02 -0.09 —0.18
25 0.53 031 0.21 0.13
26 0.81 0.60 0.51 0.44
27 1.08 0.89 0.81 0.75
Table 6.7 Corresponding values of PMV and PPD
Percentage of persons predicted to vote:
PMV PPD 0 -1,0 0r +1 -2,-1,0,+1,0r +2
(%) (%) (%) (%)
+2 75 5 25 70
+1 25 27 75 95
0 5 55 95 100
-1 25 27 75 95
-2 75 5 25 70

Although the PMV theory has gained wide acceptance, one needs to clearly un-
derstand that the comfort equation is nothing but an attempt to simulate the complex
phenomena related to thermal comfort. Fanger has recently stated [25] that ‘he has
never advocated that one model could describe everything, or even just thermal
comfort. The predicted mean vote model just gives you some indication of where
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PMV
Figure 6.8 The relationship of the PPD with the PMV

you should be’. Clearly, that is the purpose and the limit of most predictive tools
and, surely, that is better than nothing.

Satisfaction with indoor conditions is also affected by indoor air quality. To
quantify air pollution sources and air pollution perceived by humans, Fanger [26]
has introduced two units, the olf and the decipol, respectively.

One olf is the emission rate of air pollutants from a standard person. All other
pollution sources are expressed in terms of the equivalent source strength, defined as
the number of standard persons (olfs) required to cause the same dissatisfaction as
the actual pollution source. The olf is a unit similar to the met unit for metabolic rate
or the clo unit for clothing. A correlation, relating the percentage of dissatisfied
people (PD) as a function of the ventilation rate per olf during steady state condi-
tions, has been developed as a result of two studies carried out in Denmark and is
given by:

PD = 395 exp(—1.83¢"%) for ¢ > 0.32 Us.olf 6.11)
PD = 100% for g < 0.32 I/s.olf (6.12)

where PD is the percentage of dissatisfied people and ¢ is the steady-state ventila-
tion rate per olf.

One decipol is the air pollution caused by one standard person (one olf) ventilated
by 10 I/s of unpolluted air. In a similar manner, an expression has been developed
relating the percentage of dissatisfied people with the perceived air pollution, shown
in the following expression as C and expressed in decipol, as follows:

PD = 395 exp(-3.25C %) for C < 31.3 decipol (6.13)
PD = 100% for C > 31.3 decipol (6.14)
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These units provide a rational basis for the identification of pollution sources, for the
calculation of ventilation requirements and for the prediction of indoor air quality,
which are also closely related to thermal comfort conditions.

Humphreys' adaptive model

Thermal comfort is not an exact concept and human responses with regard to com-
fort do not occur as a response to an exact temperature. Field studies can provide
very useful information in the continuous search for understanding the links between
human comfort and other environmental (i.e. temperature, humidity, air velocity)
and occupant (i.e. clothing, activity, sex) parameters. A field study of thermal com-
fort is a survey of the occupants’ reports of their subjective warmth, accompanied by
objective measurements of the thermal environment within the building [27]. A
comparison among the various indices used to assess thermal comfort and actual
data from various field studies have not yet indicated an index of universal applica-
tion. Simple indices such as air temperature appear to be, in some cases, as good as
more complex indices.

Using available data from over 30 comfort surveys from around the world, Hum-
phreys has proposed a series of simple correlations for predicting comfort condi-
tions. For free-running buildings, the comfort temperature (7,,) can be predicted
from the mean monthly outdoor temperature (7,,) in [C], through the following ex-
pression

T.o=0.53T,+ 11.9. (6.15)

The prediction has a standard error of 1°C and applies to a range of 10 < 7, <34 C.
For heated or cooled buildings, the comfort temperature is given by a more com-
plex equation,

T, =0.0065 7,2 +0.32 T, + 12.4 (6.16)

where T}, is the average daily maximum temperature of the hottest months of the
year. The prediction has a standard error of 1.4°C and applies to a range of 24 < T,
< 23°C and 18 < Ty, < 30°C. From the analysis of the available data, Humphreys
concluded that the comfort temperature also depends on the country of origin in a
way which appears to be unrelated to the climate. Russian and English comfort tem-
peratures were found to be below average, while North American ones were above
average.

Figure 6.9 shows the relation between the preferred indoor temperatures obtained
from thermal comfort surveys and the mean outdoor air temperature, obtained from
meteorological tables, for the seasons at which the surveys were conducted.

Comparing the temperature occurring within a building with the temperatures pre-
ferred by the occupants, it was also found that the mean indoor temperatures were
higher than the comfort temperatures, by a fixed value. Accordingly, for free-
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Figure 6.9 Results from Humphreys’ work into thermal comfort [26]. Relation between the
preferred indoor temperature obtained from thermal comfort surveys and the mean out-
door air temperature, obtained from meteorological tables, for the seasons at which the

surveys were conducted. Solid dots represent free running buildings, and circles represent

other buildings.

running buildings, mean indoor air temperatures are on average 2.4°C higher than
the comfort temperature, while for heated or cooled buildings the corresponding
value is 0.6°C higher.

Overall, according to Humphreys, thermal comfort is best ensured by giving as
much effective control to occupants as possible. In this way, people can adjust their
environment to satisfy their specific requirements, rather than fixing room tempera-
ture at some theoretically determined optimum in an attempt to satisfy all occupants.
In addition, people appear to be more tolerant of poor conditions if they feel they are
in control, or because they can achieve an environment more suitable to their needs
[28]. This can be achieved even in naturally ventilated buildings, through assessment
and control of shading devices, opening/closing windows and the use of fans. For
air-conditioned buildings, space-temperature control or microclimate control at each
desk is necessary to satisfy individual needs.

Comfort and behaviour

There is a close relationship between comfort and behavioural activities, through the
excitation coefficient, which is directly related to the type of activity.

Some activities are characterized by a higher excitation coefficient. For example,
activities which require a higher concentration in comparison with activities which
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utilize the memory. Small increases of air temperature, while still remaining within
the thermal comfort range, cause a decrease of the excitation coefficient. Near the
lower limits of comfort, a small decrease of temperature will result in an increase of
this coefficient. Any further decrease, though, will result in discomfort. In general,
relatively higher temperatures may result in a lower activity level.

Although the previously discussed indices for assessing thermal comfort, and in
particular the PMV theory, have been widely used, it appears that there are in some
cases significant differences between predicted thermal comfort and the actual com-
fort sensation which results from monitoring studies under real conditions. These
discrepancies can be explained if one considers that there are several behavioural
and psychological factors which have not been included in the equations used to
predict thermal comfort.

Consequently, the notion of person cooling, as distinct from space cooling, justi-
fies the need for a behavioural comfort model as distinct from a fixed state model
[29]. For a complete assessment, one needs both a building model, to predict the
effect of the building upon the climatic boundary conditions, and a behavioural
model, to predict the response of the occupant.

Current research activities

To investigate further the reported discrepancies between the predictions using
Fanger’'s PMV Theory and the results from Humphreys’ work, an extensive field
campaign was carried out within the European Research Programme PASCOOL
(Passive Cooling in Buildings [30]). This comfort survey was designed by Baker
[31] and was carried out in several buildings in southern European countries. The
work provided valuable data on the interactions between the occupants and the
building. The aim of this survey was to monitor the local thermal environment
(indoor conditions, including building data such as thermal mass, ceiling height etc.)
with simultaneous behavioural observation and subjective assessment of building
occupants. Human activities and behaviour for achieving comfort influence to a
great extent the final energy consumption of the building. The results were used to
develop a computer simulation tool for relating the reactions of the occupants in
indoor spaces to the environment.

Another research activity, which was also carried out within the frame of PAS-
COOL, included the work proposed by Berger [32]. The objective of this effort was
to relate comfort sensation to the quality of the ambient air (evaporative power of
the air, skin wetness, ventilation rates, radiative asymmetries, indoor temperature
stratification, indoor surface temperature), psychological aspects (relation to outdoor
environment, odours, outside noise, freedom of actions), microclimate (temperature
and humidity variations, air velocity), along with other commonly used parameters
(level of activity, clothing etc). Correlations resulting from experiments carried out
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in climatic chambers and from actual monitoring were used to develop software in
order to define strategies for improving comfort conditions,

Measurements of thermal comfort

As already discussed, thermal comfort depends on clothing and activity (estimated
according to the use of a particular space) and on four physical parameters: air tem-
perature, air velocity, mean radiant temperature and air humidity. The main instru-
ments for measuring these parameters are described in the following:

« Air temperature can be measured by various types of thermometers.
Placed in a room, the sensor registers a temperature between air temperature
and mean radiant temperature. To reduce the radiant error, the sensor
should be made as small as possible. This also provides a favourably low
time constant. One can also use a shield around the sensor, use a sensor with
a low emittance surface or artificially increase the air velocity around the
sensor.

¢ Air velocities inside indoor spaces are usually relatively small, ranging
from 0 to 0.5 m s}, unless there is natural or forced ventilation. Since the
air velocity fluctuates, the measurement at a given point should be taken
over a suitable period, such 3 to 5 minutes, to obtain a reasonable mean
value. The most commonly used instrument is the thermal anemometer.

e Mean radiant temperature of the enclosure’s surfaces can be estimated by
measuring the surface temperatures of the surrounding surfaces and deter-
mining the angle factors between the person and the N surrounding surfaces.
The values are then substituted in the following expression to obtain #,, :

ton =WhF,  +L,F, o+ ... +1yF, . 6.17)

However, a commonly used instrument, called Vemon’s globe thermome-
ter, can simplify this procedure. The instrument consists of a hollow sphere
152 mm in diameter, coated with flat black paint and having a thermocouple
or thermometer bulb at its centre. The temperature assumed by the globe at
equilibrium is the result of a balance between heat gained or lost by radia-
tion and convection.

« Air humidity can be measured at one location in the space, since the va-
pour pressure will normally be uniform. Usually a psychrometer will pro-
vide sufficient accuracy.

« Thermal comfort. When the thermal parameters have been measured, one
can calculate their combined effect on humans by using one of the thermal
indices previously discussed.
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An alternative way is to use an integrated instrument in order to evaluate
the combined effect of two or more thermal parameters on thermal comfort.
In the early 1980s, a simple instrument was developed at the Technical
University of Denmark, which, by direct measurement of the PMV value,
gives information on the occupants’ expected thermal sensations.

The comfort meter [1] has a heated ellipsoid-shaped sensor that simulates
the human body. The sensor then integrates the thermal effect of the air
temperature, mean radiant temperature and air velocity in approximately the
same way as the human body does. The activity level, clothing and vapour
pressure must be specified as input parameters. The electronic instrument
calculates the PMV value which is directly indicated on the instrument.

More comprehensive measurements during field tests of individual workstations
in working spaces can be performed by a mobile instrumentation cart [33]. This ap-
paratus has been used to collect data over a six month period, in several office
buildings, for an ASHRAE research project. The mobile measurement cart includes
three systems: a laptop computerized survey system for subjective assessment, a
packaged indoor environment measurement system for mid-level physical measure-
ments and a microdatalogger-based measurement system for all additional physical
measurements. Temporal indoor conditions were recorded using a fixed-position,
microdatalogger-based equipment group, collecting time-series data. A detailed de-
scription of the system and the various transducers is provided in [33, 34].

It is evident from the previous discussion that thermal comfort is a complex con-
cept, depending on a number of influencing parameters. However, variations of in-
door air temperature and air movement, outside the strictly defined thermal comfort
zone, can sometimes be beneficial [16]. They prevent a feeling of monotony and
have an invigorating effect. For example, maintaining lower temperatures for some
functions and activities (like hard mental work) are preferable in order to maintain
alertness. Temperature variations at the perimeters of thermal comfort can also re-
duce the energy consumption. This of course requires a close control of indoor
conditions with an air-conditioning system.

The maximum rate of temperature change should not exceed 0.75°C per hour,
provided that the maximum deviation from the mean comfort temperature is lower
than 2.25°C [35]. In another study of evaluating human response to indoor air
changes, it was observed that there is no appreciable difference in terms of thermal
comfort between an indoor environment at constant temperature and one with a
change of 0.5, 1 and 1.5°C per hour, provided that the maximum temperature devia-
tion from neutral temperature is no greater than 2.25°C [36].

The extent to which comfort zones can be modified, subject to the location and
the prevailing climatic conditions, is reviewed in [37]. There are boundaries of
applicability of various building design strategies and passive cooling techniques
that one must follow to achieve a balance between energy consumption and comfort.
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Results from a recently completed survey of comfort in office buildings [38] sug-
gest that occupants reporting discomfort within the extreme thermal sensations were
not always simultaneously dissatisfied and that feelings of discomfort were more
often associated with a sense of warmth as compared to coolness. It is also possible
that the data used as input to predictive models, for clothing and activity levels of
the occupants, may account for some of the discrepancy between measured and
predicted comfort. For example, the effect of the furniture clo value can cause sig-
nificant differences between the estimated insulation value based on current comfort
standards, which simply assume seasonal clothing worn by occupants, and the actual
situation, with additional insulation provided by the chair.
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APPENDIX A
CALCULATION OF THERMAL COMFORT CONDITIONS
BASED ON THE PMV THEORY

This Appendix presents a computer program for evaluating indoor thermal comfort
conditions based on Fanger’s Predicted Mean Vote (PMV) theory.

A computer program for calculating comfort conditions based on the PMV theory

The program listing that follows is written in GWBASIC and can be used to calcu-
late the PMV or any other parameter to balance Fanger’s comfort equation.

Once the user has retrieved the program and executed it, the first screen that will
appear is the opening page of the program which provides some introductory infor-
mation. By pressing any key, the program will move to the second screen. This
constitutes the input and output workscreen of the program. All input information
and results are provided in this screen. The program will provide some initial data
by default

There are in total eight parameters included in the calculations, whose names are
given on the left hand side of the screen. The numerical data are divided into three
columns. The input data are recorded in the first column, under the heading
‘INPUT’. The parameter for which the input data are requested each time is high-
lighted in this column. The result for the corresponding calculated paraeter, appears
in the second column under the heading ‘RESULT’. The third column, under the
heading ‘REMARK’ is reserved for listing any supplementary information (for ex-
ample the corresponding value of relative humidity once the air temperature and
water vapour pressure are known, or the PPD index that corresponds to the PMV
value).

The user must enter the input data for the known parameters, while the parameter
to be computed is left blank. At the bottom of the screen, the various F-keys are as-
signed some specific functions, which control the movement of the cursor. By
pressing one of these function keys the user can execute the following actions :

F1 : Moves the cursor to the previous line (moving up);

F2 : Moves the cursor to the next line (moving down);

F3 : Restarts the program;

F4 . Performs calculations (executes the program);

F5 :  Plots the PMV-PPD graph and identifies the specific conditions;
F6 : Exits the program (returns to GWBASIC);

F7 : Restarts the program; and

F8 : Prints all input and calculated parameters.
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To enter a numerical value for a given parameter, simply type the value at the
prompt location of ‘INPUT LINE : ? _ * and press the enter key. The value then
appears in the INPUT column, on the same line as the corresponding parameter.

Do not enter a value for the parameter to be calculated. Leave it blank by simply

pressing the enter key.

Using this program, it is possible to calculate the PMV index by specifying all the
other parameters. It is also possible to work in a reverse way. For example, one can
fix the desired PMV index and calculate the corresponding value of one of the other
parameters, by simply leaving a blank at the corresponding data entry (e.g. air tem-

perature).

1 REM #****#assxxs* Demo-software COMFORT version BBO516 *****xxxsw¥

2 REM
3 REM

10 REM B&K Demonprogram, 1986, Comfortequation -------me-—vmemmmmccmr e

15 COLOR 3,1
16 GOSUB 5000
20 ¢

30 TA=21 : TR=21 : VAR=.15 : PA=1000 : CLO=1 : MET=1.2 : WME=0 : PMV=0

40 CLS ' clers the screen

50 KEY ON

60 KEY 1, "LAST“+CHRS$ (13}

70 KEY 2, "NEXT"+CHRS$ {13)

80 KEY 3, "NEW"+CHR$(13)

90 KEY 4,"CALC.“+CHR$(13)

100 KEY 5, "GRAF"+CHR$ (13)

110 KEY 6, "BYE"+CHR$(13)

120 KEY 7, “RUN"+CHR$(13)

125 KEY 8, “PRINT“+CHRS$(13)

130 COLOR 1,3 * invers video

150 LOCATE 3,1: PRINT "USER INSTRUCTIONS :*“
160 COLOR 3,1 ' normal video

170 LOCATE 4,20: PRINT "Input the values of the known parameters."

180 LOCATE 5,15: PRINT “Leave a blank space for the parameter to be computed.®

190 LOCATE 9,38 : PRINT "INPUT RESULT REMARK"
200 LOCATE 11,1

210 PRINT * Air temperature (";CHRS${248};“Cl.... ... .. “
220 PRINT *“ Mean radiant temperature (";CHR$(248);"C).."
230 PRINT * Relative air velocity (m/s)...."
240 PRINT “ Water vapour presure (Pa)...... "
250 PRINT *“ Clothing {(e¢lo)..{Tcl= Yo"
260 PRINT * Metabolic rate (met)........... "
270 PRINT " External work (met)............ "
280 PRINT " ) Y »

290 VALG% = 1 : RESNR% = 0 : MODE% = 1

300 FOR NR% =1 TO 8

310 LOCATE 10+NR%,37

320 GOSUB 2440 ' Display parameter

330 NEXT NR%

340 GOSUB 2620 : GOSUB 2720 ' Display RH and PPD
350 LOCATE 21,4 : PRINT *INPUT LINE : *“

360 WHILE S$ <> "BYE"

370 IF MODE% <> 1 THEN GOTO 430

380 COLOR 20,3

390 NR% = VALGY

400 LOCATE 10+NR%,37

410 IF VALG% = RESNR% THEN PRINT " " ELSE GOSUB 2440 ' Disp. parameter

420 COLOR 3,1
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430 LOCATE 21,17 INPUT "“;S$

440 LOCATE 21,1 PRINT * INPUT LINE : “
450 IF MODE% <> 1 THEN GOTO 500

460 GOSUB 680 ' Treat input

470 NR% = VALG%

480 LOCATE 10+NR%,37

450 IF VALG% = RESNR% THEN PRINT * " ELSE GOSUB 2440 ' Disp. parameter
500 IF S$ = “NEXT" THEN VALGY% = VALGY% + 1

510 IF S$ = "LAST" THEN VALG% = VALG% - 1

515 IF S$="GRAF" THEN GOTO 3000

517 IF S$="PRINT* THEN GOTO 4500

520 IF S$ <> "CALC." THEN GOTO 550

530 MODE% = 2

540 IF RESNR% <> 0 THEN GOSUB 1310 ELSE MODE% = 1

550 IF S$ <> "NEW" THEN GOTO 620

560 ERRNR% = 0

570 FOR I% = 11 TO 18

580 LOCATE I%,46 PRINT" v

590 NEXT I%

600 MODE% = 1

605 GOTO 10

610 GOSUB 2620 : GOSUB 2720 ' Display RH and PPD

620 IF VALG% > 8 THEN VALGY = 8

630 IF VALG% < 1 THEN VALGY% = 1

640 LOCATE 22,4

650 WEND

660 GOTO 2800

670

680 REM --- Subroutine for treating input value --~-——---——=—-r-o
690 IF LEN( S$ ) <> 0 THEN GOTO 740

700 NR% = RESNR%

710 RESNRE = VALGY

720 IF NR% > O THEN LOCATE 10+NR%,37 GOSUB 2440 ' Display parameter
730 GOTO 860

740 X = VAL( S$ )}

750 IF (X = 0) AND {INSTR(S$,"0") = 0) THEN GOTO 870

760 IF VALGY% = RESNR% THEN RESNR% = 0

770 ON VALG% GOTO 780,790,800,810,820,830,840,850

780 TA = X : GOTO 860

790 TR = X GOTO 860

800 VAR = X GOTO 860

g10 PA = X : GOTO 860

820 CLO = X : GOTO 860

830 MET = X : GOTO 860

840 WME = X GOTO 860

850 PMV = X

860 GOSUB 2620 : GOSUB 2720 ' Compute and display RH and PPD

870 RETURN

880

890 REM --- Subroutine for computing PMV adapted from ISO 7720 ---------—--————-
900 IF TA<-40 OR TA>120 OR TR<-40 OR TR>150 OR VAR<0O OR VAR>10 THEN ERRNR% = 2
910 IF PA<0O OR PA>5000 OR CLO<O OR CLO>»8 OR MET<WME+.7 THEN ERRNR% = 2
920 IF MET>10 OR WME<O THEN ERRNR% = 2

930 IF ERRNR% <> 0 THEN GOTO 1290

940 ICL = .155 * CLO M = MET * 58 : W = WME * 58

950 EPS = .00015

960 MW = M - W

970 REM --- Compute the corresponding FCL value

980 IF ICL < .078 THEN FCL = 1 + 1.29 * ICL ELSE FCL = 1.05 + .645 * ICL
990 FCIC = ICL * FCL

1000 P2 = FCIC * 3.96

1010 P3 = FCIC * 100

1020 TRA

TR + 273
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1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
11390
1200
1210
1220
1230
1240
1250
1260
1270
1280
1285
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640

TAA = TA + 273

Pl = FCIC * TAA

P4 = 308.7 - .028 * MW + P2 * (TRA/100)"4
REM --- First guess for surface temperatur
TCLA = TAA + (35.5-TA) / (3.5*({6.45*ICL+.1)
XN = TCLA / 100

XF = XN

HCF = 12.1 * SQR{ VAR )

NOI = 0

REM --- Compute surface temperatur of clothing by iterations
XF = (XF+XN) / 2

HCN = 2.38 * ABS(100*XF-TAA)".25

IF HCF > HCN THEN HC = HCF ELSE HC = HCN

XN = (P4+P1*HC-P2*XF"4) / (1l00+P3*HC)

NOI = NOI + 1

IF NOI > 150 THEN ERRNR% = 1 :GOTO 1290

IF ABS(XN-XF) > EPS GOTO 1130

TCL = 100 * XN - 273

REM --- Compute PMV

PM1 = 3,96 * FCL * (XN"4-(TRA/100)"4)

PM2 = FCL * HC * (TCL-TA)

PM3 = ,303 * EXP(-.036*M) + .028

IF MW > 58.15 THEN PM4 = .42 * (MW-58.15) ELSE PM4 = Q!
PM5 = 3.05*.001*(5733-6.99*MW-PA)

PM6 = 1.7 * ,00001 * M * (5867-PA) + ,0014 * M * (34-TA)
PMV = PM3 * (MW-PM5-PM4-PM6-PM1-PM2)
PMV=INT(PMV*100) /100

RETURN
REM --- Subroutine for computing the missing parameter ----------w----———
PMVIND = PMV

ON RESNR% GOTCQ 1340,1450,1550,1650,1760,1860,1960,2070
REM---Air temperatur
TA=20 : DTA=5
GOSUB 890 : GOSUB 2560 ' Compute and display
WHILE ABS( PMV-PMVIND )} > .01 AND ERRNR% = 0
IF PMV<PMVIND THEN TA=TA+DTA ELSE TA=TA-DTA
OLDGUESS=PMV
GOSUB 890 : GOSUB 2560 ' Compute and display
IF (OLDGUESS-PMVIND) * (PMV-PMVIND) < O THEN DTA=DTA/3
WEND
IF ERRNR% = 0 THEN GOSUB 2620 ' Compute and display RH
GOTO 2090
REM---Radiant temperatur
TR=20 : DTR=5
GOSUB 890 : GOSUB 2560 ' Compute and display
WHILE ABS{ PMV-PMVIND ) > .01 AND ERRNR% = 0
IF PMV<PMVIND THEN TR=TR+DTR ELSE TR=TR-DTR
OLDGUESS=PMV
GOSUB 890 : GOSUB 2560 ' Compute and display
IF (OLDGUESS-PMVIND) * (PMV-PMVIND) < O THEN DTR=DTR/3
WEND
GOTO 2090
REM---Air velocity
VAR=.2001 : DVAR=.2
GOSUB 890 : GOSUB 2560 ' Compute and display
WHILE ABS( PMV-PMVIND ) > .0l AND DVAR>.001 AND ERRNR% = 0O
IF PMV<PMVIND AND TA<TCL THEN VAR=VAR-DVAR ELSE VAR=VAR+DVAR
OLDGUESS=PMV
GOSUB 890 : GOSUB 2560 ' Compute and display
IF (OLDGUESS-PMVIND) * (PMV-PMVIND) < O THEN DVAR=DVAR/3
WEND
GOTO 2090
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1650 REM---Air humidity

1660 PA=600.1 : DPA=200

1670 GOSUB 890 : GOSUB 2560 ‘' Compute and display

1680 WHILE ABS( PMV-PMVIND ) > .01 AND ERRNR% = 0

16390 IF PMV<PMVIND THEN PA=PA+DPA ELSE PA=PA-DPA

1700 OLDGUESS=PMV

1710 GOSUB 890 : GOSUB 2560 ' Compute and display

1720 IF (OLDGUESS~PMVIND) * (PMV-PMVIND) < O THEN DPA=DPA/3
1730 WEND

1740 IF ERRNR% = 0 THEN GOSUB 2620 ' Compute and display RH
1750 GOTO 2080

1760 REM---Clothing

1770 CLO=1.001 : DCLO=.5

1780 GOSUB 890 : GOSUB 2560 ' Compute and display

1790 WHILE ABS{ PMV-PMVIND ) > .01 AND ERRNR% = 0

1800 IF PMV<PMVIND THEN CLO=CLO+DCLO ELSE CLO=CLQO-DCLO
1810 OLDGUESS=PMV

1820 GOSUB 890 : GOSUB 2560 ' Compute and display

1830 IF (OLDGUESS-PMVIND) * (PMV-PMVIND) < O THEN DCLO=DCLO/3
1840 WEND

1850 GOTO 2090

1860 REM---Metabolic rate

1870 MET=1.201 : DMET=.4

1880 GOSUB 890 : GOSUB 2560 * Compute and display

1890 WHILE ABS( PMV-PMVIND ) > .0l AND ERRNR% = 0

1900 IF PMV<PMVIND THEN MET=MET+DMET ELSE MET=MET-DMET
1910 OLDGUESS=PMV

1920 GOSUB 890 : GOSUB 2560 ' Compute and display

1930 IF (OLDGUESS-FMVIND) * (PMV-PMVIND) < 0 THEN DMET=DMET/3
1940 WEND

1950 GOTO 2090

1960 REM---Externel work

1970 W=.001 : DW=.4

1980 GOSUB 890 : GOSUB 2560 ' Compute and display

13990 WHILE ABS( PMV-PMVIND ) > .01 AND ERRNR% = 0

2000 IF PMV<PMVIND THEN W=W-DW ELSE W=W+DW

2010 OLDGUESS=PMV

2020 GOSUB 890 : GOSUB 2560 ' Compute and display

2030 IF (OLDGUESS-PMVIND) * (PMV-PMVIND) < O THEN DW=DW/3
2040 WEND

2050 GOTO 2090

2060 REM---PMV value

2070 GOSUB 8390 : GOSUB 2560 ‘' Compute and display

2080 IF ERRNR% = 0 THEN GOSUB 2720 ' Compute and display PPD

2090 GOSUB 2130 ' Error subroutine

2100 IF RESNR% <> 8 THEN PMV = PMVIND

2110 RETURN

2120

2130 REM---Error check subroutine-----------—mmommm e
2140 'IF ABS( PMV-PMVIND)>.01 THEN LOCATE 18,46 : PRINT USING " ##.#";PMV
2150 IF TA<10 THEN LOCATE 11,56 : PRINT "Warning, low value *

2160 IF TA>30 THEN LOCATE 11,56 : PRINT "Warning, high value”

2170 IF TA<-40 THEN LOCATE 11,56 : PRINT "Error, low value "

2180 IF TA>120 THEN LOCATE 11,56 : PRINT "Error, high value *

2190 IF TR<10 THEN LOCATE 12,56 : PRINT "Warning, low value "

2200 IF TR>40 THEN LOCATE 12,56 : PRINT "Warning, high value"

2210 IF TR<-40 THEN LOCATE 12,56 : PRINT "Error, low value »

2220 IF TR>120 THEN LOCATE 12,56 : PRINT "Error, high value *

2230 IF VAR<O THEN LOCATE 13,56 : PRINT "Error, low value "

2240 IF VAR>1 THEN LOCATE 13,56 : PRINT “Warning, high value*

2250 IF VAR>10 THEN LOCATE 13,56 : PRINT "Error, high value *

2260 IF PA<(Q THEN LOCATE 14,56 : PRINT "Error, low value "

2270 IF PA>2700 THEN LOCATE 14,56 : PRINT "Warning, high value*
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2280 IF PA>PAMAX OR PA>5000 THEN LOCATE 14,56 PRINT "Error, high value *
2290 IF CLO<0 THEN LOCATE 15,56 PRINT "Error, low value "
2300 IF CLO>2 THEN LOCATE 15,56 PRINT “"Warning, high value®
2310 IF CLO>8 THEN LOCATE 15,56 PRINT “Error, high value *
2320 IF MET<.B8+WME THEN LOCATE 16,56 PRINT “Error, low value *
2330 IF MET>4 THEN LOCATE 16,56 PRINT *“Warning, high value®
2340 IF MET>10 THEN LOCATE 16,56 PRINT "Error, high value ¢
2350 IF WME<O THEN LOCATE 17,56 PRINT “Error, low value "
2360 IF WME>2 THEN LOCATE 17,56 PRINT “Error, high value *
2370 IF PMV<-2 THEN LOCATE 18,56 PRINT "Warning, low value *
2380 IF PMV>2 THEN LOCATE 18,56 PRINT “Warning, high value"
2390 IF PMV<-3 THEN LOCATE 18,56 PRINT "Error, low value N
2400 IF PMV>3 THEN LOCATE 18,56 PRINT "“Error, high value *
2410 IF ERRNR% = 1 THEN LOCATE 10+RESNR, 56 PRINT "Iteration routine error"
2420 RETURN
2430
2440 REM---Display valu@-——-—-—c - o e -
2450 ON NR% GOTO 2460,2470,2480,2490,2500,2510,2520,2530
2460 PRINT USING* ###.#";TA GOTO 2540
2470 PRINT USING" ###.#";TR GOTO 2540
2480 PRINT USING" ##.##";VAR : GOTO 2540
2490 PRINT USING"######";PA : GOTO 2540
2500 PRINT USING" ###.#";CLO : GOTC 2540
2510 PRINT USING" ##.##";MET : GOTC 2540
2520 PRINT USING" ##.##";WME : GOTO 2540
2530 IF ABS(PMV}>1 THEN PRINT USING" ##.#";PMV ELSE PRINT USING" #.##";PMV
2540 RETURN
2550
2560 REM---Display result-——-—--c-mo oo oo e
2570 NR% = RESNR%
2580 LOCATE 10+NR%, 46
2590 GOSUB 2440 ' Display value
2600 RETURN
2610
2620 REM---Compute and display RH-----—==---m—memmmm e e e e mm oo m o
2630 IF (MODE% = 2) OR ( (RESNR% <> 1) AND (RESNR% <> 4) ) THEN GOTO 2660
2640 LOCATE 14,56 PRINT" "
2650 GOTO 2700
2660 IF (VALG% <> 1) AND (MODE% = 1) THEN GOTO 2690
2670 TAA = TA + 273.15
2680 PAMAX = EXP(-5800.2206#/TAA+1.3914993#-4.860239E-02*TAA
+.000041764768#*TAA2-.000000014452093#*TAA"3+6.5459673#*LOG(TAA))
2690 LOCATE 14,56 PRINT USING "RH = ### %";PA*100/PAMAX
2700 RETURN
2710
2720 REM---Compute and display PPD--—=--—---—rmmmme oo e mm o m e m-mmmm e
2730 IF MODE% = 2 OR RESNR% <> 8 THEN GOTO 2760
2740 LOCATE 18,56 PRINT * "
2750 GOTC 2780
2760 PPD = 100 - 95 * EXP{ -.03353*PMV"~4 -~ ,2179*PMV"2
2770 LOCATE 18,56 PRINT USING “"PPD = ### %";PPD
2775 LOCATE 15,25 PRINT USING “##.##";TCL
2780 RETURN
2790 '
2800 END
3000 ' mmmemm e e e drawing PMV-PPD curve
3001 PMVRES= PMV
3002 KEY OFF
3010 ¢
3018 SCREEN 1,0
3020 COLOR 1!
3021 CLS

3022

X1=40 Y1=50
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3024
3025
3026
3027
3030
3040
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3331
3332
3333
3340

LINE {40,50)-(40,169)

LINE (40,169)-(286,169

LINE {286,169)-(286,50)

LINE (286,50)-(40,50)

FOR PMV=-2.95 TO 3 STEP .05

GOSUB 4000

LINE (X1,Y1)-{X2,Y2).2

X1=X2

Y1=Y2

NEXT PMV

LOCATE 7,3 : PRINT"100"

LOCATE 11,4: PRINT"40"

LOCATE 17,4: PRINT"10"

LOCATE 21,5: PRINT"5"

LINE (40,84)-(286,84)

LINE (40,135)-(286,135)

LINE (40,161)-(286,161)

LOCATE 23,5: PRINT "-3*

LOCATE 23,10: PRINT “-2"

LOCATE 23,15: PRINT “-1*"

LOCATE 23,21: PRINT *“0O"

LOCATE 23,26: PRINT “1*

LOCATE 23,31: PRINT "2“

LOCATE 23,36: PRINT "3"

FOR PMV=-2 TO 2 STEP 1

GOSUB 4000

LINE (X2,50)-(X2,169)

NEXT PMV

B et it Drawing actual PMV-PPD line
PMV=PMVRES

GOSUB 4000

LINE (40,Y2)-{X2,Y2),2

LINE (X2,Y2)-(X2,169),2

X=X2/8 : ¥Y=Y2/8.333333

IF PMV=0 THEN 3340 ELSE LOCATE 23,X-5 : PRINT " viPMV; "
LOCATE Y+1,3 : PRINT USING “ ##";PPD

LOCATE 1,12 : PRINT "Comfort Equation”

LOCATE 3,1 : PRINT * Ta Tr Va RH CLO MET*"
LOCATE 5,6 :PRINT USING" ##.#":TA

LOCATE 5,11:PRINT USING" ##.4%";TR

LOCATE 5,16:PRINT VAR

LOCATE 5,21:PRINT USING " ##.#";PA*100/PAMAX

LOCATE 5,26:PRINT USING " #.#";CLO

LOCATE 5,32:PRINT MET

FOR X=14 TO 40 STEP 13

LINE {43,X)-(283,X)

NEXT X

FOR X=43 TO 300 STEP 40

LINE (X,14)-(X,640)

NEXT X

LOCATE 24,1 :INPUT" ", SSS$

KEY ON
SCREEN 2,0
SCREEN 0,0

——————————————————————— Calculating PMV-PPD coordinates
PPD = 100 - 95 * EXP( -.03353*PMV~4 - .2179*PMV~2 )
X2=40+ ( (PMV+3) *41)
¥2=220-(LOG(PPD)/LOG (10} ) *85
RETURN

LT Printing parameters

"
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4520

4524 TA=INT(TA*10)/10

4525 TR=INT(TR*10)/10

4526 TCL=INT(TCL*10)/10

4529 LPRINT TAB(6) "Tair" TAB(13) "Tmrt® TAB(21) “Va“ TAB(28) "Pa” TAB(33) “CLO"
TAB(41) "Tcl "TAB(48) "MET" TAB(54) "PMV" TAB(61) "PPD"

4530 LPRINT TAB(5) TA TAB(12) TR TAB(19) VAR TAB(26) PA TAB(33) CLO TAB(40) TCL
TAB(47) MET TAB(54) PMV TAB(61) PPD

4540 LPRINT :LPRINT

5000 CLS: PRINT * COMMISSION OF THE EUROPEAN COMMUNITIES":
PRINT: PRINT " SAVE PROGRAMME"

5010 LOCATE 5 : PRINT LI B L kW * % ok ok w h % * % Kk ok ok x * Kk kW L B S *
LA R B LI S SN I S

5020 FOR I = 1 TO 12

5030 PRINT "*"

5040 LOCATE I+4, 79

5050 PRINT "*"

5060 NEXT

5070 PRINT L S L S S SN N SN N I R S S N S S S S T S S S S N S LI I B * W
LN S N S S

5080 LOCATE 7, 18: PRINT * COMFORT

5090 LOCATE %, 18: PRINT “CALCULATION OF COMFORT CONDITIONS BASED ON FANGER'S"

5100 LOCATE 11, 18:PRINT “PREDICTED MEAN VOTE (PMV) AND PREDICTED PERCENTAGE"

5110 LOCATE 13, 18:PRINT " DISSATISFIED (PPD) INDICES"

5120 LOCATE 19: PRINT TAB(32) "ATHENS 1993"

5130 LOCATE 23: PRINT TAB({18) "PRINT ANY KEY TO CONTINUE >>>"

5140 START$=INKEYS

5150 IF STARTS = "' THEN GOTO 5140

5160 RETURN

Examples

To demonstrate the use of the program, the reader should refer to the following sec-
tion and try to follow the illustrative examples. It is advisable to try first to apply the
two cases described and verify that there is an agreement in the results, before mov-
ing on to further applications.

EXAMPLE 1
Given that the air temperature is 26°C, the mean radiant temperature is 28°C, the
relative indoor air velocity is 0.2 m s™', the water vapour pressure is 1000 Pa, the
occupants are dressed in light summer clothing with a clothing insulation value of
0.5 clo, a metabolic rate of 1.2 met, and with no external work, calculate the PMV
and PPD indices.

Enter the given information. Press the F4 key to obtain the following values :

PMV =0.26 PPD = 6%

EXAMPLE 2

Given that the desired PMV value is 0.5 (corresponding PPD is 10%) and for a
mean radiant temperature of 28°C, a relative indoor air velocity of 0.2 m s, a water
vapour pressure of 1000 Pa, occupants dressed in light summer clothing with a
clothing insulation value of 0.5 clo, a metabolic rate of 1.2 met, and with no external
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work, calculate the corresponding indoor air temperature that satisfies these condi-

tions.
Enter the given information. Press the F4 key to obtain the following value :

Air temperature (°C): 28.0

APPENDIX B
A MANUAL METHOD FOR CALCULATING COMFORT
CONDITIONS BASED ON THE PMV THEORY

The following is a manual method for calculating the Predicted Mean Vote (PMV)
and Predicted Percentage Dissatisfied (PPD) indices. The reader is first presented
with an application, using Fanger’s method to calculate the PMV and PPD indices,
together with the worksheets supplied. Where necessary, the reader is referred to
tables in Chapter 6, in order to obtain the necessary information, in the event that the
required data are not available. Additional worksheets are also provided so that they
can be used for future applications.
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PROJECT :
ANALYST:

TYPTICAL OFFICE

C.

BALARAS

Occupants’ activity =

For given activity and from Table 6.1,
determine metabolic rate =

For given activity and from Table 6.1, determine

mechanical efficiency =

Determine effective metabolic rate

=_50

*(1-_0

)=

Step 2 Step 3

Air relative humidity =

. Air temperature =

Determine air temperature ratio
=273.16/(273.16 + _26 )=

Step 6

Determine saturated water vapour pressure

C, =10.79586
C; = 1.50474E-04
Cs =0.42873E-03
C;=2.219583

A=Cy*(1-0.9131)=
Step 7

B=C;*log(0.9131)=

Step7

C, =5.02808
C, =-8.29692
Ce =4.76955

C=Cy*[1 - 10M(C4/0.9131) - 1}] =

Step 7

D=Cs* 10M{Ce¢¥1-0.9131)-1} =

P,=107{0.9382 +-0.1985+0.0002+ 0.0001 — C;}

Step 7

Step 8a

Step 8b

Step 8¢ Step 8d

P,=0.0331%101.3 10° =

Step 8¢

Determine water vapour pressure
=3357.6*_0.5 =*0.01333=

Step 8f Step 5

10. Type of clothing =

Seated

——

50

50

50

26

0.9131

0.9382

—0.1985

0.0002

0.0001

0.0331

3357.6

22 .4

—

Light summer

[keal hr™' m™]

[keal hr ! m™?)
[%]

[°C]

[atm]

[Pa]

[mm Hg]

(12)
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12,

15.

16.

. For given type of clothing and from Table 6.2

determine clothing insulation =

For given type of clothing and from Table 6.2
determine clothing factor =

. Determine air velocity =

For closed windows/still air = 0-0.2 m/s
For open windows or forced ventilation specify wind

. Determine mean radiant temperature =

or set it equal to 2°C higher than air temperature
Determine temperature of clothing surface
=125+03350*( 26 + 28 )=

Step 6 Step 14
Determine convective heat transfer coefficient

for air velocity > 0.2 ms ' use 104 (___)**=
Step 13

for air velocity 0.2 m s™ use 2.05 * (306 — 26 )** =

tep IS Step 6

. Determine intermediate parameters

PAR1=0.352 *(-0.042 *_50 )+ 0.032
Step2

PAR2 =__ 50 035#*(43-0.061*_50 - 24 )=

Step 4 Step 4 Step 9
PAR3 =042 (_50 -50)=
Step 4
PAR4 =0.0023 * _50 =*(44-224 )=
Step 2 Step 9
PARS =0.0014* _50 *(34-_26 )=
Step 2 Step 6
PAR6 =3.4% 10" % _1.1 *[(30.6 +273)*
Step 12 Step 15
—(_28 +273))=
Step 14
PAR7 =_1.1 * 3 *(306 — _26 )=
Step 12 Step 16 Step 15 Step 6
18. Determine the PMV index =
PMV = 00751 *[ 438 —_0 — 248 —
Step 17a Step 17b Step17c  Step 17d
-05 - 107 — 15.18 1=
Step 17¢ Step 17f Step 17g
19. Determine the PPD index
PPD =100-95 * ¢*~{0.03353*(__1.1 )4
Step 18

+0.2179%( _1.1_ )1 =
Step 18

15.18

30.5

[°Cl]

[°C

[%]
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PROJECT :
ANALYST:
1. Occupants’ activity =
—
2. For given activity and from Table 6.1,
determine metabolic rate = [kcal hr' m™]
—
3. For given activity and from Table 6.1, determine
mechanical efficiency =
—_—
4. Determine effective metabolic rate
= *(1- )= [keal hr™' m™
Step 2 Step 3 -
5. Air relative humidity = [%]
—_—
6. Air temperature = [°C]
—_——

7. Determine air temperature ratio
=273.16/(273.16 + )=
Step 6 A ) B
8. Determine saturated water vapour pressure
C,=10.79586 C,=15.02808

C; = 1.50474E-04 C,=-8.29692
Cs=0.42873E-03 Ces=4.76955
C;=2.219583
A=C * (1 - )=
Step 7 — T
B=Cy*log(____)=
Step 7 R ¢ R
C=Cy*[1-10"(Cs/ )-11]=
Step 7 -
D =Cs* 10MCg*(1 — y-1}=
Step 7 A
Py= 10 + + + -C3} {atm]
Step 8a Step 8b Step 8¢ Step 8d - ®
p,= *101.3 10° = (Pa]
Step 8e - @&
9. Determine water vapour pressure
= * *0.01333 = [mm Hg]
Step 8f Step § - &

10. Type of clothing =
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11.

15.

16.

17.

For given type of clothing and from Table 6.2
determine clothing insulation =

. For given type of clothing and from Table 6.2

determine clothing factor =

. Determine air velocity =

For closed windows/still air = 0-0.2 m/s
For open windows or forced ventilation specify wind

. Determine mean radiant temperature =

or set it equal to 2°C higher than air temperature
Determine temperature of clothing surface
=12.5+0.3350 * ( + )=

Step 6 Step 14
Determine convective heat transfer coefficient
for air velocity > 0.2 m s use 10.4 * ( )03 =
Step 13
for air velocity 0.2 ms use 2.05+ (____—
Step 15 Step6
Determine intermediate parameters
PAR1=0.352 * ~(-0.042 * )+ 0.032
Step 2
PAR2 = 0.35 * (43 —0.061* - )=
Step 4 Step 4 Step 9
PAR3 =042 *( -50)=
Step 4

PAR4 =0.0023 * * (44 — )=

Step 2 Step 9
PAR5 =0.0014 = * (34 - )=

Step 2 Step 6
PAR6 =3.4 %107 * * ( +273)*

Step 12 Step 15
~(__+213)'=
Step 14
PAR7 = * * ( - )=
Step 12 Step 16 Step 15 Step 6

18. Determine the PMV index =

PMV=_ [ - - -
Step 17a Step17b  Step 17c  Step 17d

- - - ]=

Step17e  Step 171 Step !7g

19. Determine the PPD index

PPD =100 -95 * e"~{0.03353*( )
Step 18

+0.2179%( Y=
Step 18

0.25 _

[°C]

[*C]

[%]



Cooling load of buildings

Cooling load is the amount of heat that must be removed from a building in order to
maintain desirable indoor temperature and humidity conditions. The cooling period,
depends on location and therefore may differ significantly from place to place.
However, in most areas of the northern hemisphere, it usually extends from May to
September.

Indoor conditions are influenced by outside weather conditions, solar radiation
and internal heat sources. The load depends on the thermal characteristics of the
building’s envelope and the difference between the outside and inside conditions.

An accurate survey of the various components which influence the building is a
basic requirement for a realistic estimate of cooling loads. The information which is
usually required includes:

» A topographical and architectural drawing of the building, with the ori-
entation and geographical coordinates of the locality, neighbouring build-
ings and any other obstructions and local climatological conditions. This
information is necessary in order to evaluate the relationship of the building
to incident local solar radiation. Architectural details, if available, depend-
ing on the design stage of the building, also provide valuable information.
Type, number and dimensions of openings determine the amount of solar
radiation which enters the space. A description of the building elements is
useful for calculating the size of heat gains conducted from outdoors during
the day and heat losses during the night. The type of construction can be
used for estimating the levels of outdoor air infiltration into the building.

+ A schedule of operation and type of building, in order to determine op-
erating hours and the types of the various internal heat sources. In particu-
lar, the number of occupants, level of activity, occupancy schedule, make it
possible to approximate internal heat gains from occupants and fresh out-
door air-ventilation requirements. Type, power and number of items of
equipment deployed and the operational schedule, allow the approximation
of internal heat sources from equipment. Type, power and number of artifi-
cial lighting systems, along with their operating schedule, will give an
approximation of the internal heat sources from lights.

The size of the cooling load that is required changes continuously, following the
time variation of the various influencing parameters. For practical purposes, it is
sufficient to calculate the maximum cooling load, in order to size correctly the

171
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cooling equipment or the mean monthly cooling load in order to be able to evaluate
the requirements of a building for cooling and the impact of various interventions to
reduce the load. Hourly calculations of cooling load values are not common, since
they are very time-consuming or require very advanced computational tools. They
provide, however, some useful information for research-type applications and de-
tailed sensitivity analysis.

The following discussion focuses on the factors that affect the cooling load of a
building and on the calculation of the mean monthly cooling load for residences and
small buildings. Alternatively, for calculating the maximum cooling load the reader
may refer to [1, 2].

FACTORS AFFECTING THE COOLING LOAD

The space cooling load results from the instantaneous heat gains convected into the
indoor air. Heat must be removed from indoor spaces in order to maintain the indoor
air temperature at a constant value. This constitutes what is called the sensible cool-
ing load. However, indoor comfort conditions are also influenced by air humidity
levels, that is, the water content of the air. Air humidity levels must also be main-
tained within appropriate levels. Excess water vapour must be extracted from the air
and this constitutes what is called the latent cooling load.

Sensible and latent heat gains are the rates at which heat enters and is generated
respectively within a space, at any given moment. Sensible heat gains are manifested
by a temperature rise of the air, while latent heat gains occur when moisture is added
to the air. Heat penetrates the building from three sources:

¢ external
« internal
« ventilation.

An analysis of the various processes involved in each of these is presented below.

External loads

The cooling load from outdoors consists of:

o heat from solar radiation conducted through building materials and
« solar radiation entering through transparent openings.

HEAT CONDUCTED THROUGH BUILDING MATERIALS FROM SOLAR RADIATION

Solar radiation striking the outer envelope of buildings (walls and roof), in conjunc-
tion with high outdoor air temperatures, causes heat to flow into the interior spaces
of buildings. Building surfaces that are exposed to the outdoor environment experi-
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ence the temperature variations of ambient air. Depending on the surface orientation
and the type of external shading devices, the time of day and the season, exposed
building elements also receive variable amounts of solar radiation.

Figure 7.1 illustrates the mechanisms of heat transfer occurring between outdoor
and indoor spaces through building elements. A portion of incident solar radiation is
either reflected or absorbed by the material, depending on the properties of the outer
layer of the element. Absorbed solar radiation increases the outer surface tempera-
ture of the material and, as a result, there are temperature differences between the
outer surface, the internal side of the element and the environment. Outdoor and
indoor boundary conditions influence the amount and rate of heat transfer.

Heat is conducted through the material, or it is convected and radiated to the out-
door environment. For example, heat conduction through a wall depends on the
temperature of the outer surface of the wall, the surface temperature of the wall’s
internal side, how these temperatures vary with time and the energy storage charac-
teristics of the wall construction. Heat is convected to the outdoor air at a rate de-
pending on wind velocity. Heat radiated to the outdoor environment depends on the
surface temperature and the surrounding outdoor surfaces and temperatures.

Outside surface temperature depends on the incident solar radiation absorbed by
the surface and a heat balance between heat conduction, convection and radiation.
Internal side-wall surface temperatures depend on the amount of heat conducted
from the outside surface, convected from the surface to the indoor air and radiated
from the given surface. Internal furnishing and internal heat sources can also con-
tribute. Therefore, surface temperatures and heat flow through building components
do not remain constant.

OUTSIDE INSIDE
//':‘;:‘_.___ SHADING
4\*“-—
Solar<
Radiatio:\>4> Absorbed
4 N
TV
Reflected. - adiation
Radiation —
Heat Transfer Convect
. nvection
Convection j—r
Air Air
Movement Movement

Figure 7.1 Heat transfer mechanisms between outdoor and indoor
spaces through an external opaque element (e.g. a wall)
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SOLAR RADIATION ENTERING THROUGH TRANSPARENT OPENINGS

Short-wave solar radiation enters indoor spaces through transparent surfaces such as
glass windows or doors. The heat transferred through transparent surfaces is a func-
tion of the thermal radiation characteristics of a given material. It is less dependent
on the thermal storage capacity of such materials owing to the very low mass and
absorptance of the materials. Solar radiation that enters into a space is absorbed by
the surfaces and contents of the space and does not influence the indoor air tempera-
ture until a later time. The radiant energy must first be absorbed by the surfaces that
enclose the space, such as walls, floor and internal partitions, and by furniture or
other interior objects. As a result, their temperature increases and at a given instant
they become warmer than the indoor air. Some heat is then radiated and convected
from the surfaces to the indoor air.

The amount of solar heat gain is reduced by using shading devices on the outside
or inside of windows, by neighbouring buildings or other obstructions, proper distri-
bution of the openings around the building and selection of appropriate building
materials with desirable optical and thermal properties.

Internal loads

Internal heat gains originate from any sources that generate heat inside the building.
The internal load or heat generated within a space depends on its type and use.
Sometimes, internal gains consist of radiant heat which is partially stored in the ma-
terial of the building elements, thus reducing the instantaneous cooling load. Gen-
erally, internal loads consist of some or all of the following: occupants, artificial
lighting and any other mechanical or electrical equipment operating in the space.

e Occupants. The human body, through metabolism, generates heat which is
released to the environment by radiation, convection and evaporation from
the skin, and by convection and evaporation with respiration. The amount of
heat generated and released primarily depends on the indoor conditions and
on the activity level of the person.

« Artificial lighting. [lluminants convert electrical power into light and heat.
Some of the heat is radiant and can be partially stored by the building ma-
terials, primarily the floor. It is important to note here that, during the day-
time operating hours of a building, the use of all lights is infrequent. How-
ever, depending on the design and construction of a building, available
interior luminance levels from daylight may not be sufficient for certain
tasks. As a result, lights may be turned on even during the day. Accordingly,
the use of artificial lighting needs to be carefully accounted for by knowing
or estimating the operating schedule.

+ Mechanical or electrical equipment. Appliances and electrical equipment
release heat into the space. Normally, not all of the equipment installed in a
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building will be in use simultaneously and therefore a usage factor should
be applied to the full load heat gain.

Depending on the function of the building, internal gains may represent a significant
part of the total cooling load. Large office buildings, with a large number of occu-
pants and high usage of artificial lighting, as well as usually being heavily equipped,
exhibit high internal gains. Small buildings and residences, on the other hand, do not
usually exhibit significant internal loads.

Ventilation loads

Depending on the type of construction of a building, some outdoor air infiltrates into
interior spaces through its various openings (i.e. windows, doors) or cracks. The
warm outdoor air enters into the space, as a result of pressure differences induced on
external surfaces of the building and outdoor wind velocity.

Depending on their function, indoor spaces also require specific amounts of fresh
outdoor air in order to maintain acceptable levels of indoor air quality. Air ventila-
tion imposes an additional cooling and dehumidifying load because the outdoor air
has to be treated in terms of its temperature and humidity before it is introduced to
indoor spaces.

METHODS FOR CALCULATING THE COOLING LOAD IN BUILDINGS

There are several methods and simulation tools available, which allow for the
calculation of the cooling load at different levels of complexity. Usually, for high-
accuracy calculations one needs a high-level computational tool, requiring advanced
expertise. For easier-to-use approximate methods, one has to sacrifice some
accuracy in the calculated values. A comprehensive review of available methods for
calculating the cooling load and indoor conditions in buildings is given in Chapter 8.
A total of 18 simplified models for estimating the cooling load of a building are
presented, along with some brief information on more advanced computational
tools.

In general, thermal analysis of buildings can be treated by two methods, namely,
the thermal network method and the transfer function method.

The thermal network method breaks down the building into a network of inter-
connected elements, mainly resistances and capacitances. In other words, it simu-
lates an electrical network representing all the physical processes of heat flow as an
electrical current flow. Temperatures are identified as nodes, connecting all building
elements which interact with each other, the indoor or the outdoor environment. As
the number of nodes increases, these methods become more complex to define and
require significant computational time for their solution.
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The transfer function method is a simpler approach for the calculation of space
cooling loads. The method is based on conduction transfer functions and weighting
factors. Both parameters are time series that relate a current variable to past values
of itself and other variables, at discreet time intervals, usually one hour. Conduction
transfer functions are used to describe the heat flux on the internal side of a building
component (wall, roof, partition, ceiling) as a function of previous values of the heat
flux and previous values of indoor and outdoor temperatures. Conduction transfer
functions may be derived analytically or can be precalculated.

From the available methods, the model of Bida and Kreider [3] has been selected
and is recommended as a tool for calculating the monthly average cooling load of
buildings. The method provides a satisfactory level of accuracy with a relatively low
level of complexity. It is described in more detail in the following section.

CALCULATION OF MONTHLY AVERAGED COOLING LOAD

This simplified design method has been developed by Bida and Kreider [3] and it
can be used for calculating the monthly sensible cooling loads of dwellings and
small multistorey buildings, with small internal gains. The main source of heat trans-
ferred into the building is incident solar radiation. The cooling load component from
latent heat is not taken into account. The main characteristics of the method are out-
lined in the following.

The monthly sensible cooling load for a light building, Oc;, can be calculated as a
function of three components:

OcL=0atOst+ Ospo a.n

where Oy, is the cooling load from ambient and internal gains, Qs 1 is the cooling
load due to solar gain through transparent elements of the building’s envelope and
Qs o is the cooling load due to solar gain through opaque elements of the building’s
envelope.

A mass effect coefficient (MEC), which is used to account for the thermal mass
effect on cooling load, is defined as the ratio of the calculated monthly cooling load
(QOcLo) to the monthly cooling load if no thermal mass were present (QcL, from
equation 7.1), as follows:

MEC = QcL/QcL (7.2)

The theoretical limits of the MEC values are zero for a building with an infinitely
large thermal mass and unity for the case of zero thermal mass. Following a theoreti-
cal analysis, two correlations have been proposed for the calculation of the mass
effect coefficient.

For periods with large cooling loads

MEC = exp(BAP ¥*?7*%) (1.3)
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the fraction of the load due to solar gains (SR = 0 if cooling load is due to
non-solar gains, SR = 1 if cooling load is due to solar gains through
transparent and opaque elements),

building-to-ambient temperature ratio (difference between interior maxi-
mum and monthly averaged daily minimum ambient temperatures divided
by the difference between monthly averaged daily maximum and mini-
mum temperatures),

the monthly averaged daily utilizability expression [4], given by:
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coefficients from Tables 7.1 and 7.2 as a function of ACR (aperture con-
figuration ratio = (east + west aperture area)/(east + west + south aperture
area), for the case of a building with a north—south main axis) [5],
monthly averaged daily clearness index,

ratio of the monthly averaged radiation incident on an inclined surface to
that on a horizontal surface at noon evaluated at a south-facing surface,
ratio of the monthly averaged daily total radiation on the tilted aperture to
that on a horizontal surface (evaluated at the actual aperture orientations),
ratio of the critical ratio intensity (/) to the monthly average value of the
hourly solar irradiation on a south-facing tilted surface at noon,
BLC(T,m - To)/(AG, T,

building load coefficient = (UA), + m,C,, W °C”',

total thermal conductance of the building envelope, W °Cc!,

hourly mass flowrate of outside air into the space, kg/hr,

specific heat of air, kJ/kg.’K,

maximum indoor temperature allowable in the space, °C,

monthly average daytime ambient temperature, °C,

total glazing area present in the building envelope, m’,

monthly-averaged absorptance-transmittance product of all orientations
and type of glazing combined.

periods with intermediate cooling loads

MEC = exp(BAP Y°%!! (7.4)

(5.0454 — 5.3655(1 — ©))(0.4847 — 0.3612SR") — 1.1930(2 — AT),
SR — (Uso/QcL)-
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Table 7.1 Coefficients for monthly averaged daily utilizability factor, for a building with
north—south main axis {5]

Coefs ACR=0 ACR=0.2 ACR=0.4 ACR=0.6 ACR=0.8 ACR=1.0
EF=WF=0.5 EF or WF=1
ao 5.177 1.526 2.748 1.814 0.199 -0.81 3.031
a -14.4 —4.13 -11.2 -6.69 —0.69 2913 -109
a 10.40 9.377 10.92 6.387 1.179 -1.97 8.588
bo —6.62 -3.25 —4.45 -398 -2.59 -1.07 -3.24
by 14.09 8.501 11.65 8.623 3.391 -1.93 6.329
by ~-10.1 -9.42 -11.0 -1.75 -3.17 1.325 -5.25
<o -1.00 —4.51 -1.37 -2.56 -3.42 -2.42 -2.42
< 3.305 5.018 4.533 8.503 11.38 8.108 -3.96
) -1.39 -2.29 -1.38 —4.37 -6.60 —4.03 3.256

EF: cast glazing fraction; WF: west glazing fraction

Table 7.2 Coefficients for monthly averaged daily utilizability factor, for a building with a
southwest—northeast main axis [5]

Coefs ACR=0 ACR=0.2 ACR=0.4 ACR=0.6 ACR=0.8 ACR=1.0
EF=WF=0.5 EF or WF=1
ao 0.636 —0.015 -0.257 -0.855 -0.972 -2.428 —4.501
a -0.953 1.169 1.614 2.854 2252 5.466 8.686
a 0.186 -1.301 -1.331 -1.763 -0.508 -1.839 —4.020
bo -1.188 -0.814 -0.842 -0.604 -1.180 -0.089 2.084
b -2.300 -3.427 -3.017 -3.155 -0.286 -2.249 -5.856
by 2.109 2.890 2.426 2.130 -0.898 -0.609 -1.721
o -0.320 -0.587 —0.862 —2.537 -2.537 -2.797 -1.663
¢l 1.999 2.893 3.534 8.532 8.532 9.128 5.335
123 -0.220 -0.606 —0.650 —4.484 —4.484 -5.040 -3.697

SW: south-west glazing fraction; SE: south—cast glazing fraction

Having calculated the value of MEC, one may estimate the monthly cooling load
for massive buildings from equation (7.2), since QOcy , = QcLMEC.

This method has been validated in [3] against the Solar Energy Research Institute
Residential Energy Simulator, SERI-RES [6]. Overall, this method can estimate the
annual sensible cooling loads with an acceptable accuracy. For large cooling loads
(greater than 10 GJ/year), the maximum error is less than 15%. The calculations of
the cooling load can be performed for light and heavy buildings, thus enabling the
user to compare easily the effectiveness of thermal mass in reducing the cooling load
of the building. Similarly, sensitivity studies of other parameters that are involved in
reducing the cooling load of buildings can also be easily performed.
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A simplified method, for performing cooling load calculations by hand, is pre-
sented in the next section.

A SIMPLIFIED MANUAL METHOD FOR
CALCULATING COOLING LOADS

This method was developed by Santamouris [7] as part of a new comprehensive
methodology for calculating the thermal performance of buildings. Extracted from
this work, the calculation of the cooling load requirements of air conditioned build-
ings is presented in the following discussion. The method is based on the principles
of modified cooling degree hours. A complete description and validation of the
method is given in Chapter 14.

The instantaneous cooling load Q. for an air-conditioned building is given by:

Qc:k(To_Tl)+QS+Qin (75)
where
k = building load coefficient, W o,
T, = ambient outdoor air temperature, °C,
T, = desirable indoor air temperature, °C,
Q; = solar gains entering into the building space through transparent and
opaque elements, W,
Q. = internal gains, W.

The ambient outdoor temperature should be available from local meteorological
data. The indoor air temperature is set at a desirable value, depending on the specific
application. The calculation of the remaining parameters can be performed by any
available method or the reader may follow the procedures suggested in the following

sections.
Summing together solar gains and internal gains, we can define the total amount
of heat gains, (Qr). Substituting back to the above equation, we then obtain that

Qe =k(T,-T)+ Or (7.6)

Rearranging this equation we obtain a linear function of the instantaneous cooling
load with outdoor temperature, given by

0. =k(To-Tp) 7.7
where
Ty = balance temperature = 7, - Q/k.
Integrating the instantaneous value of cooling load, we obtain the monthly cooling
load, Q..,, which is given by:

Qem = 3600k CDH(Tom) (7.8)
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where

CDH(Tym) = cooling degree hours based on the mean monthly value of the balance
temperature,

Tom = mean monthly balance temperature = T; — Q7'/k,

o7 = mean monthly value of solar and internal gains.

The mean monthly value of solar and internal gains is calculated by summing the
mean daily values of solar and internal gains. Information on how to calculate these
parameters is provided later in this chapter.

The accuracy of calculating the monthly cooling load of buildings following the
above procedure has been verified against the predictions obtained using the widely
known computer program TRNSYS [8]. Following a series of simulations for a va-
riety of buildings, the absolute difference between the predicted monthly values
ranged between 0 and 25%. On an annual basis, the difference between the predicted
values of the cooling load ranged from 0 to 15%, with a mean value close to 6.3%.

Building load coefficient

The building load coefficient is calculated as the product summation of the U-value
times the surface area of each external building component, plus the thermal losses
of the building from ventilation. Accordingly, for a building with N external compo-
nents, the building load coefficient is given by:

i=N
k=Y (U,A)+(m,Cn)/ 3600 (7.9)

i=1
where
i = anumber identifying a specific building component,
N = total number of components that define the building,
U = overall heat transfer coefficient of component i, W m™ °C”",
A; = surface area of component i, m’,
mg = mass air flow rate due to ventilation, kg s,
c = specific heat of air, kJ kg ' K™,
n = number of air changes per hour.

Solar gains

Solar radiation contributes to the cooling load of a building with two components.
The first component is a result of solar gains through transparent elements, while the
second is a result of solar gains through opaque elements. The calculation of each
component is described in the following discussion.
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The total solar gains through transparent elements, Q, are calculated as the sum
of solar gains from each transparent component of the building envelope. For a
building with NT transparent elements, the value of solar gains is calculated by:

i=NT

Q. =af, Z(AiTiHiSCi) (7.10)
i=1
where
a = mean absorptivity of the space,
fi = correction factor (Table 7.3),
i = number identifying the specific transparent element,
NT = total number of transparent elements for a given building,
A; = surface area of transparent element i, m?,
7 = short wave transmissivity of transparent element i,
H; = mean monthly incident solar radiation on transparent element i, without
any shading, W m~,
SC, = mean monthly shading coefficient of transparent element .

The correction factor f; accounts for the fact that a portion of the heat gains which
occur during the period that the building is occupied will be stored by various
building components and internal elements and returned to the space during the
unoccupied period. This time shift is actually a result of the role of the thermal mass
on the cooling load of buildings. The reader should refer to Chapter 8 for a more
detailed discussion of this phenomenon. According to [9], this parameter can be
estimated as a function of the occupancy patterns and the mass of the building, as
shown in Table 7.3.

Table 7.3 Values of correction factor f;

Occupancy Type of building
pattern Lightweight Heavy
24 hours 1.0 1.0

7:00-23:00 09 0.7

8:00-18:00 0.85 0.55

9:00-15:00 0.8 0.4

The shading coefficient accounts for the effects of shading devices on the amount
of solar radiation that finally enters into the space, as a result of a given shading de-
vice. It is defined as the ratio of incident solar radiation on the shaded surface to the
solar radiation on the same surface without the presence of the shading device (#)).
The shading coefficient depends on the specific shading device and its characteris-
tics. See Chapter 10 for information on how to calculate the shading coefficient.
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The instantaneous solar envelope gains, (g, due to solar radiation absorbed by
opaque external building elements, is equal to the heat absorbed by external walls
plus the heat absorbed by the roof. For a building envelope with N opaque compo-
nents (external walls and roof), the value of solar gains is calculated by:

i=N
O = 2 (UAD(T, - T)+df (T3~ T,)] (7.11)
i=1
where
i = number identifying the specific building component,
N = total number of external walls and roof of a given building,
(UA); = product of U-value times the surface area of component i, W K™,
T., = mean sol-air temperature, °C,
T = mean environmental temperature, °C,
df = decrement factor,
Teii = sol-air temperature taking into account the component time lag.

The sol-air temperature, 7, is defined as follows:
Te=0; Hihy + To + hod B Tyey = To) (7.12)

where
o = solar absorptivity of the exterior surface of component /,
H, = rate of incident total solar radiation on component i, W m>,

h, = heat transfer coefficient due to long-wave radiation and convection, at the
outside surface of component i = A, + h,,, W m2K",

h, = convective heat transfer coefficient=5.8+4.1 V, Wm K,

vV = outside wind speed, m st

h, = radiative heat transfer coefficient, average value 4.14 W m2 K™,

T, = outdoor ambient air temperature, °C,

T4y = sky temperature, which is estimated to be 6°C below the outdoor air

temperature (7, — 6), °C.

Internal heat gains

As discussed earlier in this chapter, internal heat gains depend on a number of pa-
rameters. For dwellings, internal gains are usually small and their contribution to the
cooling load is not significant. An approximate average value will be satisfactory in
most cases.

For large buildings, however, internal gains have to be estimated with better accu-
racy, because they may represent a significant portion of the heat that needs to be
removed from the buildings. Recalling from above that internal gains originate from
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occupants, lights and equipment, the total cooling load from internal heat gains, Q;,
is given by the sum of the three components:

Ql‘ = Qio + Qil + Qie (713)
where
O, = cooling load from occupants, W,
Oy = cooling load from lights, W,
Q. = cooling load from equipment, W.

The internal cooling load from occupants can be estimated as a function of the num-
ber of people in the building (NP) with the following expression:

Qio = 65NP. (7.14)

The internal cooling load from lights, in watts per square metre of floor area, can be
obtained as a function of the indoor illumination level and the type of lighting
equipment, from Table 7.4. To calculate the heat generated from the lighting equip-
ment, one should only take into account the number of lamps that are actually used
during the specific time that the building is operated.

Table 7.4 Cooling load due to lighting equipment [W m™]

INumination Type of lighting equipment
level [Lux] TypeA TypeB TypeC TypeD TypeE TypeF TypeG TypeH
200 25-32 3245 1015 1.5 10 10 1520 1722
400 50-65 65-90  20-30 15 15-22 20 3040 3245
1000 55-75 3245 4255 4565

Type A: Tungsten, open enamel industrial reflector, 300 W

Type B: Tungsten, general diffuser, 200 W

Type C: Mercury, MFB industrial reflector, 250 W

Type D: White fluorescent lamp, enamel or plastic, 65 W

Type E: White fluorescent lamp with enclosed diffusing fitting, 65 W

Type F: White fluorescent lamp with louvred ceiling fitting, 65 W

Type G: Warm white fluorescent lamp with enclosed diffusing fitting, 65 W
Type H: Warm white fluorescent lamp with louvered ceiling panels, 65 W

The internal heat generation from electrical appliances and equipment depends on
the number of units and schedule of operation. Unless the space is heavily equipped,
as in the case of computer rooms, the cooling load from equipment can be approxi-
mated by an average value. Some typical values for 24-hour operation are given in
Table 7.5.
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Table 7.5 Average heat gains from electrical equipment

Item Heat gain [W] Item Heat gain [W]

VDU terminal 70 Kettle 20
Intelligent terminal 170 Freezer 70
Photocopier 500 Dishwasher 50
Electric typewriter 15 Washing machine 35
Electronic typewriter 30 Tumble drier 20
Television 25 Humidifier 60
Refrigerator 40

The mean daily internal heat generation, Q;,, which contributes to the cooling
load of buildings, can be calculated by the following expression:

On=11 Qi+ Qi + Qi) (7.15)

where f| is the correction factor introduced previously which takes into account the
time-lag effect due to the thermal inertia of the building.
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Heat attenuation

THE ROLE OF THERMAL MASS

Indoor air temperature is primarily influenced by external climatological parameters
(solar radiation, outdoor temperature) and highly variable internal loads (human
activity, lights, equipment), as well as the building’s construction. Under free-
floating conditions, a building operates with no assistance from mechanical systems
to extract heat from interior spaces. Indoor conditions are determined by a series of
complex, but natural, physical phenomena which take place between the outdoor and
indoor environment through the building’s envelope and inside the building itself.
Heat gains and losses between the indoor and outdoor environment occur by con-
duction, convection and radiation, shown in Figure 8.1. Similar phenomena occur in
interior spaces, as a result of internal sources and heat transfer exchanges to or be-
tween the building elements. All these phenomena result in a net thermal balance
that determines the indoor air conditions.

The temperature variation of indoor air, for a space enclosed by » surfaces, de-
pends on the surface temperature of the surrounding surfaces, the amount of air that
is ventilated into the space, internal heat sources and solar-to-air heat flow. This can
be expressed by the following thermal balance equation:

a7, &
mc dt = Qc,j + Qc,v + Qc,i + Qs,r
j=1

where
m = mass of internal air, kg,
¢ = specific heat of internal air, J kg™ K™',
T, = indoor air temperature, °C,
H = time, s,
n = number of surfaces,
Q.; = convected heat flow rate by each surface j, W,
Q.. = heat flow rate exchanged by ventilation, W,
Q., = convected heat flow rate from internal sources, W,
Q,, = solarto air heat flow rate, W.

Heat conduction through building components, in the x direction, for elements with
constant thermal properties and no internal heat generation, is described by the fol-
lowing partial differential equation:

185
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Figure 8.1 Heat transfer mechanism through building materials
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where
A = thermal conductivity of the material, W m™ K™',
T = temperature depending on the location and time,
p = density of the material, kg m™,
c = specific heat of the material, J/kg™" K™'.

The energy balance at any point inside the element depends on two effects; the net
heat transfer by longitudinal conduction and the retarding effect of thermal inertia.
The product (pc) represents the thermal inertia per unit volume, or the specific heat
capacity of the material. In the event that heat is conducted other than in the x direc-
tion, then similar terms are added to the left-hand side of the above equation for the

other directions.

When the variation of temperature along a bar is small enough so that the thermal
conductivity can be treated as a constant, independent of temperature, the one-

dimensional conduction equation, can be simplified as follows :
¢’ _ 147
de’ a dr

where

o = thermal diffusivity of the material = A/pc, m* s~
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Figure 8.2 illustrates the temperature distribution and heat transfer in a building
element. Initially the building element is at thermal equilibrium. As time progresses,
the outside surface temperature of the element increases and, owing to the tempera-
ture difference within the element, heat is transferred from the outside to inside. The
temperature of the element increases, with higher temperatures closer to the outside
surface. At noon, the outside temperature reaches a maximum value and from there
on decreases, as the incident solar radiation also decreases. As a result of the mate-
rial’s thermal inertia, interior locations inside the building element retain higher
temperatures. As time progresses, the heat wave is transferred to the right, towards
lower temperatures. A similar cycle follows the next day.

Indoor conditions are directly linked to prevailing outdoor conditions. This re-
sults in temperature swings, with peaks occurring during the most unfavourable pe-
riods of the day, around noon and early afternoon hours. During these periods of the
day, high outdoor temperatures eliminate the use of simple alternative passive cool-
ing techniques, like natural ventilation. Consequently, in order to maintain thermal
comfort during these hours, it is necessary to remove all excess heat from the space
immediately upon entry, with an energy-consuming mechanical system. This will
require an oversized system capable of handling the short-period peaks of the cool-
ing load.
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Figure 8.2 Diurnal temperature distribution and heat transfer mechanism
of a building element
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These problems are more severe in passive solar buildings and buildings with
large openings. The direct solar gains through the windows of the building, the heat
conducted through the building’s non-opaque elements and the internal heat gains
are useful for passive heating purposes in winter, but they are undesirable during the
summer months. Of course, the role of solar radiation in providing the necessary
natural daylighting must also be kept in mind.

To reduce indoor air temperature and cooling load peaks and to transfer the load
to later in the day, it is possible to store the heat in the structural materials of the
external cell and the interior surfaces of the building. The storage material is the
construction mass of the building itself, which is referred to as thermal mass. It is
typically contained in walls, partitions, ceilings and floors of the building, con-
structed of material with high heat capacity, such as poured concrete, bricks and
tiles.

The thermal mass of the building has a positive effect on the indoor conditions
during the summer and winter periods. The energy available from the high solar
gains during the day is stored and then is slowly released into the indoor environ-
ment at a later time. In winter, the stored heat is transferred back into the room in
late afternoon and evening hours, when it is mostly needed, satisfying part of the
heating load and avoiding overheating and discomfort conditions during the high
solar radiation periods of the day.

In summer, heat is stored in the thermal mass, thus reducing the cooling load
peaks. A reduced portion of the load will need to be removed from the interior
space, while the remaining portion of the external and internal heat gains is con-
tained within the thermal storage materials. The stored heat is progressively released
to the interior of the building at a later time. The cooling load in any case will re-
main the same. There is, however, a time shift of the peak load, a reduction of the
maximum load value and a time lag of the heat release from the material to the in-
door air.

The heat flow for light and massive buildings is illustrated in Figure 8.3, which
exhibits the moderating influence of thermal mass under ideal conditions [1]. When
the curves are above the x axis the building is losing heat while, when the curves are
below the x axis, the building is gaining heat. A massive building may require no
additional cooling or heating, under certain conditions. For example, during fall and
spring, light buildings may require cooling for part of the day and heating for an-
other part of the day, Massive buildings do not exhibit this variability and, depend-
ing on the outdoor conditions, they may provide satisfactorily comfortable indoor
conditions.

Another positive effect of thermal mass is the time delay of heat flow. For exam-
ple, heat transfer from the outside surface of a building material, which is at a higher
temperature, towards the lower-temperature inside surface, is first used to raise the
temperature of the material. Only after the wall has substantially warmed up can heat
exit from the other side. The time it will take for the heat to flow through the
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Figure 8.3 Daily building heating and cooling loads for
buildings of massive and light construction

material itself depends on its thermal resistance. This parameter describes the op-
position of materials and air spaces to heat transfer. For example, under steady-state
conditions, 2.5 cm of wood has the same thermal resistance as 30.5 cm of concrete,
mainly because of the air spaces created by the cells in the wood [2]. However, the
delay in heat conduction is very short for 2.5 cm of wood because of its low heat
capacity. Concrete, on the other hand, exhibits a much longer time delay because of
its high heat capacity. The time lag for some common building materials, 30.5 cm
thick, is ten hours for common brick, six hours for face brick, eight hours for
heavyweight concrete, and 20 hours for wood because of its moisture content [2].
The daily variation in cooling load for light and heavy buildings is illustrated in
Figure 8.4. The cooling load values are only shown as relative data for comparative

DAILY COOLING LOAD VARIATION

—— LIGHT BLDG --a- HEAVY BLDG

150

COOLING LOAD

PERIOD OF THE DAY

Figure 8.4 Time variation of cooling load for light and
heavy building construction
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purposes. During the early morning and midday hours, the load for the heavy build-
ing is lower than for the light building, as a result of the external loads. For the mas-
sive building the peak load is lower than for the light construction and occurs at a
later time. During the afternoon and evening hours the relative cooling load values
are higher for the heavy building, as the stored heat is progressively returned to the
indoor spaces. The areas under the two curves are the same, meaning that the cool-
ing load remains the same. The positive end result is a reduction of the peak cooling
load value and a time shift of the whole load distribution curve to the right, towards
late afternoon and evening hours.

This time lag is actually desirable, since at the time when the heat is returned to
the interior, the indoor temperature is lower than the desirable. In the event that the
building is unoccupied during the evening hours, as in the case of most office
buildings, it is possible to relax the restrictions on indoor thermal comfort. In any
event, outdoor conditions are more favourable for passive cooling techniques, natu-
ral, hybrid or indirect ventilation [3], which can be used to remove portions of the
load.

HEAT TRANSFER MECHANISMS

During the day, external wall temperature increases, as the balance of incident solar
radiation and losses by convection and radiation result in a net heat flux. As time
progresses, the absorbed heat is dissipated inside the wall, as shown in Figure 8.1.
Temperature increases at different locations within the wall depend on the material’s
thermal properties and on the boundary conditions on either side of the wall. Even-
tually, temperature and heat excitations move through the wall structure, towards the
inside surface.

During the night, a reverse process takes place. Outside boundary conditions
change, as outdoor temperatures decrease and there is no incident solar radiation.
The temperature of the wall decreases with time, at a rate depending on the location,
the thermal properties of the materials and the boundary conditions. The temperature
closer to the outside decreases first, followed by the internal wall temperatures. The
boundary conditions, convective and/or radiative gains or losses, determine the rate
of temperature changes. For example, high outdoor wind velocity enhances convec-
tive losses. Outside wall surface temperature drops, followed by a temperature drop
of interior wall locations closer to the outside. Heat transfer from the higher-
temperature locations occurs, in an attempt to reach equilibrium. Similarly, on the
inside wall surface, increased air movement can increase heat losses and the dissipa-
tion of the stored heat.

Forced and natural convection are the two primary heat transfer mechanisms for
heat dissipation from building material surfaces to the indoor air. In buildings, hot
surfaces result from the incident solar radiation on the outer envelope of the build-
ing, from solar illumination and from the direct solar gains and heating on the inte-
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rior surfaces. Heat is first conducted from the hot surface to an interior thin air layer
adjacent to it. The warm air then becomes lighter and begins to rise. Air velocity and
temperature changes are limited to a thin region next to the surface, the so-called
boundary layer. At the outset, the boundary layer is laminar, but at some distance
from the leading edge, depending upon fluid properties and the thermal gradient,
transition to turbulent flow may occur.

Whenever the air motion is due entirely to the action of gravitational forces, the
heat transfer mechanism is known as ‘natural or free’ convection. The heat transfer
rate may be enhanced by introducing a forced flow over the surface, resulting in
what is known as ‘forced convection’. The heat transfer depends on the temperature
difference between the surface and the environment, the heat transfer coefficient and
the overall geometry.

Free convection heat transfer data are usually correlated in terms of two or three
dimensionless parameters, namely the Nusselt, Prandtl and Rayleigh numbers.
Sometimes the Grashof number is used instead, which is the ratio of the Rayleigh to
the Prandtl number. Each parameter is defined as follows:

Prandtl Pr=via Ratio of momentum to thermal diffusion,
Grashof Gr=gATL}V Ratio of buoyancy to viscous forces,

Rayleigh Ra = GrPr=gfATL’/va Defines the temperature boundary condition
on a particular surface,

Rayleigh Ra* = gBL'g/vai Defines the heat flux boundary condition on a
particular surface,

Nusselt Nu = hL/A Dimensionless heat transfer coefficient,

where,

g = pgravitational acceleration, m s,

B = coefficient of thermal expansion (=1/7 for ideal gases), K™,

AT = characteristic temperature difference, K,

= kinematic viscosity, m*s™,

%
q = surface heat flux, W,

L = characteristic length, m,

h = average convective heat transfer coefficient, W mZ2K"

In natural convection the flow may be laminar or turbulent depending on the dis-
tance from the leading edge, the fluid properties, the geometry of the system and the
temperature difference between the surface and the fluid. Transition generally occurs
in the range 10’ < Ra < 10°. In building applications, Rayleigh numbers are of the
order of 1 x 10" [4].
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The Prandtl number defines the impact of fluid properties: air has a Prandtl num-
ber of 0.7 and water has a Prandtl number of about 7. Prandtl number changes over
the range 0.7 < Pr < 7 affect average heat transfer results by only 10 to 15% when
the flow is laminar [5].

In general, the approach in handling natural convection problems is first to de-
termine an applicable expression of the Nusselt number for the given configuration.
Such expressions have been developed by numerical analysis, while the majority of
the available correlations have resulted from experimental studies. Using measured
data (temperature and velocity variation), a correlation for the Nusselt number can
be derived. Such correlations apply under the specific conditions of each experi-
ment, so one must be careful before applying them under different conditions. The
Nusselt number is, by definition, a function of the heat transfer coefficient. Accord-
ingly, Nusselt number correlations can then be used to calculate the heat transfer
coefficient, which is applicable for the specific experimental configuration and
within the given limits (usually given as ranges of Re and Ra numbers).

The majority of experiments that have been carried out so far use vertical or hori-
zontal flat-plate geometries and temperature difference conditions that are not appli-
cable to buildings’ applications. Recently, however, in an effort to understand better
the nature of convective heat transfer processes in buildings, experiments have also
been based on real-size configurations and representative thermal conditions.

A recent literature review [6] has revealed several relationships, which have been
developed for calculating the natural convection heat transfer coefficient. The vari-
ous correlations are presented in Tables 8.A1-8.A6, in Appendix A at the end of this
chapter.

A comparative statistical analysis of these correlations is given in Appendix B.
Most of the existing correlations used to determine the natural convection heat trans-
fer coefficient have been extracted from experiments in controlled environments.
Small vertical and horizontal heated test plates have been studied under laboratory
conditions, which differ from the conditions in real buildings. However, there is a
good agreement between these correlations, as shown in Tables 8.B1-8.B3 in Ap-
pendix B at the end of this chapter. All correlations have been modified for air with
Pr=0.72 and the results are given for representative Gr values (ranging between
10,000 and 1E+12). Correlations derived from experiments in small and simplified
test enclosures and laboratory test cells are also included in the tables. As expected
[1], the values of the Nusselt number obtained using these correlations are smaller.
This may be attributed to the fact that, in this case, the flow is confined, which af-
fects its characteristics.

PARAMETERS INFLUENCING THERMAL MASS EFFECTIVENESS

Thermal mass in buildings can be used to avoid dealing with instantaneous high
cooling loads, to reduce energy consumption by up to 20% in commercial buildings



HEAT ATTENUATION 193

[7] and to attenuate indoor temperature swings, caused by rapid changes in the
ambient conditions during the day. According to [8], the effectiveness of thermal
storage is acceptable where the diurnal variation of ambient temperatures exceeds
10°K. Under such circumstances, i.e. ample night ventilation and closing the build-
ing during the day, as a result of the thermal mass effect it is possible to achieve a
temperature difference that is greater than 10°K in the negative direction between
the mean indoor and outdoor temperatures and an indoor temperature swing of only
2.5°K.

Thermal mass also has a positive effect on occupant comfort. High-mass build-
ings prohibit high interior air and wall temperature variations and sustain a more
steady overall thermal environment. This increases comfort, particularly during mild
seasons (spring and fall), during large air-temperature changes (high solar gain), and
in areas with large day—night temperature swings [1]. Traditional architecture, espe-
cially in southern European countries, has successfully demonstrated these positive
effects.

The rate of heat transfer through building materials and the effectiveness of ther-
mal mass is determined by a number of parameters and conditions. To achieve the
best possible results, one needs to follow some general guidelines and take appro-
priate actions that fall within the overall procedure of energy-efficient building. It is
important, though, also to understand the relationship of these parameters to the per-
formance of thermal mass in order to achieve the best possible results. Optimization
of thermal-mass levels depends on building-material properties, building orientation
for the location and distribution, thermal insulation, ventilation, climatic conditions
and use of an auxiliary cooling system, and occupancy patterns. The most important
features are analysed in the following discussion.

Material thermal properties and performance

The temperature distribution within the structural materials varies with time, bound-
ary conditions and thermal properties of the wall material. The phenomena which
take place during day and night periods differ significantly, depending on whether
the mass material is being charged (temperature increase) or discharged
(temperature decrease), respectively.

The thermophysical properties of the heat-storing material can influence the per-
formance of the system. For the wall material to store heat effectively, it must ex-
hibit a proper density (p), high thermal capacity (C) and a high thermal conductivity
value (A), so that heat may penetrate through all the wall material during the specific
time of heat charging and discharging. As a result, a wall with a low value of (pCA)
will have a low heat storage capacity, even though it may be quite thick.

Consequently, the very properties that make a wall perform well as an interior
thermal storage element make it perform poorly as an exterior envelope insulating
element. In a similar manner, the depth that the diurnal heat wave reaches within the
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storage material depends on thermal diffusivity. This is the controlling transport
property for transient heat transfer and is equal to A/pc,, where ¢, is the specific heat
of the material.

Materials with higher thermal diffusivity values can be more effective for cyclic
heat storage at greater depth than materials with lower values. Beyond a certain ma-
terial thickness, the heat flow into the indoor air does not take place during the night
hours, but is delayed until the following daytime hours. This is undesirable during
the cooling season, since the inflow of heat during the early hours of the day will
result in unpleasant comfort conditions and fail to satisfy the early-day cooling
loads. Similarly, during the heating season, the efficiency of the heat absorption and
storage by the structural mass is reduced. However, it may prove beneficial by pro-
viding additional heat during successive cloudy days.

Thermal mass location and distribution

Placing the thermal mass in different building locations can result in distinctively
different behaviours. Accordingly, it is important to make the proper decisions. One
may distinguish two cases, based on whether the heat storage material receives en-
ergy by solar radiation (direct) or by infrared radiation and room air convection
(indirect). Direct heat gains are experienced by the outer cell of the building, which
is exposed to solar radiation, and by the interior room surfaces, which absorb the
incident solar radiation as it enters through the building’s openings. Indirect heat
gains are experienced by opaque elements inside a space from the energy which is
transferred from direct-gain surfaces. Direct locations are much more effective for
heat storage mass than indirect locations.

According to [2], thermal mass must be properly distributed, depending on the
orientation of the given surface and the desirable time lag. A surface with north ori-
entation has little need for time lag, since it only exhibits small heat gains. For east
orientations it is desirable to have either a very long time lag, greater than 14 hours
so that heat transfer is delayed until the late evening hours, or a very short one. The
latter case is recommended for east orientations since high-time-lag mass is eco-
nomically unfeasible. For south orientations, an eight-hour time lag is sufficient to
delay the heat from midday until the evening hours. For west orientations, an eight-
hour time lag is again sufficient, since there are only a few hours until sunset. The
roof, which is exposed to solar radiation during most hours of the day, would require
a very long time lag. However, because it is very expensive to construct heavy roofs,
the use of additional insulation is usually recommended instead.

Thermal mass and insulation

Thermal insulation has long been mandatory in practically all building codes around
the world, to reduce heat penetration from the outside of exterior surfaces, through
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the building materials, into the interior space. In general, both thermal mass and in-
sulation are important in the thermal performance of a building [4].

For buildings where heating is the major factor, insulation will be the predomi-
nant effective envelope factor. In climates where cooling is of primary concern,
thermal mass can reduce energy consumption, provided the building is unused in the
evening hours and the stored heat can be dissipated during this idle period. How-
ever, common insulation material (like expanded polystyrene) will degrade the per-
formance of a thermal storage wall [5], because it reduces its effectiveness in the
portion that is positioned inside the wall insulation. Overall, because thermal mass
stores and releases heat, it interacts with the building operation more than just by the
simple addition of insulation [9]. This makes analysing thermal mass performance
and the overall thermal performance of the building a more difficult problem to
treat.

The role of ventilation

The role of the thermal mass, during the cooling period, is also extended into the
night period. Once the stored heat is dissipated into the indoor environment, the
process is reversed. During the night, when the outdoor temperatures are lower than
the indoor temperatures, it is possible to cool the structural mass of the building by
night ventilation, known as convective cooling. Ceiling fans can also be used to raise
the convective heat transfer coefficient [10], which facilitates the process of reject-
ing heat from massive walls at night. It is also recommended that the night ventila-
tion rate be increased to 1.5 m* min™ m™ of floor area [10]. The objective is to
maximize the building thermal transmittance during the night-time and minimize it
during the daytime.

The cold-storage capability of building material can benefit from night-time
ventilation, although this may introduce some problems. Leaving the windows open
during the night, to allow for nocturnal ventilation, introduces safety- and privacy-
related concerns. Also, high wind speeds may cause indoor problems since the in-
flow of the air through the openings cannot be manually controlled and adjusted.
Appropriate measures must be taken in order to minimize these disadvantages of
night ventilation, for example using safety window screens, ground floor windows
that do not open and specially designed windows with top openings. Alternatively,
mechanical ventilation systems can be operated during the night, to introduce cool
outdoor air into the space.

Instead of natural night ventilation or when the climatic conditions do not permit
it, for example in areas with high humidity levels, one can still precool a building
during off-peak hours, using an air-conditioning system. This, in fact, results in
considerable savings to the user and to the electric utility [11-14]. Electricity rates at
night are usually much lower, since the demand drops considerably. On the other
hand, the utility company also benefits, since eventually there will be a smaller de-
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mand during the daytime, which in turn reduces the need for additional generating
capacity and maintains a more uniform load on the power generating facility.

Savings are achieved by subcooling the mass immediately before the peak utility
rate period, thereby shifting a portion of the cooling load off-peak [13]. The method
formulates an objective function based on the energy consumption of a simple
building model. The effects of thermal mass on HVAC systems are quantified in
[14]. A simplified model for including the effects of structural thermal mass in an
above-ceiling unducted return air plenum on the air temperature returning to the
HVAC equipment from the zone was also proposed. The results show that thermal
mass effects in building zones can be significant and that the mass in the return ple-
num can effectively temper building air temperatures.

In any event, at the beginning of the following day, the cooled mass is utilized as
a heat sink. The cooling load will be partly covered, passively, by the mass of the
building, which is at a lower temperature, provided that the building is well insulated
and is not ventilated during the daytime. This means that it is possible to reduce the
energy consumption of the mechanical cooling system, since it will reduce its opera-
tion time. At a certain point, the temperature of the thermal mass will rise again and
the same cycle will repeat.

Occupancy patterns

A designer should keep in mind that the occupant will be the final determinant factor
on the extend of the utilizability of any building system, including thermal mass.
Clearly, by changing the use of internal spaces and surfaces, one can drastically re-
duce the effectiveness of thermal storage. This implies that one has to consider care-
fully the final use of the space when making calculations of the cooling load and
incorporating the possible savings from thermal-mass effects.

CALCULATIONS OF THERMAL MASS EFFECTIVENESS

The prediction of thermal performance of buildings can be treated by two methods,
namely the thermal network method and the transfer function method [15]. The
thermal network method considers the building as a network of interconnected ele-
ments. Each element is assigned an electrical analogue. Heat conduction paths
through walls, roof, and floor are represented by resistances and capacitances. For
windows, these paths are represented by resistances, implying that windows do not
have significant thermal mass.

To construct a thermal network, one starts with a simple sketch of the object to be
modelled. Then one identifies and locates a point (node) on the network for which it
is desirable to calculate detailed information, or the points which affect the tempera-
ture of the nodes about which detailed information is required. Each node is then
connected to all other nodes with which it has direct contact through a thermal resis-



HEAT ATTENUATION 197

tance between each node. Each node also has a capacitance due to its finite mass,
which requires a finite quantity of energy to change its temperature.

Figure 8.5 shows, in terms of an electrical analogue, the factors involved in the
thermal performance of a building element [16]. The resistance of the material to
heat transfer is represented by electrical resistances and the thermal capacity of the
wall is represented by electrical capacitors. When the calculations are performed for
steady-state conditions, the effect of thermal capacity is ignored.

Qutdoor Indoor
Air Air
=W
T

Figure 8.5 Electrical analogue of the thermal
performance of a building element

Multidimensional effects, wall thickness and physical properties of building ma-
terials can be taken into account. However, if the number of nodes increases, the
electrical analogue method requires significant effort to construct the analogue and
solve for the unknown temperatures. For this reason, the simplified transfer function
methods can be used with acceptable accuracy for calculating the heating and cool-
ing loads of buildings.

The heat transfer through a composite surface can be calculated by examining
how the energy is transferred through the surface when it is subjected to a continu-
ous, piecewise linear curve or equivalently a series of triangular pulses of energy.
Transfer functions relate the output of a linear, time-invariant system to a time series
of current and past inputs, and past outputs. The heat response of a given wall con-
struction is equivalent to the summation of the individual responses for each excita-
tion of the materials composing the wall. In general, transfer function methods are
more efficient for solving long-time transient heat-transfer problems than are other
classical techniques, such as Euler or Crank—Nicolson.

There are a number of methods available for calculating transfer functions. Mita-
las [17-19] has presented a method for calculating transfer functions for one-
dimensional heat transfer through multilayered slabs by solving the conduction
equation with Laplace and z-transform theory. The transfer coefficients, for a variety
of constructions, have been developed by the American Society of Heating Refrig-
erating and Air Conditioning Engineers (ASHRAE) following a simplified proce-
dure and are presented in the ASHRAE Handbook of Fundamentals [20].

According to the ASHRAE method, the effect of thermal mass on the cooling
load is taken into account by various factors, called cooling load temperature differ-
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ences (CLTD) and cooling load factors (CLF). These factors were generated for
each component of the space-cooling load using the methodology and basic equa-
tions of the transfer function method (TEM). Following the TFM procedure, exten-
sive computer simulations were first carried out and then, based on these results, the
representative multipliers (CLTD and CLF values) were extracted by dividing com-
ponent results by U-factors. Values of the space-cooling load components are calcu-
lated directly, through use of the tabulated CLTDs and CLFs factors, which include
the effect of time lag due to thermal storage.

In particular, the transfer function method (TFM) was used to compute the one-
dimensional transient heat flow through various sunlit roofs and walls. The heat gain
was converted to cooling load by using the room transfer functions for three types of
rooms having light, medium and heavy thermal characteristics, although the varia-
tions with room construction were small. The results were generalized by dividing
the cooling load by the U-factor for each roof or wall. The results are in units of
total equivalent CLTD. It is assumed that the heat flow through a similar roof or wall
is obtained by using the tabulated values of CLTD in the following expression,

g=UA CLTD

where U is the overall heat transfer coefficient of a given element (i.e. roof, wall) in
W m™ °C™, with an effective surface area A, expressed in square metres. A similar
approach is followed using the CLF coeficients for all the other components of the
cooling load (from windows, internal gains etc). Although the transfer function
method has been validated by several experimental efforts with satisfactory results,
it does exhibit some limitations which are outlined in the following discussion.

The tabulated transfer functions are calculated for a constant room temperature.
Consequently, they are not valid for free-floating buildings. Another limitation of the
method is that the functions are categorized in terms of light, medium or heavy
building constructions. As a result, the user of this method cannot define with high
accuracy the precise amount of mass of a given building. Passive buildings with high
thermal mass cannot be treated accurately, since the given mass may be greater than
the mass of the heavy building constructions defined by ASHRAE. To overcome this
problem, it is possible to calculate the transfer functions for a given construction
according to the Mitalas method [17-19].

In calculating the thermal-mass effectiveness, the primary objective is to calculate
the optimum thermal mass of a building. Then, it is critical to distribute the thermal
mass in such a way that its temperature fluctuations and heat return rate into the in-
door environment are in accordance with the previously discussed principles. Thus,
the correct selection for locating the thermal mass is a fundamental topic that needs
to be addressed. That is, one needs to determine the most effective way to add mass.
For example, it is possible to add more thickness, more surface, or both, in the ex-
ternal shell or the internal spaces of the building.
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A review of various studies of heat attenuation, including thermal mass, in the
region of southern Europe, is presented in [21]. The primary need for additional
research in this field is identified in the area of information dissemination, through
simulation work, development of simplified design tools and compilation of guide-
lines. Similar observations are made in [22], which presents several methods for
simulating the performance of buildings, taking into account the thermal mass. The
optimum amount of thermal mass, for winter and summer conditions in the Mediter-
ranean climate, has been investigated and results presented in [23-25].

There are several design and computational tools available for passive and hybrid
cooling purposes, which take into account the impact of thermal mass on the build-
ing’s thermal performance. In a recently completed study [26], 128 programs have
been identified which have some capabilities to calculate the cooling load of a
building. Among them, 54 programs can also calculate the variation of the indoor air
temperature, 45 programs can also take into account the impact of mass and shading,
while only 23 programs can also simulate natural ventilation strategies.

A total of 19 models for estimating the cooling load of a building, taking into ac-
count the thermal mass of the building, have been reviewed and classified in [27].
Overall, one may classify the available methods into two categories. The simplified
design tools and the advanced programs.

Simplified design tools [16, 20, 28-42] are necessary for designers during the
first stages of the design process in order to evaluate new techniques and systems
and their performance under specific conditions. These tools are easy to use and do
not require much input, but they provide accurate information. They may require the
use of a computer or, in some cases, the calculations can also be performed by hand.

Advanced programs, such as for example those described in [43-45], are more
complex tools. They require a great amount of input information, but provide in
return the capability for treating complicated phenomena with high accuracy.
Advanced programs are suitable for simulating the behaviour of buildings and
evaluating the performance of the various systems with great accuracy. They are
more likely to be used by people with advanced knowledge of these subjects, for
scientific and research activities.

The most popular methods are tabulated in Table 8.1, which includes some rele-
vant information for each one. For each method, one can identify the inputs and out-
puts, the parameter used to account for the thermal mass effect, the restrictions and
whether the method has been used to develop a software package. The list of the
advanced programs is a representative one and by no means complete. There are
several other software packages available on the market, which have been developed
by national research organizations and institutions, universities and private firms.
The ones listed represent the most popular software used in Europe (ESP) and the
United States (TRNSYS).



200

PASSIVE COOLING OF BUILDINGS

Table 8.1 Simplified design tools and advanced programs for calculating the cooling load in

buildings
Model Inputs Outputs Parameter for Restrictions Soft-
thermal mass ware
effects
Ashrae [20] BG,BCIL, Hourly and peak CLTD values  Simplified reatment  No
EL,AT/M, for wall
VE/S&L, construction
IN/S&L
Athienitis [28] BG,BC, Hourly or monthly  Elements in a Yes
AT/M,ATH, for optimum thermal
SR/M or thermostat set network
SR/H,IL point
Bida & BG,BC,IL, Monthly loads Mass Effect Monozone, dwellings, Yes
Kreider EL.,VE/S, Coefficient small multistorey
[29] SR/M,ATM, buildings, small IL,
CL,SS no latent heat loads,
no wind effects
BRE [16] BG.BC, Peak summer Admittance Office buildings with  No
EL,IL temperatures factor one external wall,
no wind effects
Catani [30] BG,BC Performance of M-factor Manual method for No
massive walls calculating the thermal
mass performance
Givoni [31] & BG,BC Long-term Effective heat  Method for calculating Yes
Balcomb [5] performance of capacity thermal mass
massive walls performance
Givoni & BG,BC,VE, Internal air Total thermal ~ All external input Yes
Hoffman [32) SR/M,AT/M  temperature time constant  functions are taken as
equal, no wind effects
Kusuda [33] BG,BC.EL, Transient sensible ~ Conduction No
IL,VE,TA/H, cooling load transfer
SR/H Previous functions
temperature
history
LANL [34]) BG,BC, Monthly cooling Solar saving Restricted to certain Yes
SR/M,DD load. Daily average fraction type of buildings, no
indoor temperature VE, IL, wind effects
van der Maas  BG,BC,IL, Indoor air Thermal Monozone, stack Yes
& Roulet {35) AT,VE/S temperature. effusivity effect driven flows,
Cooling rate short periods,
homogeneous walls,
no radiation, no
convective effects,
constant heat flow
rates, no wind effects
Mathews & BG,BC,IL, Hourly indoor air Effective heat  Single zone, no Yes
Richard [36] EL,VE, temperature and storage temperature
SR/M,AT/M  sensible loads stratification, interior

surfaces at same
temperature, no wind
effects
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Table 8.1 (continued)

Model Inputs Outputs Parameter for Restrictions Soft-
thermal mass ware
effects

PASSPORT BG,BC,IL, Indoor air Effective Number of zones, Yes

[37] EL,VE, temperature, thermal elements

ADT,SR/M, monthly cooling capacity
AT/M,WV, load, distribution
CDD of heat losses
PASSPORT BG,BC,EL, Hourly indoor air ~ Transfer One-dimensional Yes
Plus [38] IL,IN/S/L, and surface functions heat conduction
VE/S,AT/H, temperatures. (Next release to  (Next release to
SR/H,WV/H,  Cooling/heating include finite  include 2-D
WD/H load. Air flows. differences) conduction). Number
(Meteoro- Comfort of zones, elements
logical Library
files)
PMDG [34] BG, BC, Monthly cooling Heat capacity  No VE, IL, wind Yes
SR, DD load, daily average effects
cooling load
Seem [39] Previous Cooling load Comprehensive Requires calculations No
temperature transfer for input information
and flux functions
history, transfer
function
cocfficients,
cooling loads
from AT,IL.EL
Shaviv [40] BG,BC, Maximum indoor Isothermal internal No
SR/H,AT/H air mass
SPIEL [41] BG,BC,SS, Mean monthly Capacitance Convergence of Yes
AT/M,IN hourly indoor air, calculated values,
cooling air no direct account of
SR levels, no IN,
no wind effects

Steady State BG,BC, Average daily Envelope heat  Steady state No

[42] AT/M,IN space cooling transfer conditions,
coefficient no IL.EL,VE

Advanced Inputs Outputs Parameter for Restrictions Soft-

programs thermal mass ware
effects

ESP [43] BG,BC, indoor- Hourly indoor Solves all heat  Detailed inputs and Yes

outdoor temperature and and mass flow analysis, UNIX
conditions, cooling load paths and flow environment
IL,VE,WV.,IN path
interactions
TRNSYS [45] BG,BC,IL.EEL, Sensible cooling Wall transfer One dimensional heat  Yes
SR,AT,IN load functions transfer through

building materials
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Nomenclature

Table 8.1 (continued)

Monthly ambient daytime temperature

BC: Detailed information on the building construction (U-values, thermal properties)
BG: Detailed information on the building geometry and orientation

AT/M AT/H Ambient temperature monthly data and hourly data

IN/S IN/L: Infiltration loads from sensible heat, infiltration loads from latent heat
IN: Total infiltration loads (sensible and latent)

SR/M SR/H Solar radiation monthly data, solar radiation hourly data

CDD: Monthly cooling degree days

DD: Monthly degree days

SS: Mean daily sunshine hours

CL: Monthly clearness index

VE/S VE/L: Ventilation loads from sensible heat, ventilation loads from latent heat
DD: Monthly degree days

WV/M WV/H Wind velocity monthly data, wind velocity hourly data

EL: External loads (solar radiation, temperature)

IL: Internal loads (human activity, equipment, lights)

WD/M WD/H Wind direction monthly data, wind direction hourly data

For the different simplified tools and advanced programs, thermal-mass effects on
the cooling load and overall behaviour of buildings are accounted for by a number
of parameters. These parameters and their physical meaning are summarized in
Table 8.2.

CASE STUDIES
Results from numerical simulations

The performance of massive walls is affected by the type of building, its operating
schedule, internal loads and mass, external shading and the climatic conditions. A
series of simulations of three building types (a warehouse, a low-rise office building
and a retail building) were carried out for four climate zones [9], using the simpli-
fied design method adapted by ASHRAE [20]. The buildings were modelled for the
climatic conditions of south and north USA (Atlanta, Phoenix, New York City and
Minneapolis). According to the results reported in [9], the wall thermal mass is less
effective in warehouses and buildings with high internal mass levels. It is more ef-
fective in office and retail buildings.

A series of simulations, performed for a building with a fixed orientation, con-
crete walls with a U value of 0.682 W m™ °C™!, and a fixed overall heat transfer
coefficient, has provided some useful information [23]. The study was performed for
a Mediterranean climate, with climatic data coming from Haifa, Israel. Accordingly,
the effect of the internal thermal mass in reducing the cooling load of the building is
largest when the building is in use day and night. The optimum thickness of the
concrete layer of an internal partition should be 10 c¢m, while the recommended
thickness of an external wall is 15 cm. The addition of internal partitions dramati-
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Table 8.2 Parameters for describing thermal mass effects

Parameter Physical meaning Ref.
Admittance factor Represents the extent to which heat enters the surface of materials in 16
a 24-hour cycle of temperature variation
Capacitance Accounts for the ability of the external and internal materials to 40
store heat
Comprehensive Describes heat flows in building elements, combining individual 39
transfer functions wall transfer functions for an enclosure
Conduction transfer Expresses the decay of temperature through the material 33
functions
Cooling load Includes the effect of time lag in the propagation of heat through the 20
temperature material, due to thermal storage
difference
Diurnal heat capacity Measures the effectiveness of the material for heat storage during a 5
continuous 24-hour cycle
Effective heat Accounts for the effects of the building materials' thermal properties 34
capacity and design factors on the long-term energy performance
Effective heat storage  Accounts for the effects of thermal capacity and thermal resistance 36
of the building elements, and the exterior resistance, for exterior
and interior building elements
Effective thermal Accounts for the effective mass of the building elements 46
capacity
Envelope heat transfer  Includes the effects of thermal transmittance of the material along 42
coefficient with heat transfer rate due to infiltration
Heat capacity Introduces the effect of heat storage for different building types in 34
the correlation coefficients used in calculating the solar saving
fraction
Mass effect Accounts for the temperature fluctuation allowable in the space, the 29
coefficient amount of heat gain due to ambient conditions, and the degree of
exposure of the space to ambient conditions
M-factor Corrects steady state U-values for the building materials 30
Solar saving fraction Correlation coefficients as a function of the heat capacity for 34
specific building types
Thermal capacity Determines the heat flow in unit time by conduction through unit 20
thickness of a unit area material, across a unit temperature
gradient, defined as the product of density by specific heat
Thermal effusivity Accounts for the response of a surface temperature to a change of 35
the heat flow density at the surface
The heat stored in a whole enclosure per unit of heat transmitted to 32

Total thermal time
constant

or from the outside through the elements surrounding the
enclosure and by ventilation

cally improves the energy consumption of the building during the summer. Thermal
mass must be added in such a way as to provide adequate surface area in order to
facilitate the exchange of energy with the indoor environment.

The effect of mass on cooling load and on insulation requirements for buildings
in different climates has also been investigated in [47). The cooling loads are calcu-
lated for three types of buildings; low-rise residential buildings having internal mass
and low internal heat gains; non-residential buildings having, during short occupied
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periods, high internal heat gains and no internal mass; small models to show wall
mass effects with and without the influence of internal heat sources and solar radia-
tion through windows, with no internal mass. Accordingly, results from the first and
third case studies indicate that adding insulation to walls can increase the cooling
loads, while the mass effects decrease the cooling loads. Mass is most effective in
reducing cooling loads when internal heat gains are present. Results from the second
case study indicate that the mass is effective in reducing cooling loads at all loca-
tions for non-residential buildings. The cooling requirements of the buildings studied
in this series averaged 22% less for heavier constructions.

The role of thermal mass effects in Greek buildings has been investigated in a re-
cently completed study [48]. The thermal behaviour of two types of buildings
(monozone and two-zone) was calculated for varying amounts of the buildings’
thermal mass. The simulations were carried out by using the ESP program [43], an
official computational tool for the European Commission, developed by the Energy
Simulation Research Unit at the University of Strathclyde in Scotland.

The calculations were performed for Athens, while in total 13 different types of
building materials were used. The geometry of the buildings remained the same, but
the building materials changed, thus varying the effective amount of the building’s
thermal mass. The thermal conductivity of the materials ranged between 0.19 and
1.63 W m™ K™, the specific heat between 796 and 1014 J kg™’ °C™' and the density
between 600 and 2300 kg m.

The cooling load was first estimated for a monozone building (5 by 5 by 3 m),
with a single window on the south side of the building. The results of the annual
cooling load per square metre of floor area as a function of the effective thermal
mass, are shown in Figure 8.6. The reduction of the cooling load is significant up to
a value of thermal mass approaching 300 kJ m™~ K™'. An additional increase beyond
this value does not appear to have any significant impact on the cooling load.

For the two-zone building (15 by 8 by 3 m), the additional effects of interior
thermal mass were also investigated. The building included additional windows, in
all sides, as shown in Figure 8.7, although the construction materials remained the
same. The results for the annual cooling load per square metre of floor area, as a
function of the effective thermal mass, are also shown in Figure 8.7.

The reduction of the cooling load is again significant up to a value of thermal
mass approaching 300 kJ m™~ K™'. The absolute values of the cooling are relatively
higher than the monozone building, since there are additional openings which in-
crease the direct solar gains and air infiltration. The thermal mass effectiveness,
however, remains the same.
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COOLING LOAD FOR A TWO-ZONE BULDING
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Figure 8.6 Calculated annual cooling load for different levels of thermal mass in monozone
building located in Athens
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Figure 8.7 Calculated annual cooling load for different levels of thermal mass in a two-zone
building located in Athens

Results from experimental investigations

A theoretical analysis of the data collected during an extensive monitoring campaign
of an office building in northern USA, using variable levels of thermal mass in
similar buildings, has been reported in [7]. First, a small building model was defined
for a two-storey small office, with masonry wall construction and steel roof truss
system and reinforced concrete deck system. A series of alternative thermal mass
systems was defined for application to the building model. Winter and summer
conditions were examined. The various cases were examined with a building simu-
lation program. Accordingly, an increase of the thermal mass from 21 to 201 kg/m’
of floor area, in closed and in ventilated buildings, can reduce the peak indoor tem-
perature by approximately 1 and 2°C, respectively. Important reductions in peak
heating and cooling loads can be achieved for high-thermal-mass designs. Energy
savings can vary between 18 and 20%, compared to the base case.
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The effect of building thermal storage on the peak cooling load has been evalu-
ated during an experiment on a large office building in Jacksonville, Florida [49].
The building’s exterior consisted of a glass curtain wall with structural steel sup-
ports, while the interior construction included a carpeted concrete floor, gypsum
walls, interior partitions and a concrete block core. The overall building thermal
capacitance was approximately 23 Btu ft 2 °F ' (130.6 W m *> K™"). The objective of
this study was to precool the building at night and during the weekend to reduce
daytime cooling loads. Diurnal heat capacity calculations were used in analysing the
experimental results. The results showed an 18% reduction in cooling energy sup-
plied during the daytime.

A high-mass test house with outside dimensions 6.5 m by 5.3 m by 4.7 m, was
monitored in an environmental chamber under a night-time cooling operation {50].
The inside floor area was 34.4 m* and ceiling height 4.06 m. The U-value of the
envelope components was 0.284 W m™2 K™'. The cooling load was measured for
simple cyclic outdoor climatic conditions. The simulated outdoor conditions were
for a desert-type climate (low temperatures and high humidity at night, and hot and
dry conditions during the day). As a result, night-time cooling was proved to be
much more efficient than 24-hour cooling. However, it appears that the large latent
cooling load, resulting from the release of moisture from the structural concrete
during the daytime warm-up period, cannot be ignored under these climatic condi-
tions.

Six small single-room detached buildings, constructed over an insulated slab-on-
grade floor, were used to investigate the effect of wall mass on summer space
cooling [42]. The buildings were located in the mid-eastern USA at the outdoor
facilities of the National Bureau of Standards in Gaithersburg, MD. The wall U-
values varied between 0.415 and 0.55 W m™ K™'. The buildings were operated at a
fixed indoor temperature setting of 18°C or, to simulate building performance in
hotter climates, 24°C with night ventilation cooling. It was concluded that thermal
mass has an unimportant effect on the performance of a building when exposed to
sufficiently hot weather conditions. For an indoor temperature set at 24 °C,
heavyweight buildings were observed to consume less cooling energy than
comparable lightweight buildings having equivalent thermal resistance in their walls.
The thermal mass was more effective when it was positioned inside the wall
insulation. Night-time ventilation reduced the cooling load by 27 to 36%, depending
on the wall construction of the building. Larger savings occurred in heavyweight
rather than lightweight buildings. Again, the wall mass was more effective when it
was positioned inside the wall insulation.

A number of test cells have been used to illustrate experimentally the thermal
performance and the role of thermal mass on various passive systems [51]. Specific
recommendations on how best to use thermal-mass materials in residential and small
commercial buildings, for southwestern US locations, have been presented in [1], as
a result of an extensive experimental thermal-mass study funded by the US



HEAT ATTENUATION 207

Department of Energy. The test site included eight test cells sized 6 by 6 by 2.4 m.
Different constructions (wall materials and wall thicknesses) were used, along with a
series of experiments carried out on cells with and without openings (windows,
doors), heavily insulated ceilings, and very low air infiltration rates, so that the
behaviour of the walls could be isolated and their performance better evaluated.
Dense and usually more conductive materials are better.

A 5-10 cm wall thickness is usable for heat absorption, storage and release on a
daily basis. Thicker walls, up to 25 c¢m, may provide longer periods of thermal
storage. For heating purposes, the more thermal mass and surface area, the better.
For direct-gain heating, radiative coupling is more effective than convective
coupling and will reduce overheating. External insulation should be used, since
thermal contact of the mass with the interior space is necessary. Massive structures
are less susceptible to any air infiltration that is present, because the heat is stored in
the mass, not the air. Ventilation during the cooling season should be performed by
natural means during the night or when the outdoor conditions are favourable.
Natural ventilation should be avoided when outdoor temperatures or humidity are
high, Thermostat set-back (during winter) or set-forward (during summer) is less
effective in massive structures, because they take longer to heat up or cool down.
The effect of thermal mass on night-temperature set-back savings is also discussed
in [52]. Numerical simulations have also shown that the annual reductions in
sensible heating and cooling loads, due to the thermal mass levels of the walls
(floors and foundations were assumed to be massless), can be as high as 40% in mild
climates.

The French Centre for Information of the Cement Industry has published two
booklets {53, 54] on results for the use of mass in dwellings, and its role on energy
conservation and comfort. The booklets include specific guidelines for the use of
thermal mass under the different climatic conditions in France.
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Natural ventilation

Ventilation of indoor spaces, either natural or mechanical, provides a means to con-
trol indoor air quality and achieve thermal comfort. As discussed in Chapter 6, ther-
mal comfort depends on indoor air temperature, humidity and air velocity; indoor air
movement can therefore provide appropriate air velocities for thermal comfort, even
when the temperature and humidity are not the most appropriate. Moreover, the re-
newal of the air by ventilation is a powerful means to exhaust air pollutants, gener-
ated indoors, into the outdoor environment.

Mechanical ventilation can be used when outdoor conditions are not favourable
to provide a healthy and comfortable indoor environment for building occupants.
Energy-efficient buildings must be designed to introduce specific amounts of outside
air to meet indoor air-quality requirements. However, outdoor air cannot always be
regarded as ‘fresh’ air and its quality is debatable, if both environmental pollution
and climatological conditions, which may be far from the desired indoor conditions,
are considered. The provision of ventilation air to a mechanically ventilated building
usually requires that outdoor air be conditioned before it enters occupied spaces,
which may be a significant cost factor in operating the building, During recent
decades, energy conservation measures have led to the reduction in the quantity of
outside air that is used by air-conditioning systems and this has proved to have a
serious impact on indoor air quality.

In cases where the outdoor air conditions allow it, natural ventilation may prove
to be an energy-saving way to reduce the internal cooling load, to achieve thermal
comfort and to maintain a healthy indoor environment. Natural ventilation may re-
sult from air penetration through a variety of unintentional openings in the building
envelope, but it also occurs as a result of manual control of a building’s openings
(doors, windows). In both cases, air is driven in/out of the building as a result of
pressure differences across the openings, which are due to the combined action of
wind and buoyancy-driven forces.

In the following sections we focus on natural ventilation. Basic principles are
analysed, techniques are discussed and simplified methods are presented for the est-
imation of the ventilation rate, as well as the cooling potential of natural ventilation.

NATURAL VENTILATION

Natural ventilation can be used not only to provide fresh air for the occupants, nec-
essary to maintain acceptable air-quality levels, but also for cooling, in cases where
the climatic conditions allow it, because of the direct influence on thermal comfort
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sensations experienced by occupants. This term is used to describe ventilation pro-
cesses caused by naturally produced pressure differences due to wind and the stack
effect. Natural ventilation is achieved by infiltration and/or by allowing air to flow in
and out of a building by opening windows and doors. The term ‘infiltration’ is used
to describe the random flow of outdoor air through leakage paths in the building’s
envelope. The presence of cracks and a variety of unintentional openings, their sizes
and distribution determine the leakage characteristics of a building and its potential
for air infiltration. The distribution of air leakage paths in a building determines the
magnitude of wind and stack-driven infiltration and the nature of air flow patterns
inside the building. Typical air leakage paths in a residential building are shown in
Figure 9.1.

l 1 : Wall / ceiling joints 7: Hatch
! * 2 ; Window 8: Joints
3: Walls 9 : Door
4 : Elactric sockets penstration 10 : Plumbing
5 : Wall/ floor 11 : Chimney
F o 6: Lights 12 : Bathroom & kitchen vents
=

Figure 9.1 Air leakage paths in a building

Modern architecture tends to minimize air infiltration by introducing ‘air-tight’
buildings, where the cracks in the structure are sealed. Infiltration rates vary sea-
sonally in response to outdoor temperature and wind conditions. Infiltration-
associated air-change rates may vary from a low of 0.1-0.2 air changes per hour
(ACH) in tight, energy efficient houses to 3.0 ACH in leaky houses under high-
infiltration conditions.

The inflow and outflow of air through large building openings, such as windows
and doors, in occupant-controlled natural ventilation is mainly due to the effect of
the wind. However, thermal forces attributed to temperature differences also play a
significant role, especially under conditions of low ambient wind speeds. The effec-
tiveness of natural ventilation also depends on the size of the openings and their ori-
entation to the prevailing wind direction. Parameters influencing the airflow rates
through large openings are discussed in the following sections.

Characteristics of the air flow in and around buildings

Successful design of a naturally ventilated building requires a good understanding of
the air flow patterns around it and the effect of the neighbouring buildings as well as
the existing design strategies to improve ventilation. The objective is to ventilate the
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largest possible part of the indoor space. Fulfilment of this objective depends on
window location, interior design and wind characteristics.

Figure 9.2 illustrates the wind flow pattern around a building with no openings.
As the wind flows past the building, a positive pressure is created on the windward
facade. The wind is diverted and a negative pressure is created along the side walls
due to the high speed of the flow along them. A large, slow-moving eddy on the
leeward facade produces a smaller suction.

Figure 9.3 shows the case of a single-zone building which is cross-ventilated as a
result of two windows placed on the windward and leeward facades. Cross-
ventilation is improved if two outlets of total area equal to the inlet are placed on the
building sidewalls (Figure 9.4). In this case, wider recirculation is set up in the
room. This design permits more efficient ventilation for a wider range of wind
directions.

\Qy\) \)2_?
Figure 9.2 Airflow patterns Figure 9.3 Ventilation through
around a building (plan view) windward and leeward openings

B

Figure 9.4 Ventilation through wind-
ward and side openings

The above airflow patterns vary significantly as a result of the surrounding terrain
and the presence of neighbouring buildings. The extent of the wake at the leeward
side of a building depends on the building’s shape and the wind direction. For a
typical house, the average wake length is four times the ground-to-eave height [1].
This is schematically shown in Figure 9.5. Obviously, if the distance between two
buildings is shorter than this, the one which falls within the ‘wind shade’ of the other
will be poorly ventilated.
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IL 4m 1
Figure 9.5 Wake of a typical house

In real buildings it is common to have spaces with only one external wall. Venti-
lation of such spaces will be negligible if there is only one opening, but can be im-
proved by placing two widely spaced openings on the side of the external wall
(Figure 9.6). Further improvement may be achieved by use of wing walls, as shown
in Figure 9.7. Wing walls are extrusions of the exterior walls (from the ground to the
eaves) and their role is to create positive pressure over one opening and negative
over another so as to achieve cross-ventilation. Single-sash casement windows act
similarly. This technique is effective for wind direction angles from 20 to 160° as
shown in Figure 9.7.

Ventilation of spaces with exterior openings in adjacent walls can also benefit
from the use of wing walls. An example of this case is shown in Figure 9.8.

better
ventilation

/S

I

AN

wind

Figure 9.6 Single-sided ventilation

)~ (A =

Figure 9.7 The impact of wing Figure 9.8 The impact of wing
walls on single-sided ventilation walls on cross-ventilation
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The position of the wing-wall extrusions is critical to ventilation success. Every
configuration gives improved airspeeds for a specific band of wind directions. Pre-
vailing wind direction is, therefore, an important characteristic of the microclimate
around the building, and it has to be taken into consideration for the design of the
wing wall positions. Figures 9.9 and 9.10 show the airflow patterns for two different
configurations. In the case shown in Figure 9.10, ventilation is poorer, because posi-
tive pressures are created at both openings, which prevents air circulation and con-
fines the flow to the areas near the windows. Comparison of Figures 9.9 and 9.11
shows that air circulation is larger when the openings are widely spaced.

The dimensions of wing-wall extrusions vary according to the exterior opening
width. The optimum required dimension for the protrusions is equal to the opening
width and the minimum recommended is equal to half the opening width.

Fencing or dense shrubs can act as a barrier and change the wind direction, pro-
ducing the same effect as wing walls (Figure 9.12).

S

windjj A

wind
Figure 9.9 Cross-ventilation using Figure 9.10 Cross-ventilation us-
wing walls - large air flow ing wing walls — poor ventilation

Ta

| 1

effective ventilation poor ventilation

Figure 9.11 Cross-ventilation using wing Figure 9.12 Fencing or planting acting
walls — confined air flow as wing walls
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Air flow through large openings

In natural ventilation, the driving forces result from pressure differences across
openings in the building envelope. The resulting flow rate is given by a power-law
equation. There are primarily two distinct cases, depending on the type of the open-
ing, namely:

» cracks (typical dimensions smaller than 10 mm)
« large openings (typical dimensions larger than 10 mm).

For cracks, the air flow rate (Q) can be expressed in m’ s™ using the following
expression:

0= kL(AP)" 9.1

where k is the flow coefficient [ m® s™' m™ Pa™], L is the crack length [m] and » is
the flow exponent.

The value of the flow exponent » depends on the flow regime; it ranges from 0.5
for fully turbulent flow to 1.0 for laminar flow. In practice, typical values of the flow
exponent are set equal to 0.6 and 0.7. The flow coefficient & is a function of the
crack geometry. A range of values of % for cracks formed around closed windows
are given in Table 9.1 for »=0.67.

Table 9.1 Typical flow coefficient (k) values for windows (n=0.67)

Window type Average Range
Sliding 8 2-30
Pivoted 2] 6-80
Pivoted (weather stripped) 8 0.5-20

The flow rate (Q) through an opening of relatively large free area is calculated
using the common orifice flow equation:

Q=C,4,/2AP/ P 9.2)

where C; is the discharge coefficient of the opening, 4 is the opening area, [m%], AP
is the pressure difference across the opening [Pa] and p the average air density in
the direction of flow [kg m™].

The discharge coefficient is a function of the temperature difference, wind speed
and opening height. A number of expressions have been proposed for its calculation,
especially for internal openings. Interzonal heat and mass flow measurements in a
real building 2] have given the following expression for the discharge coefficient in
the case of internal openings:
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C, =00835(AT/ T)™°*,

For steady state and buoyancy-driven flow the discharge coefficient for internal
openings can be calculated from the following expression [3]:

C, = (0.4+0.0075AT).

Experimental results have been analysed in order to express the discharge coeffi-
cient for internal openings as a function of the temperature difference, air speed and
opening height [4]. It was proved that the value of C, is a strong function of the
opening dimensions. For small internal openings, a representative value for the dis-
charge coefficient is 0.65. For large internal openings C; has a value close to unity.
A proposed mean value for a standard opening is C; = 0.78.

An evaluation of the discharge coefficient as a function of the opening height is
attempted in [S]. For opening heights 1.5 < H < 2 m, the proposed relation is: C; =
0.21H . According to [6], the values of C, can be selected within the range of 0.6
0.75, with reasonable accuracy.

Darliel and Lane Serff [7] have carried out experiments in a 18.6 x 60 x 40 cm
box and in a 199 x 9.4 cm channel using water. They have measured a C, coefficient
close to 0.311.

Measurements of air flow through large openings separating two zones in a test
cell, repeated in [6], have shown that the coefficient of discharge (C,) varies be-
tween 0.67 and 0.73, which corresponds to C value between 0.223 and 0.243. This
experiment is carried out using cold and hot vertical plates situated at the end of
each zone. Therefore, an important boundary layer flow should have been devel-
oped.

Khodr Mneimne [8] in a full-scale experiment, using an electrical heater as a
heating source, has found that, for openings between 0.9 and 2m, a mean C, value
equal to 0.87 should be used.

Based on the experimental work, carried out in the DESYS Test Cell at CSTB,
France [9], it has been concluded that a value of C, equal to 0.42 for 5 x 10® < Gr <
3.6 x 10°, can be used with satisfactory accuracy.

Pressure differences result from the combined action of two mechanisms:

+ Wind-induced pressure differences. Positive pressure is created on the
building sides that face the wind (windward sides) whereas suction regions
are formed on the opposite sides (leeward sides) and on the sidewalls. This
results in a negative pressure inside the building, which is sufficient to in-
troduce large flows through the building openings. In a general case, an in-
flow of air is induced on the windward side and an outflow on the leeward
side.

« Stack effect. Air movement due to the stack effect occurs when temperature
differences between a zone and the environment adjacent to it, be it another
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zone or the exterior, cause light warm air to rise and flow out of the warm
zone, while cooler air flows in. The stack effect occurs in tall buildings,
particularly at places with vertical passages such as stairwells, elevators or
shafts.

For each of the cases described above, it is possible to calculate the resulting pres-
sure difference, as shown in the following discussion.

Wind-induced pressure differences

Airflow through an external opening is mainly attributed to a wind-induced pressure
difference across it. The pressure due to wind flow onto or away from a surface is
given by:

b C,pv?
¥ 2
where P, is the wind-induced pressure [Pa], Cp is the pressure coefficient and V' is
wind speed [m s ']at a reference height, usually taken as the building height.

The wind speed is calculated as a function of available wind velocity measure-
ments from typical meteorological data. Wind velocity measurements are made
available at a fixed height, usually 10 m above the ground level. As a result, the ac-
tual wind speed (V) must be properly adjusted for a specific height and account for
the building’s orientation, topography of the location and roughness of the surround-
ing terrain in the wind direction.

This can be performed by three wind profiles:

9.3)

+ Power law wind profile [10]. The actual wind speed ¥ is evaluated by the
following expression:

Dk 9.4)

VlO

where the coefficient K and the exponent a are constants which depend on
terrain roughness. Typical values for K and a are given in Table 9.2.

« Logarithmic wind profile [11]. Based on this profile, the wind speed is a
logarithmic function of height:

=% 4
v, V., Zq,
Vm V‘,m In M

ZO,m
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and V,, is the wind speed from meteorological data [m s'), V. the atmos-
pheric friction speed [m s™'], z, terrain roughness [m] and & terrain dis-
placement length [m].
Typical values for z and 4 are given in Table 9.2.
« LBL model wind profile [10]. Another power-law profile is also available:

Y, __a(z/10)f (9.6)

Ve Qp(z,/10)5"

m

where a and g are terrain-dependent constants; typical values are given in
Table 9.2.

Table 9.2 Typical values for terrain dependent parameters (h= building height) [10]

Terrain K [»4 2 d o £
Open flat country 0.68 0.17 0.03 0.0 1.00 0.15
Country with scattered 0.52 0.20 0.1 0.0 1.00 0.15
wind breaks
Rural 0.5 0.7h 0.85 0.20
Urban 0.35 025 1.0 0.84 0.67 0.25
City 0.21 033 >2.0 0.8h 0.47 0.35

The dimensionless pressure coefficient Cp is an empirically derived parameter
that accounts for the changes in wind-induced pressure, caused by the influence of
surrounding obstructions on the prevailing local wind characteristics. Its value
changes according to the wind direction, the building surface orientation and the
topography and roughness of the terrain in the wind direction. Typical design data
sets based on experimental results are given in Table 9.3 [12]. Every data set
comprises Cp values for 16 different wind directions (angle of wind with the normal
to the surface: 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5°, 180°, 202.5°, 225°,
247.5°, 270°, 292.5°, 315°, 337.5°, progressing clockwise as seen from above).
Table 9.3 comprises 29 pressure coefficient data sets corresponding to an equal
number of different facade configurations in terms of surface aspect, dimensions and
exposure.

The Cp values given in Table 9.3 may be used for low-rise buildings of up to
three storeys and they express an average value for each external building surface.
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Table 9.3 Pressure coefficient sets [12]

Ref. Facade AR* Exp.t Cp sets
No.  description
1 Wwall 1:1 E 0.7, 0.525, 0.35,-0.075,-0.5, -0.45, 0.4, -0.3,-0.2, 0.3, -04,
-0.45,-0.5,-0.075, 0.35, 0.525
2 Roof, pitch 1:1 E -0.8,-0.75, 0.7, -0.65, -0.6, —0.55, -0.5, -0.45, 0.4, -0.45,
> 10 deg -0.5,-0.55, 0.6, —0.65,-0.7,-0.75
3 Roof, pitch I:1 E -0.4,-045,-0.5,-0.55,-0.6,-0.55,-0.5, 045, -0.4, 045,
> 10-30 deg -0.5,-0.55,-0.6, -0.55,-0.5,-0.45
4 Roof, pitch 1:1 E -0.3,-0.35,-0.4,-0.5,-0.6, 0.5, 0.4, —0.45, 0.5, 045,
> 30 deg -0.4,-0.5,-0.6, 0.5, 04, -0.35
5 Wall 1:1 SE 04,0.25,0.1,-0.1,-0.3,-0.325, -0.35,-0.275, 0.2, -0.275,
-0.35,-0.325,-0.3,-0.1, 0.1, 0.25
6 Roof, pitch 1:1 SE -0.6,-0.55,-0.5,-0.45, -4, -0.45,-0.5, -0.55, 0.6, -0.55, 0.5,
<10 deg -0.45,-0.4, -0.45, 0.5, -0.55
7 Roof, pitch 1.1 SE -0.35,-04,-045,-05,-0.55,-0.5,-045,-04,-0.35,-04,
10-30 deg -0.45,-0.5,-0.55,-0.5,-0.45,-0.4
8 Roof, pitch 1:1 SE —-0.3,-04,-05,-0.55,-0.6,-0.55,-0.5,-0.5, 0.5, 0.5, -0.5,
> 30 deg -0.55, 0.6, -0.55,-0.5, 0.4
9 Wall 1:1 S 0.2,0.125, 0.05, 0.1, -0.25, -0.275, -0.3, -0.275, —0.25, -0.275,
-0.3,-0.275, -0.25,-0.1, 0.05, 0.125
10 Roof, pitch 1.1 S -0.5,-0.5,-0.5,-0.45,-0.4,-0.45,-0.5,-0.5,-0.5, 0.5, -0.5,
< 10 deg -0.45,-0.4,-0.45,-0.5,-0.5
11 Roof, pitch 1S —0.3,-0.35, 04, -0.45,-0.5,-0.45,-0.4,-0.35,-0.3, -0.35,
10-30 deg -0.4,-0.45,-0.5,-0.45,-0.4,-0.35
12 Roof, pitch 1.1 S 0.25,-0.025, -0.3,-0.4,-0.5, -0.4, 0.3, -0.35,-0.4, -0.35,
>30 deg -0.3,-0.4,-0.5,-0.4, 0.3, -0.025
13 Long wall 2:1 E 0.5,0.375, 0.25,-0.125,-0.5, -0.65, 0.8, —0.75, -0.7, -0.75,
—0.8,-0.65, -0.5, -0.125, -0.25, -0.375
14 Short wall 12 E —0.9,-0.35,0.2,0.4,0.6,0.4, 0.2, -0.35,-0.9, -0.75, 0.6,
-0.475, -0.35,-0.475, -0.6, -0.75
15 Roof, pitch 2.1 E -0.7,-0.7,-0.7,-0.75,-0.8,-0.75,-0.7,-0.7, 0.7, 0.7, -0.7,
<10 deg -0.75,-0.8,-0.75,-0.7, 0.7
16 Roof, pitch 21 E -0.7,-0.7,-0.7,-0.7, 0.7, -0.65, -0.6, —0.55, 0.5, —0.55, 0.6,
10-30 deg —-0.65,-0.7,-0.7,-0.7, -0.7
17 Roof, pitch 2:1 E 0.25,0.125,0,-0.3, -0.6,-0.75, -0.9, —0.85, -0.8, -0.85, 0.9,
>30 deg -0.75,-0.6,-0.3, 0, 0.125
18 Long wall 2:1 SE 05,0.375,0.25,0.-125,-0.5,-0.65,-0.8,-0.75, 0.7, -0.75,
-0.8, —0.65, -0.5, —0.125, 0.25, 0.375
19 Short wall 12 SE -09,-035,02,04,0.6,04,0.2,-0.35,-0.9,-0.75, -0.6,
-0.475,-0.35,-0.475, -0.6, -0.75
20 Roof, pitch 2:1 SE -0.7,-0.7, 0.7, -0.75, -0.8, -0.75, -0.7,-0.7, 0.7, -0.7, 0.7,
<10 deg -0.75,-0.8,-0.75,-0.7, -0.7
21 Roof, pitch 21 SE -0.7,-0.7,-0.7,-0.7,-0.7, -0.65,-0.6, —0.550. 0.5, -0.55,
10-30 deg -0.6, -0.65, 0.7, 0.7, 0.7, 0.7
22 Roof, pitch 2:1 SE 0.25,0.125,0,-0.3, -0.6, -0.75, -0.9, —0.85, —0.8, -0.85, -0.9,
> 30 deg -0.75,-0.6,-0.3, 0,0.125
23 Long wall 21 S 0.06,-0.03,-0.12, -0.16, 0.2, -0.29, —0.38, —-0.34, -0.3, -0.34,
—0.38,-0.29, 0.2, -0.16,-0.12, -0.03
24 Short wall 12 S —0.3,-0.075, 0.15, 0.165, 0.18, 0.165, 0.15, —0.075, 0.3, -0.31,
-0.32,-0.32, -0.26, 0.2, -0.26, -0.32
25 Roof, pitch 21 S —0.49, -0.475, —0.46, -0.435, -0.41, —0.435, -0.46, —0.475,

<10 deg

-0.49, -0.475, -0.46, -0.435, -0.41, -0.435, -0.46, -0.475
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Table 9.3 (continued)

Ref. Facade AR* Exp.t Cp sets
No.  description

26 Roof, pitch 21 S -0.49, -0.475, -0.46, -0.435, -0.41, -0.435, —0.46, —0.43, 0.4,

10-30 deg -0.43,-0.46,-0.435,-0.41, -0.435, -0.46, —0.475
27 Roof, pitch 21 S 0.06, -0.045, -0.15, -0.19, -0.23, -0.42, 0.6, -0.51, -0.42,
> 30 deg -0.51,-0.6,-0.42,-0.23,-0.19, -0.15, —0.045
28 Wall 1.1 E 09,0.7,05,0.2,-0.1,-0.1,-0.2,-0.2,-0.2,-0.2, -0.2, -0.1,
-0.1,02,05,07
29 Roof,nopitch 1:1 E -0.1,-0.t,-0.1,-0.1,-0.1 -0.1 -0.1 -0.1, 0.1, -0.1, -0.1, 0.1,

.1
—0.1,-0.1,-0.1, 0.1

* AR: aspect ratio (length-to-width ratio).
+ Exp.: exposure, E: exposed, SE: semi-exposed, S: sheltered.

Local (not wall-averaged) evaluation of the Cp parameter is one of the most diffi-
cult aspects of air infiltration modelling. In the following section a recently devel-
oped Cp calculation model is presented.

A parametrical model for the calculation of the pressure coefficient, Cp [13]

THE MODEL

The model is based on a parametric analysis of results from two wind-tunnel tests,
carried out by Hussein and Lee [14] and Akins and Cermak [15]. The model consists
of a number of relations between the pressure coefficient on a rectangular-shaped
building model and a number of influencing parameters, grouped in three categories:

« Climate parameters, involving wind velocity profile exponent (a) and
wind incidence angle (anw). Figure 9.13 shows the wind incidence angle for
a building facade. The parameter anw is defined as the absolute value of the
wind incidence angle. Windward facades have 0° < anw < 90° and leeward
facades have 90° < anw < 180°.

« Environmental parameters, involving the plan area density (pad) and the
relative building height (rbh). The plan area density is defined as the ratio of
built area to total area. This ratio has to be calculated within a radius rang-
ing from 10 to 25 times the height of the considered building. Figure 9.14
illustrates the plan area density for a building with length L and width .

The relative building height is the ratio of the building height to the
height of the surrounding buildings, the latter assumed to be regular boxes
of the same height.

¢ Building parameters, involving the frontal aspect ratio (far), the side as-
pect ratio (sar), the relative vertical position (zh) and the relative horizontal
position (xI). The aspect ratio is defined as the ratio of the length to the
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Figure 9.13 Wind incidence angle (°) in relation to the
Sront facade (plan view)
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Figure 9.14 Calculation of the plan
area density (pad)

height of a building facade. The frontal aspect ratio is related to the consid-
ered facade and the side aspect ratio to its adjacent facade, regardless of the
angle the wind direction forms with the facades themselves.

The relative horizontal and vertical position of a facade element is de-
fined relative to a reference point on the facade, as illustrated in Figure
9.15.

The range of parameters common to both of the wind-tunnel tests mentioned
above was used as a reference. It corresponds to the profile of Cp in the vertical
centreline of the windward and leeward facades of a model with approaching wind
normal to the facades, in a boundary layer typical of a suburban area. The model
assumes that the reference horizontal distribution of Cp does not change with plan
area density, relative building height, aspect ratio and wind velocity profile expo-
nent.

The reference profiles as functions of the relative vertical position zh are third or
fifth degree polynomials:

Cp,s(zh) =a, +a,(zh)* + ... +a,(zh)" 9.7
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Figure 9.15 Facade element positioning

where n = 3 for the windward facade and n = 5 for the leeward facade.
The reference profiles were defined for the following parameters:

a=022,

pad = 0.0,

rbh = 1.0,

far = 1.0,

sar = |.0,

anw = 0° (windward facade),
anw =180° (leeward facade).

The rest of the Cp data were normalized for each parameter, with respect to the
Cp corresponding to the reference value of the parameter. Thus, the normalized Cp
value for the », m and ¢ values of the parameters i, j and d respectively is

CPiypds)
CPormiy 1y o ’(d’ . (9.8)
in:Jm et

The normalized Cp values as functions of the various parameters are given by first-
to fifth-degree polynomials for the leeward side and by first-to-third degree for the
windward side. Polynomial coefficients are given in Appendix A at the end of the
chapter in Tables 9.A1-A6 for the windward facades (0° < anw < 90°) and in Tables
9.A9-A14 for the leeward side (90° < anw < 180°). Non-polynomial functions re-
late the normalized Cp values to the parameters far and sar, for far > 1.0 and sar >
1.0 (Tables 9.A7,9.A8, 9.A15 and 9.A16 in Appendix A).

The pressure coefficient of an element £ with coordinates x| and zh on the facade
of a building with shape defined by specific values of far and sar and in environ-
mental conditions defined by specific values of a, pad, rbh and anw is calculated by:

Cp, = Cp,;(zh)x CF (9.9)

where CF is the global correction factor:
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CF = Cf,y,(a) X Cf 5, (pad) X Cf 4 oq (rbh)
X CF . poq (FF) X CFip oy (528) X CEp g, (x1) (9.10)

where

Cf,

o) = CPrormiy .- (9.11)

If n and m values of the i and j parameters are different from those given in the
tables, then the correction factor is calculated for the closest lower and higher values
and the results are linearly interpolated.

Application of this method is restricted because of the variation range defined for
each parameter. In particular, the model cannot be applied to:

o high terrain roughness (a > 0.33) and/or high density of the immediate sur-
rounding buildings (pad > 50);

« immediate surrounding buildings with staggered or irregular pattern layout;

o immediate surrounding buildings with pad > 12.5, when the considered
building has a different height from its surroundings or a shape other than a
cube;

« buildings four times higher or half the height of the surroundings;

« buildings with irregular shape or overhangs;

o regular block-shaped buildings with aspect ratios less than 0.5 or greater
than 4.

A case study of the method is presented in Appendix A at the end of the chapter.

Stack effect

An additional component which controls the air motion through the building enve-
lope is buoyancy. Buoyancy forces are attributed to temperature differences between
a zone and the zones adjacent to it or the outside environment. If the zone tempera-
ture is higher than that of its surrounding environment, then warm air rises and flows
out of the zone near the top, while cooler air flows in by infiltration near the bottom,
as shown in Figure 9.16. The magnitude of air flow associated with the infiltration
process grows with the temperature difference.

If P, is the static pressure at the bottom of a zone, then the pressure, due to stack
effect only, at a height z of the zone is given by:

P,= Py~ pgz 9.12)

where Py, P, are the pressures at the bottom of the zone and at a height z respectively
[Pa], g is the gravitational acceleration [m s7], p is the density of the air at a tem-
perature T equal to the indoor air temperature [kg m™]
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pressure

Figure 9.16 Buoyancy driven airflow
through two vertical openings

Assuming that the air behaves as an ideal gas, the density p can be calculated by
the following expression:
T
P=Por
where T is the absolute temperature (°K), po, Ty are the reference density and tem-
perature of the air, i.e. for T, = 273.15 °K, po = 1.29 kg m™).
From equation (9.12) it is clear that the stack pressure decreases with height. In
the case of two isothermal zones that are interconnected by a component (door or
window), the pressure difference at a height z (m), across the component will be:

AP =P o= Po+(p—py)gz (9.13)

where P, , P4 are the static pressures at a reference height (i.e. the bottom of the
zones) and p,, p; are the air densities in zones 1 and 2 respectively.

This theory assumes that the temperature inside the zones does not change with
height (isothermal zones). A more complex model has been proposed [16] to repre-
sent, in more detail, the behaviour of large openings. The model accounts for tem-
perature stratification and turbulence effects by assuming:

» steady flow, inviscid and incompressible fluid;
« linear density stratification on both sides of the opening;
» turbulence effects represented by an equivalent pressure-difference profile.

Thus, on each side of the opening, a linear density stratification is assumed:
pz(z)=p01+blz (9'14)

and a linear pressure difference is introduced to simulate the turbulence effect:
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AP, = Py +b,z. (9.15)

Introducing these terms into equation (9.13) gives for the case of gravitational flow
(no wind effect):

bz* b,z*
AP:Pl,o‘Pz,o—g|:{p012+—12_)_[pozz+ 22 J:,+(Ro+b:z)- (9.16)

The air velocity at any level z is given by:

V(z)= }Mz)_p__PZ_(_z_)]_ 9.17)

where p represents the air density transported by the velocity.

Combined action of wind and temperature difference

For the calculation of the total pressure difference across the opening, the terms of

the dynamic pressure must be added to those representing the stack effect. Thus,

combining equations (9.3) and (5.13):

p.Cp¥ _ p,CoV;
2 2

where V) and V; are the air velocities at the two sides of the opening and at height z.

+(p,-pr)gz (9.18)

AP=Py-Py+

Neutral level

Air flow through large openings is usually bi-directional. In the general case, cold
air flows in through the lower part of the opening, while warmer air flows out from
the upper part. This is shown schematically in Figure 9.17 where the vertical veloc-
ity profile along the opening is presented.

As shown in this figure, the air velocity decreases and becomes zero at a height
H, from the bottom of the opening. At that level, the so-called neutral level, the
pressure difference across the opening is zero.

The position of the neutral level can be determined with equation (9.18), for AP =
0. Thus, for an opening between two zones with 77 # T}, the height of the neutral
level from the reference level (usually taken at the bottom of a zone) is given by:

2 2
Po—Po+ piCp¥y  p,Cpljy

H, = 2 2 (9.19)
P2~ Py
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Figure 9.17 Bi-directional air flow Figure 9.18 A model for airflow through a

across a doorway large opening assuming temperature stratifi-

cation and turbulence

Figure 9.18 shows the case of gravitational flow as presented in the previous section.
The locations of the two possible neutral levels can be determined by solving equa-
tion (9.16) for AP = 0.

EMPIRICAL/SIMPLIFIED METHODS FOR ESTIMATING
VENTILATION RATES IN A SINGLE-ZONE BUILDING

Several simplified procedures based on empirical data have been developed to pro-
duce estimates of ventilation rates in essentially single-zone buildings. Representa-
tive methods are described below.

The British Standard Method [17]

The British Standard Method proposes formulae for the calculation of the air infil-
tration and ventilation in single side and cross-ventilation configurations. The
method assumes two-dimensional flow through a building and ignores all internal
partitions. Tables 9.4 and 9.5 give schematically the proposed formulae for different
air flow patterns and for different conditions.

NORMA — a simplified theoretical model [18]

The method calculates the air ventilation rates and is only applicable to a sin-
gle-zone building.

NORMA provides methods to calculate the air flow in single-sided and cross-
ventilation configurations. In single-sided ventilation stack flow is dominant while
the influence of wind is not so important. In cross ventilation the flow depends di-
rectly on the differences in pressure at the openings and therefore the difficulty of
predicting the flow is mainly due to the uncertainty in the pressure coefficients at the
openings. The scientific basis, including the forms to complete as well as examples,
for each case, is given in the following sections.
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Table 9.4 Formulae for single-sided ventilation

Ventilation
Due to wind
Q0=0.0254V A
where A is the opening surface and ¥ is the wind velocity. v —

Due to temperature difference with two openings

Te {
112
&2 ATgH A
Q=044 2,12 ( £ l] ~"
(L+&)1+£7) T AT+Te
H |
E=A Ay, A=A+ A4 I_Z
where Cy is the discharge coefficient
Due to temperature difference with one opening: I
A |ATgH. L--
0=Cy 3 £ N [
r H
< 2

SINGLE-SIDED VENTILATION
Problems related to single-sided ventilation are classified in two groups:

+ single-sided ventilation with openings at the same height;
« single-sided ventilation with openings at different levels.

In both cases, the air flow is due to the temperature difference between the indoor
and the outdoor environment.

Ventilation due to temperature difference with openings at the same heights.
The temperature difference between the indoor and the outdoor environment creates
pressure differences that promote the air flow through the opening. When the indoor
temperature is higher than the outdoor, cooler air enters from the lower part of the
opening while warm air escapes through the higher level. The flow direction is re-
versed when the external temperature is higher than the internal.
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Table 9.5 Formulae for cross-ventilation

Ventilation

Due to wind only
Qw = CdAwV Acp

1 i
o .
A 4+ 4 (A+ 4

Due to temperature difference only:
Qy = Cy 45 (206gH, / T)"*

1 I 1
—- = +
A (4+ 430 (A AP

T=05(Te+Ti)

Due to wind and temperature difference:
P=0

for V /(ATY*® <026(4, / A,)°3(H, / ACp)**
0=0,
for V' /(AT)** > 026(4, / 4,)°3(H, / ACp)°>

AT =Ti-Te

Y
AN le
Cp, | lez
AN _
A | [ A
A N
Te | Ti I IH'
— AR
| J
LN
| !
-2 -
" Cp, | T lez
—I\ -2

The parameters which determine the levels of air flow are mainly the following:

«» the area of the opening 4;

o The temperature difference DT; and
« The vertical height of the opening A.

The method of NORMA, designed to calculate the air flow O due to temperature
difference in single-sided ventilation configurations with openings of the same
height, is based on an analytical expression coupling the air flow Q, the height of the
opening A, the width of the opening w, the temperature difference between indoors
and outdoors DT and the mean indoor/outdoor temperature MT. The expression

proposed is:
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Q =790k w+/DT/ MT. (9.20)

Values of Q are in cubic metres per hour. The height and width are in metres and the
temperature in degrees Celsius.

The above expression has been derived by correlating data obtained from simula-
tions of hundreds of single-opening configurations. Simulations have been per-
formed using the monozone computerized tool NORMA. The accuracy of the ex-
pression has been tested by comparing the predicted values with the predictions of
various multizone computational tools. It is found that the values predicted by
NORMA are very close to the predictions of the other tools.

In order to use the method the user has to complete Form 1 given in the Appendix
B at the end of this chapter. The necessary input includes all the parameters intro-
duced in equation (9.20). In addition, by specifying the volume of the ventilated
space, the user can calculate the air changes per hour.

The method consists of 13 steps. Information on each step is given below:

1 Opening height h. Give the vertical distance between the top and bottom
of the window.

2 Opening width w. Give the width of the opening, defined as the horizontal
distance between the sides of the window.

3 Volume of the ventilated space. Specify the volume of the space to be
ventilated.

4 Design month. The monthly ambient climatic data is used. Therefore,
specify the summer month for which calculations will be performed.

5 Mean monthly ambient temperature DTA. Enter, from local clima-
tological tables, the mean monthly ambient temperature.

6 Indoor air temperature TA. Specify the design indoor air temperature.

7 Mean temperature MT. Calculate the mean value of the indoor and out-
door temperature. Add DTA and TA and divide by two.

8 Mean temperature difference DT. Calculate the difference between the
indoor and the outdoor temperature. Enter the absolute value of the differ-
ence. This means that if TA is lower than DTA, the difference is equal to
DTA — TA. If TA is higher than DTA, DT = TA — DTA.

9 Temperature ratio RT. Divide DT by MT.

10 Square root of RT. Calculate the square root of RT.

11 Determine 4"% Calculate the value of #'° .

12 Air flow rate Q. Calculate the air flow rate, in cubic metres per hour, using
the formula given above. The air flow rate can be calculated as the product
of the values calculated in Step 2 x Step 10 x Step 11 x 790.

13 Air changes per hour. [f there is more than one window at almost the
same height and on the same side, then calculations should be repeated for
each window. The total air flow QT is the sum of the flow calculated for
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each window. The air changes per hour can be calculated as the ratio of the
total air flow QT to the volume of the ventilated space as given in Step 3.

To help the user, two examples of single-sided ventilation in a building are given
below: The first example is a one-opening configuration, while the second is a three-
openings configuration.

Example 1. Calculate the air changes per hour in a 50 cubic metre zone having an
opening with the following characteristics: height = 1.2 m and width = 1.4 m. The
mean ambient temperature is equal to 29.4°C and the design indoor temperature is
27°C,

The results are given in Appendix B, Form 2. The calculated air changes per hour
are close to 8.5.

Example 2. Calculate the air changes per hour in a 65 cubic metres building with
three openings. The characteristics of the openings are the following:

opening |: height = 0.8 m, width =1 m,

opening 2: height = 1.2 m, width = 0.8 m,

opening 3: height = 1.3 m, width = 1.2 m,

outdoor temperature = 29.4°C, indoor temperature = 2§°C.

The results of this example are given in Appendix B, Form 3. The calculated air
changes per hour are close to 9.5.

Ventilation due to temperature difference with openings at different heights.
The temperature difference between the indoor and the outdoor environments cre-
ates density differences which produce pressure differences and promote the air flow
through the openings. As previously mentioned, when the interior temperature is
higher than the exterior, cooler air enters through the lower openings and warm air
escapes through the higher openings. A reverse flow is observed when the external
temperature is higher than the internal.

The main parameters influencing ventilation processes due to temperature differ-
ence with two openings are the following:

« the temperature difference DT between the interior and the exterior of the
building;

« the vertical distance between the two openings H;

+ the area of the two openings, 4, and A4,.

The method proposed to calculate the air flow O, due to the stack effect in single-
sided ventilation configurations with openings at two different heights, is based on
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an analytical expression coupling the air flow Q, the vertical distance between the
two openings H, the areas of the lower 4, and higher 4, openings, the temperature
difference between indoors and outdoors DT, and the mean indoor—outdoor tem-
perature MT. The expression proposed is:

0 =1590K(4, + 4,)VDT/MTVH (9.21)

where K is a correction factor given as a function of 4, and 4; in Figure 9.19. For 4,
> 6 the K value that corresponds to 4, = 6 should be used.

The values of Q are in cubic metres per hour. The height H is in metres and the
temperature in degrees Celsius.

In order to use the method the user has to complete Form 4, given in Appendix B
at the end of this chapter. The necessary inputs include all the parameters introduced
in equation (9.21). In addition, by specifying the volume of the ventilated space, the
user can calculate the air changes per hour.

The method consists of 16 steps. Information on each step is given below:

1 Area of the lower opening A4;. Give the area of the lower opening.

2 Area of the higher opening A4,. Give the area of the higher opening.

3 Volume of the ventilated space. Specify the volume of the space to be
ventilated.

4 Total area of openings A. The total area of the openings is equal to the
sum of the higher and lower openings, as specified in steps 1 and 2.

5 Vertical distance H. Give the vertical distance between the mid-levels of

SINGLE SIDE VENTILATION STACK EFFECT
K CORRECTION FACTOR

077 F | 1
075 F 1
0.73 } 1
071 |
0.69 F
067 f
0.65 |
063}
0.61
0s9f
0.57 r
055 F —

K FACTOR

OPENING A1 (M2)

Figure 9.19 Ventilation due to temperature difference
with openings at different heights: The correction factor
K as a function of A; and A,
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the lower and higher openings.

6 Design month. The mean monthly ambient climatic data is used. There-
fore, specify the summer month for which calculations will be performed.

7 Mean monthly ambient temperature DTA. Enter the mean monthly am-
bient temperature from local climatological tables.

8 Indoor air temperature TA. Specify the design indoor air temperature.

9 Mean temperature MT. Calculate the mean value of the indoor and out-
door temperature. Add DTA and TA and divide by two.

10 Mean temperature difference DT. Calculate the difference between the
indoor and the outdoor temperatures. Introduce the absolute value of the
difference. This means that, if TA is lower than DTA, the difference is
equal to DTA — TA. If TA is higher than DTA, DT =TA - DTA.

11 Temperature ratio RT. Divide DT by MT.

12 Square root of RT. Calculate the square root of RT.

13 Determine H**. Calculate the value of H°°.

14 K correction factor. From Figure 9.19 determine the K correction factor.

I5 Air flow rate Q. Calculate the air flow rate, in cubic metres per hour,
using equation (9.21). The air flow rate can be calculated as the product of
the values calculated in Step 4 x Step 12 x Step 13 x Step 14 x 1590.

16 Air changes per hour. The air changes per hour can be calculated as the
ratio of the total air flow Q to the volume of the ventilated space as given
in Step 3.

To help the user, an example of a building having a lower opening of 5 m? and a
higher opening of 7 m” is presented. The volume of the building is 90 m®. The out-
door temperature is 29°C, while the indoor temperature is 26°C. The vertical dis-
tance between the openings is /=2.5 m.

The results of the example are given in Appendix B, Form 5. It is calculated that
the air flow is close to 6900 cubic metres per hour which corresponds to 77 air
changes per hour.

CROSS-VENTILATION
In cross-ventilation the air flow depends directly on the difference in pressure at the
openings. The main parameters influencing the air-flow levels are:

» the inlet and outlet surfaces of the openings;

« the wind velocity and direction;

« the temperature difference between the indoor and the outdoor environ-
ments;

» the relative position of the openings; and

« the relative wind shadowing of the building.
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The possible combinations of these parameters are almost infinite and therefore it is
virtually impossible to classify and present in an simple way results of all possible
configurations. However, it is possible to study the impact of some decisive architec-
tural design parameters under certain urban and climatic conditions.

The method is based on the use of calculation forms (Form 6 in Appendix B at
the end of the chapter), where the air flow rate is manually calculated after specify-
ing all the architectural, urban and climatic data. The method is designed for cross-
ventilation configurations with openings in two facades. It includes algorithms for
the calculation of the air flow due to wind as well as to the stack effect.

Air flow due to wind. The method is designed for an inlet-to-outlet openings ratio
between 0 and 2:
0 < air inlet openings / air outlet openings < 2.

For all the configurations with openings in three or more facades, or with inlet-to-
outlet aspect ratios higher than two, computerized tools should be used.

For the prediction of the air flow due to wind O, in cubic metres per hour, the
following expressions are used:

for 0 < inlet openings/outlet openings < 1

0, =1620B7'2y [ACp (9.22)
for 1 < inlet openings/outlet openings <2
0, = 151287y JaCp (9.23)

where:

B=1/\ A+ 4%, (9.24)

V is the wind speed, (m s™"), ACp the difference of the wind pressure coefficients
between the windward and the leeward facades, 4, the surface area of the windward
opening and A4, the surface area of the leeward opening.

Air flow due to stack effect. For the calculation of the air flow due to the stack
effect O,, equation (9.21) is again used:
0, = 1590K( 4, + 4,)VDT/MTJH (9.25)

where K is again determined from Figure 9.19. For 4, > 6 the K value that corre-
sponds to 4, = 6 should be used. All units are the same as above.
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Total air flow. The total air flow QT is calculated from:
QT=\02+¢?, (926)

where Q, and O, are as defined previously.
The method consists of 35 steps (Appendix B, Form 6).

1 Design month. The mean monthly ambient climatic data is used. There-
fore, specify the summer month for which calculations will be performed.

2  Wind speed and wind direction. From the local climatological tables give
the mean monthly wind speed and direction which correspond to the design
month.

3 Mean monthly ambient temperature DTA. From local climatological
tables enter the mean monthly ambient temperature.

4 Indoor air temperature TA. Specify the design indoor air temperature.

5 Mean temperature difference DT. Calculate the difference between the
indoor and the outdoor temperature. Introduce the absolute value of the dif-
ference. This means that, if TA is lower than DTA, the difference is equal
to DTA — TA. If TA is higher than DTA, DT = TA — DTA.

6 Mean temperature MT. Calculate the mean value of the indoor and out-
door temperatures. Add DTA and TA and divide by two.

7 Temperature ratio RT. Divide DT by MT.

Square root of RT. Calculate the square root of RT.

9 Incidence angle f on the windward wall The incidence angle on the
windward wall is defined as the angle between the vertical on the windward
window and the wind direction (Figure 9.20).

10 Wind pressure coefficient Cp, on the windward facade. Select from the
Tables given in Appendix D at the end of the chapter the form of the
building which is closest to the studied case. Then select the wind angle
which is closest to the incidence angle calculated in Step 9. Read from the
table the value of the pressure coefficient which corresponds to the wind-
ward face. For the figure given in the tables of Appendix D, the windward
facade corresponds to face |.

o0
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window

wind
Figure 9.20 Wind incidence angle f

11 Wind pressure coefficient Cp, on the leeward facade. From the same
table used in Step 10, select which is the leeward facade (face 2, 3 or 4),
that corresponds to the studied configuration. Then read from the table the
value of the pressure coefficient which corresponds to your leeward facade.

12 Difference of wind pressure coefficients DCp. Calculate the difference
Cp; - Cpa.

13 Determine DCp®°. Calculate the square root of DCp.

14 Volume of the ventilated space. Specify the volume of the space to be
ventilated.

15 Surface of the windward openings A;. Specify the total surface area of
the openings in the windward facade.

16 Surface of the leeward openings A,. Specify the total surface area of the
openings in the leeward facade.

17 Vertical distance between the openings H. If the windward and the lee-
ward openings are not at the same height from the ground, specify the mean
vertical distance between the openings. The vertical distance is calculated
as the distance between the mid-levels of the windward and the leeward
windows.

18 Total area of openings AC. The total area of the openings is equal to the
sum of the windward and leeward openings, as specified in Steps 1 and 2.

19 Square root of 4,. Calculate the square root of 4,.

20 Square root of 4,. Calculate the square root of 4.

21 Sumof A= A,2 + A}. Calculate the sum of the squares of 4, and A,.

22 Square root of 4, B. Calculate the square root of 4,
23 C=1/B. Calculate 1/B.
24 D = A,/A,. Calculate the ratio 4,/4,.
25 Square root of H. Calculate A, the square root of H.
26 K, and K,. Determine the coefficients K; and K.

(@) For 0 <D< | then K, =045, K; =-1.02.

(b) For 1 < D £2 then K, =0.42, K, =-1.07.
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27 E=C*:, Calculate the coefficient £ = C*2,

28 Air flow rate due to wind Q,. Calculate the air flow rate due to wind, in
cubic metres per hour, using equation (9.22) or equation (9.23). The air
flow rate can be calculated as the product of the values calculated in Step
26(a) x Step 27 x Step 13 x Step 2 x 3600.

29 K correction factor. From Figure 9.19 determine the X correction factor.

30 Air flow rate due to stack effect Q.. Calculate the air flow rate due to the
stack effect, in cubic metres per hour, using equation (9.25). The air flow
rate can be calculated as the product of the values calculated in Step 29 x
Step 18 x Step 8 x Step 25 x 1590.

31 The square of Q,, Q.. Calculate the square of Q,.

32 The square of Q,, Q;;. Calculate the square of Q;.

33 The sum of Q@ + Q..1, Q- Calculate the sum of O, + O,,1.

34 The square root of @, QT. Calculate the square root of Q.

35 Air changes per hour. The air changes per hour can be calculated as the
ratio of the total air flow QT to the volume of the ventilated space, as given
in Step 14.

Example: Consider a building characterized by the following data:

wind speed = 2.2 m/sec,

indoor temperature = 27°C, outdoor temperature = 32°C,
CP; =0.7, CP, =-0.5, volume= 500 m*, 4,=6 m®, A,=4 m’,
vertical distance = 5 m.

Calculate the air changes per hour.

The results are given in Appendix B, Form 7. The calculated air flow due to wind
is equal to 30,166 m® h™', while the air flow due to the stack effect is equal to 10,271
m® h™\. The total air flow is equal to 31,843 m’ h™' and the corresponding air
changes per hour are close to 64.

The PHAFF method [9]

Most of the existing correlations for natural ventilation fail to predict the air flow
observed in cases where wind or buoyant effects are absent. Experimental results
have shown that fluctuating effects are responsible for the air flow in the case of
single-sided ventilation or when the wind direction is parallel to openings in two
parallel facades [16]. Fluctuating flows are attributed to the turbulence characteris-
tics of the incoming wind and/or to turbulence induced by the building itself. Turbu-
lence in the air flow along an opening causes simultaneous positive and negative
pressure fluctuations of the inside air. An empirical correlation that integrates the
turbulence effect in a more general air flow model is presented in [9].
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A general expression is given for the ventilation rate Q through an open window
as a function of temperature difference, wind velocity and fluctuating terms. For the
case of single-sided ventilation, an effective velocity, U,z was defined and refers to
the flow through half a window opening. In a general form the effective velocity is
defined as:

Q 2
Ug = ) = E(pr'md + APk + APryry) (9.27)

leading to the form:

Uy = A_gz = JQU2, +C,HAT +C; (9.28)
where Uy, is the meteorological wind velocity, H is the vertical size of the opening,
C, is a dimensionless coefficient depending on the wind, C; is a boundary constant
and C; is a turbulence constant. The term C; is equivalent to an effective turbulence
pressure that provides ventilation in the absence of stack effect or steady wind.
Comparison between measured and calculated values has led to the following values
for the fitting parameters: C; = 0.001, C; = 0.0035 and C; = 0.01.

NATURAL CONVECTION HEAT AND MASS TRANSFER
THROUGH LARGE INTERNAL OPENINGS

Heat and mass transfer between zones in buildings is caused, almost entirely, by
natural convection when the area of the flow connection, or doorway, is much
smaller than the overall cross-sectional area of the zone and when there is no supply
in one zone.

There are two major mechanisms which are responsible for the natural convection
flow between the building zones:

« gravitational flow, which is created by air temperature differences between
hot and cold zones, and

« flows driven by boundary layer pumping, which occurs next to heated and
cooled surfaces.

Natural convection flows in buildings generally result from a combination of bound-
ary-layer flows and bulk density differences.

Important research has been carried out to cover specific scientific aspects of the
topic. However, the use of existing knowledge in passive cooling applications
should be carefully examined mainly because of the experimental methodology
which has been used. On the other hand, it is widely accepted that existing knowl-
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edge about specific problems is not sufficient and therefore further research should
be planned and carried out.
The aim of this section is:

« to report the existing scientific work on air flow through large vertical and
horizontal openings and to review the solutions already developed in the
literature;

o to compare the existing algorithms and investigate the limits of their
validity; and

« to identify the gaps in scientific knowledge.

Gravitational flow

ONE-DIMENSIONAL FLOW

Neutral plane at the mid-height of the door — isothermal zone. If inviscid and
incompressible air flow between two zones of a building separated by a large open-
ing is assumed, the application of the Bernoulli equation (equation (9.17) results in
the following equation for the air velocity at different heights:

Vip = Cﬁ/&m‘;ﬁ(—m (9.29)

where C;, is the discharge coefficient and Pi(y) and P(y) are the pressures at y of
zones 1 and 2 respectively (Figure 9.21).

Taking
¥
RO)= Ry = [p(ngdy (9.30)
0
pl_pZ___Té_Ti (9.31)
prtp: LT

where Py, is the pressure at the floor level of the zone and p, and 7; are the mean
density and temperature of zone i Substituting equations (9.30) and (9.31) into
(9.29), we obtain

Viy=C, }2gyA?TT. (9.32)

If the neutral level is at a height ¥, equal to the mid-height of the opening, then the
mass transfer is determined from the continuity equation applied at the aperture:
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Figure 9.21 Isothermal zones
communicating through a large
opening

YX
m= j pVd4 (9.33)
0

where Y, = ¥,/2 and A is the surface area, V the velocity and Y, the height of the
opening (Figure 9.22). Also m,; = my; = m. After integration of equation (9.33):

05
= %CdﬁWY{gA—TT Yx} (9.3)

where W and Y, are the width and the height of the opening, respectively.
However, equation (9.34) cannot be exact for real flow situations, because of the
following effects:

« The air flow in the opening is not one-dimensional and the effects of vis-
cosity may not be negligible.

¢ AT may not be independent of Y. The neutral plane may not coincide with
the mid-height of the opening.

Figure 9.22: Isothermal flow between two zones
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Neutral plane not at the mid-height of the door — isothermal zone. If the distance
between the neutral plane and the mid-height of the door is AY (AY =Y, —);—”'), it

has been shown [19] that the velocity in the inflow stream is:

05
v, =C,l:(2g¥](Y—AY):l , Y=% for AY,):<7):<] (9.35)
AT o2 Y AY
VZ:CZKZg?)(Y—AY)} L for 1< <t (9.36)

Integration of equation (9.33), using equations (9.35) and (9.36) gives:

05
.2 AT
’"=§P|C1W(2g“7—,—) [Y, -Ar]*”

05
- %[—)ZCZWKZg%j [Y, + AV, 9.37)
From equation (9.37)
AY:YX[:Z} (9.38)
where
C 2/3 TC 2/3
a=|PC2| (NG} (9.39)
PG LG

Neutral plane not at the mid-height of the door — stratified zone. If it is assumed
that the temperature distribution in the zone is linear and is defined as:

TO=Ty +by (9.40)

where Ty, is the zone temperature at y = 0 and the zone density distribution is given
by:
p.(»)=po—PB(T(»)~T,) where B=1/T. (941

It has been calculated that the aperture velocity at height y for flow from zone | to
zone 2 is given by [20]:
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5 2 05
Vo= Cd{;(POI = Fo) +2ﬂg[(72n =Ty +(b, _bz)y?j” (%-42)

where Py, is the zone pressure at y = 0.

The neutral height Y, is that at which the zone pressures are equal and the aper-
ture velocity is zero. Equation (9.42) is thus set equal to zero and solved for y = Y, to
determine the neutral height:

05
Y, =—(%l—nz)+{(%1—uz Jz_ 2(%,_3,2)} . (9:43)

: bl _bz B b, _bz 5ﬂg(bl _bz)

Integration of equation (9.33) using the velocity expression given in equation (9.36),
and using the neutral height given in equation (9.43) as one of the limits, gives the
total aperture mass flow rate.

The base pressure difference, which is contained in the integral limits as well as
in the integral, has been calculated numerically in [21], using a modified secant
profile [20].

For isothermal zones, the base pressure difference required in equation (9.43) is
given by [20]: ’

— Y
Por— Foy = pPel Ty - T ]-—"55- (944)

273
5
P2

TWO-DIMENSIONAL FLOW
In this case, the air velocity is characterized by two velocity components, z and v. If
6 is the local inclination of a streamline with respect to the X axis, then (Figure

9.23):
u=Vcos@ and v=Vsin#b. 9.45)

If AY is the distance between the mid-height of the opening and the neutral plane

(AY = %”’—- Y,] , then for the inflow stream velocity components we obtain [19]:
o AY Y Y,

ul=C,|:2g%(Y—AY):I cos, for ~=<--<l, Y=-2 (9.46)

X X
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4
u X

Figure 9.23 Two-dimensional flow

05

AT AY Y Y
=C/|2g—=(Y—-A sing, for —<—«<1, Y=-2 9.47
Vi 1[ g 7 ( Y):l Y, Y, 5 ( )
while the outflow velocity components are given by:
05
T
u, =C, 2g~A_—(Y+AY) cos@, for —1< X < AY (9.48)
T YooY,
AT s Y AY
vy, =C, 2g—T—(Y+AY) sin@, for —1<—< 7 (9.49)

Integration of equation (9.33) using equations (9.46) to (9.49) gives:

_ T 05
M:%pICIW(ZgAT—) [Y, - AY]* cos®

05
= %,—)zczu/(zg %) [Y, +AY]" cosé. (9.50)

It has been found experimentally [19] that
ATY=O.O6 and 8=25°. (9.51)

X

Experimental results reported in [19] give C; = 0.5 and C, = 0.48. Those values are
not in agreement with the discharge coefficient given in [22-23]. In [22] it is re-
ported that C, = 0.73 and C, = 0.68, while in [23] it is found that C; = C; = 0.68. A
further discussion on the discharge coefficients is given in the next section.
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HEAT TRANSFER BY NATURAL CONVECTION
The heat flow below and above the neutral level Z, can be calculated from the ex-
pression:

Os., = ¢,Ca? | PoIUNT(y) . 9.52)
0
In [24] it is shown that, when the heat flow is expressed in terms of an average air
temperature difference AT and the coefficients are defined in equation (9.40), then
O =mc,[AT+034(b, +5,)]. (9.53)

This approximation is valid for small temperature gradients.
In a simpler approach, defined in [25], the associated rate of heat transfer per unit
door width through the opening may be given by:

O= IhcpAT = hAAT. (9.54)
Thus:
mc
h= ——Ai. (9.55)

If the neutral plane is situated at the mid-height of the opening and equation (9.34) is
substituted into (9.55), one obtains:

Nu=CGr® Pr (9.56)

where C = C,/3, Cy is defined in equation (9.32) and Gr is the Grashof number and
Pr is the Prandtl number.
The dimensionless numbers, Pr and Gr, are given by the expressions:

gBH AT

v2

Pr=c,u/k and Gr= 9.57)

In equation (9.57), AT is the temperature difference between the zones and #/ is the
characteristic length. The approximation that the neutral plane is situated at the mid-
height of the opening does not really introduce an important inaccuracy in the
overall calculations. Estimation of AY using equation (9.38) gives that AY=35 mm
for an opening of ¥,, =2 m and for a temperature difference of 10°C.

A review of the C values used in equation (9.56) {26-27] indicates that the values
of C can be as low as 0.09 and exceed a value of 0.25 for large openings. A method
to calculate the C values, as a function of the temperature difference, air speed and
height of the opening, is proposed in [28]. According to this, the value of C does not
vary significantly as a function of the temperature difference and air speed, but is a
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strong function of the dimensions of the opening. A proposed mean value for a stan-
dard opening is C = 0.26.

A second expression for the prediction of the Nu number is proposed by Brown et
al. [29]:

Nu=Pr 116(10-06¢/Y,)Gr**? -215 (9.58)

for 10 < Gr < 10% and 0.19 < #/Y,, < 0.75, where £ is the thickness of the partition
and

Nu = 0343 PrGr®*(1-0498¢/Y,) for Gr>10° (9.59)

Wray and Weber [30] and Weber et al. [31] have performed experiments in a small
two-zone scaled model enclosure with Freon as a working fluid. They have proposed
the following expression.

Nu = C PrGr®* (9.60)

where the coefficient C would have the value of 0.29 and 0.41 for Y,/H values of
0.82 and 1 respectively.
Cockroft [32] has proposed the following expression:

V2 o ~3i2 302
=2yl 2] G =G (9.61)
3 & p C,
where
H,
C,=(1-r)C,+(PA-h) C =(Pn—-Pm)—rpC,, rp, = Y (9.62)
c =Sl (9.63)

RlLl_L
LT,
H, is the reference height at which P, and P, are measured and P, is the atmospheric
pressure.

Flows driven by boundary layer pumping

In the case where there are heated and cooled surfaces inside the two zones, thermo-
syphon pumping is produced by the boundary layers that are formed next to the
heated and cooled surfaces.



NATURAL VENTILATION 255

In this case, there are three significant resistances to natural convection heat
transfer: the hot-wall boundary layer resistance (Ry,), the cold-wall boundary layer
resistance (R,,,) and the aperture resistance (R) (Figure 9.24).

T, T.
T FVW—VWA— VW T
A, A A,

Figure 9.24 Schematic representation of
the three resistances to natural convection
heat transfer

If the resistances are assumed to be connected in series, then the Nu number is
given by [24]

Nu=
kWIR,, +R+R.,]

(9.64)

where k is the thermal conductivity of the surface.
According to [24], R and R, can be calculated from the following expressions:

1

- 9.65
kWARay® 069

hw

1

= 9.66
kWARal? ©-69)

W

where A4 is a constant (4 = 0.107) , Ra is the Rayleigh number, Y, is the height of the
opening and A the height of the zone.
The two wall-resistance terms can be combined to give:

3/4\4/3
(+ (%, 1 HY™) ©:67)

R=R_+R,, =
T T AWA(Y,, | HX1- AT/ DT)¥*Ra'?

where AT is the temperature difference between the two zones and DT is the wall-to-
wall temperature difference.
According to [24], the aperture resistance term is given by:
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1

o T T ()

(9.68)

R=

where w is the width of the aperture, # is the width of the enclosure and F is a con-
stant defined as follows:

_ b, +b,
F= DT DT

_—_+__

Y H

m

(9.69)

In equation (9.69) b, and b, are the coefficients of equation (9.40) for the hot and
cold zones respectively. Using experimental results [24] it is found that
1

Nu = . (9.70)
kW(083R, +0.69R)

Neymark et al. [33] have conducted similar experiments to those reported in [24]
and have proposed the following expression:

Nu= ! (9.71)

-2/3
12Ra‘°'25+5.08(£/—) (PrRa")™"?

]

where W, is the width of the zone and Ra’ is the modified Rayleigh number.

Numerical studies of natural convection in a partially divided rectangular enclo-
sure with an opening in the partition plate and isoflux side walls [34] led to the fol-
lowing expression for the Nu number:

Nu=0.176(Ra")***(1- 4,)***, for 10* < Ra’ <10® (9.72)

where A, is the opening ratio, Y,/H,0 < A4,<0.5, and Pr=7.
Nansteel and Greif [35] carried out experiments in a small 2D enclosure with
water at 2.3 x 1010 < Ra;< 1.1 x 1011 and aperture ratios (4, = Y,/H) of 1, 3/4, 1/2

and 1/4.
The results were correlated using the following relationships:

Nu= 0.748A2'25‘E'Ra%226 for a conducting partition 9.73)

Nu =0.762 4,*”Ra}** for a non-conducting partition (9.74)
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where L is the sum of the lengths of the two zones.

In an extension to their work, Nansteel and Greif [36] carried out similar experi-
ments using silicon oil over the range Ra = 1.55 x 10” and using a low-conductivity
partition. The following correlation was developed:

Nu =0284,%'Ra}*™. (9.75)

In further work, the same authors [37], using water, found that the Nu number can be
obtained for 2.4 x 10" <Ra < 1.1 x 10" from the following expression:

Nu=1194)*"'Ra?™. (9.76)

Liu and Bejan [38] performed experiments similar to those of Nansteel and Greif,
but for opening size 1/16 < 4, < 1. The heat transfer data was correlated using the
equation:

0.25
Ray

4,7 +05

Nu=0336 9.77)

Bauman et al. [39] proposed the following expressions for the convection heat
transfer coefficient A:

047 21022
h= 1.03(%"') T"Z"HTC for a 2D flow (9.78)
and
025 =02
h= 1.95(%"') T"Z;ITC for a 3D flow. (9.79)

Bajorek and Lloyd [40] conducted experiments for a single value of the aperture

ratio 4, = 0.5. The experiments were performed at Ra = 10°. Their heat transfer re-
sults were correlated by the relationship:

Nu,, = 0.063Grp™> (9.80)

where Gry; was based on (T, — 7).

Numerical calculation on the free-convection heat transfer in a partially divided
vertical enclosure with conducting end walls [41] has indicated that for moderate
temperature differences, the prediction for perfectly conducting end walls given by
equation (9.73) fits well with calculation, while results with an adiabatic end wall
shows a significant difference.
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Classification of the existing information — sensitivity analysis

A classification of the existing information, including papers published up to 1986,
is given in [42-43]. Table 9.C1, in Appendix C at the end of the chapter, reports the
information on heat and mass transfer through large openings, published up to 1992,

Plots of 20 expressions for the prediction of the Nu number due to the gravita-
tional flow created by air-temperature differences between hot and cold zones are
given in [4]. A list of the plotted expressions is given in Table 9.6. It is deduced that
for Gr < 10® the values of the Nu number predicted by the proposed expression are
of the same order. However, For Gr > 10° an important difference between the cal-
culated values is obtained.

Table 9.6 Gravitational flow between hot and cold zones — expressions for the Nu number

4]

1 Nu=02Gr%’pr 12 Nu=022PrGr®®
2 Nu=033PrGr® 13 Nu=02[1+(1+ BT - 7)¥? 1 2F'? x PrGr®*
3 Nu=03Ge® Pr 14 Nu=033[1+(+8(% - 5)¥3 721" x PrGr®?
4 Nu=029Gr*pr 15 Nu=(C;Cy /3)Gr®° Pr
5 Nu=041Gr%*pr 16 Nu=026Gr"*Pr
6 Nu=015Gr®pr 17 Nu=0223Gr% pr
7  Nu=(0.0835AT/T°3)/3 PrGr®® 18 Nu=0243Gr®’pr
8 Nu=(04+00075A7)/3 PrGr®? 19 Nu=0103Gr%* pr

Nu= (L16(1-0.6(¢/ D)) Gr®*2 —215)Pr 20 Nu=029Gr®*pr
10 Nu=0343PrGro3(1-0498:/ D) 21 Nu=014Gr%°pr

11 Nu=(44/k)Pr(Y’aAn)°?

Comparison of the predicted Nu number for 10® < Gr < 10'° shows that the ratio
between two predicted Nu numbers can be of the order of 1/3 to 1/5. This can be
explained by the variability of the experimental conditions and of the procedure
which is followed in each experiment.

Most of the experiments have been carried out in test cells where electrical emit-
ters or heaters and cooling walls and plates were used. The use of the equipment has
created in each case a specific but different air movement in the heated and cooled
room and this is one of the sources of the observed differences. The variable accu-
racy of the measurements can also be a source of error. However, a general remark
that should be made is that almost all the experiments correspond more to air-flow
patterns observed in buildings where there is heating or air conditioning rather than
to the air-flow processes corresponding to natural ventilation techniques.
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If we take into account that for real buildings the Grashof number Gr is between
10° and 10", it is clear that a further examination of the applicability of the pro-
posed correlations in actual buildings is necessary. '

For natural ventilation purposes it is also essential to study the inter-zone con-
vection under combined natural- and forced-convection situations. For example, the
combined effect of forced convection due to air distribution in the building, together
with the natural convection due to temperature differences, should be investigated.

The variation of the Nu number, for the case of flows driven by boundary-layer
pumping as a function of the Ra x A4, product, is given in [4]. The parameter A4, is
the ratio of the opening height Y, to the room height H. The proposed expressions
for the Nu number have been classified into two groups based on the characteristic
length. The first group uses the length of the two zones L and the second group uses
the height of the room.

The variation of the Nu number as a function of the Ra x 4, product is illustrated
in [4]. The values of the Nu number are estimated using the four expressions, de-
fined in Table 9.7.

Table 9.7 Boundary-layer pumping
— expressions for Nu as a function of
Ra; x Ay, (4]

1 Nu, =074845%°°Ra0?
2 Nu; =076245" Raj?*
3 Nu; =028457" Raj?

4 Nug =L1945% Ra7>’

It has been shown that, for the same A, and Ra, number the maximum difference
between the predicted values of the Nu number is close to 40% of the lower pre-
dicted value. If the variability of the conditions under which the equations have been
derived is taken into account, this deviation is not unexpected.

The variation of the Nu number, as predicted by the equations having as
characteristic length the height of the room, is also given in [4], using the equations
in Table 9.8.

For the same Ra number and A4, value the difference between the minimum and
maximum predicted Nu number does not exceed 20%. This difference is acceptable,
if we also take into account that in the case of boundary-layer pumping flows the Nu
number is low compared with the Nu of the gravitational air flow due to temperature

differences.
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Table 9.8 Boundary-layer pumping —
Nu as a function of Ray x A, [4]

0.25
RaH

4,07 +05

0.22
2 Nu=ﬂ(A 1047 L-T
K7 2H

022
3 Nu:ﬂ(Ap)o_st[T;.—Tc}

I Nu=0336

k 2H

Boundary-layer pumping flows, although they occur in natural ventilation proc-
esses, are not as important as the air-flow processes due to air distribution in the
building and to temperature differences.

Natural convection through horizontal openings

Knowledge of the air-flow characteristics, as well as of the corresponding natural
convection through horizontal openings, is essential for air-flow modelling in
buildings. The most interesting aspect is that where the fluid above the opening has a
greater density than the fluid below, an exchange occurs between the heavier fluid
flowing downward and the lighter flowing upward.

Very limited information is available on this topic. Brown [44] studied natural
convection through square openings in a horizontal partition, using air as the fluid
medium. He concluded that natural convection phenomena can be described by the
following equation:

L 2/3
Nuy =0.0546Grp>° Pr(ﬁ) (9.81)

where H is the thickness of the partition and L the characteristic width of the open-
ing. The range of validity of the equation is 3 x 10* < Gr;; < 4 x 107 and 0.0825 <
H/L <0.66.

In a more recent paper, Epstein [45] has studied the buoyancy exchange flow
through small openings in horizontal partitions using brine and water as working
fluids. He presents results as a function of the ratio L/H. The main conclusions are
[46]:

« at very small L/H, Taylor instability leads to the intrusion of each liquid into
the other one and an oscillating exchange is observed;

« a Bemoulli flow is subsequently found, while for higher values of L/H a
turbulent diffusion regime appears.
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An empirical formulation of the flow for a wide range of aspect ratios was also pro-
posed: for 0.01 < L/H <20 and 0.025 < Ap/p < 0.17
__m
(H’ghp ! p)"”
0.0055[1-+400(L / H)’]"

T [1+0.00527(1+400(L / H) ) ((L/ H)® + 117(L Yy (9.82)

For the case of a staircase, however, it is difficult to interpret the flow in terms of the
parameter L/H. Experiments reported in [3] conclude that the discharge coefficient
decreases strongly with temperature difference. This represents the combined effect
of the counterflow in the staircase and the air flow through a door in the presence of
strong stratification.

In a second study [47] on the buoyancy driver flow in a stairwell, it was found
that this is more much more significant than a two-way boundary-layer flow, while it
is difficult to identify a horizontal partition.

Modelling of the air flow through horizontal openings is discussed in [9], where
formulae are given to calculate the downward and upward volume flows.

The overall knowledge on the mass and heat flow through horizontal openings is
not sufficient and it is evident that much more research is needed to describe accu-
rately the behaviour of horizontal openings in natural or mixed convection configu-
rations.

MULTIZONE MODELLING

Fluid flow analysis is an important aspect of building simulation, because knowledge
of the results is necessary for the calculation of heating/cooling load as well as for
the thermal-comfort assessment of a building. However, owing to computational
difficulties and lack of sufficient data, progress on air-flow modelling has been
rather slow. Two approaches for fluid flow simulation have been developed: the
computational fluid dynamics modelling (CFD) and the mass balance/flow network
approach (zonal method).

Computational fluid dynamics modelling (CFD)

CFD modelling is based on the solution of Navier—Stokes equations, namely the
mass, momentum and thermal-energy conservation equations at all points on a two-
or three-dimensional grid that represents the building under investigation and its
surroundings.
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MASS CONSERVATION

The mass conservation equation expresses the requirement that the rate of increase
in the density p within a control volume dxdydz is equal to the net rate of influx of
mass to the control volume:

P, 9 9 ory+ 2 (pw)=
E+5(pU)+@(pV)+az(pW) 0 (9.83)

where p is the air density and U, V' and # the air velocity components in the x, y and
z directions respectively.

MOMENTUM CONSERVATION

According to the law of momentum conservation, the net force on the control vol-
ume in any direction is equal to the outlet momentum flux minus the inlet momen-
tum flux in the same direction. This is conveniently summarized in vector notation:

p%z—Vp+B+Vx[u(Vx V)]+V[(§+§,u)V.V] (9.84)

where V is the vector of velocity, p the pressure, B the body force, A and u the coef-
ficients of viscosity and {= 4 + (2/3) u.

THERMAL ENERGY CONSERVATION

According to the law of the thermal-energy conservation, the net increase in internal
energy in a control volume is equal to the net flow of energy by convection plus the
net inflow by thermal and mass diffusion. In vector notation this is expressed:

pe. 2L = V.V TV, g7 v (9.85)

where q = —kVT, q, is the radiation heat-flux vector, g™ is the internal heat genera-
tion rate per unit volume, @ is the dissipation function, & is the thermal conductivity
and ¢, the specific heat.

CFD models are mainly used for steady-state problems to predict the temperature
and velocity fields inside and the pressure field outside a building.

Figures 9.25 and 9.26 illustrate the temperature and velocity fields inside a two-
zone test cell, as simulated by a well known CFD program, PHOENICS [48].

The flow network approach

The zonal method is based on the concept that each zone of a building can be repre-
sented by a pressure node. Boundary nodes are also used to represent the environ-
ment outside the building. Nodes are interconnected by flow paths, such as cracks,
windows or doors to form a network. Figure 9.27 shows a network representation of
a multizone building.
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Figure 9.25 Contours of air velocity U in a test cell
(U = velocity parallel to the x axis)
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Figure 9.26 Contours of temperature in a test cell
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Figure 9.27 Network representation of a multi-zone building

Pressure at boundary nodes is known and it has to be determined for internal
nodes. Application of the mass balance equation in a zone i/ with j flow paths

gives:
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,
Y 0.0 =0. (9.86)
i=1

A multi-zone problem involving N zones is therefore described by a set of N equa-
tions with an equal number of unknown pressures. Application of mass balance at
each internal node of the network leads to a set of simultaneous non-linear equa-
tions, the solution of which gives the internal node pressures. The flow rates through
the building openings can then be determined as earlier in this chapter.

Computational tools based on the concept of the zonal method are fast and easy
to use. The output comprises air-flow predictions for user-specified building struc-
tures and instantaneous climatic conditions. A recent comparative study of five exist-
ing computational tools (AIRNET, BREEZE, ESP, PASSPORT-AIR and COMIS)
has shown that their predictions are in good agreement for a large number of con-
figurations tested [49]. A representative example of this comparison follows.

Figure 9.28 shows a plan view of the building that was simulated. Only three
zones were used in the simulation namely zone A, zone B and zone C. The dimen-
sions of each zone are shown in the figure (zone height is 4.5m).

The case of ventilation with all windows and doors open was simulated using five
computational tools. The wind incidence angle on window W1 is 292.5° (clockwise
from north) and the wind speed is 1.5 m s™'. The ambient temperature is equal to
26.8°C while indoor temperatures are 26.4°C for zone A, 25.8°C for zone B and
25°C for zone C. Simulation results for each of the computational tools are given in
Tables 9.9 and 9.10.

Table 9.9 Flow characteristics of internal and external openings; values in kg s

wi w2 w3 w4 w4 P1 | 9

inflow  outflow
AIRNET 2.54 [.32 221 0.24 1.90 2.54 1.66
ESP 2.48 1.18 2.30 0.33 1.77 2.50 1.43
BREEZE 223 1.01 1.93 0.10 1.40 223 1.30
PASSPORT 2.19 1.24 2.00 0.22 1.65 2.18 1.43
COMIS 2.38 1.04 2.06 0.82 1.95 2.38 1.14

S.DEVIATION 0.15 0.13 0.15 0.28 0.22 0.16 0.19
S.ERROR 0.07 0.06 0.07 0.12 0.10 0.07 0.09
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»A

Figure 9.28 Plan view of the Institute of Meteorology and Atmospheric Physics (first floor)
of the National Observatory in Athens, Greece
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Table 9.10 Flow characteristics of zones, in kg s'. The maximum difference is defined as the
ratio of the difference between the maximum and minimum values divided by the maximum

value (%)
Zone A Zone B Zone C
(outflow, kg s™) (outflow, kg s™) (outflow, kg s™')

AIRNET 2.54 3.87 1.89
ESP 2.50 3.73 1.77
BREEZE 2.23 3.23 1.40
PASSPORT 2.19 3.42 1.65
COMIS 2.38 3.43 1.95
Max. Differ. (%) 13.9 16.5 28.2

NIGHT VENTILATION

Introduction

Daytime ventilation introduces outdoor fresh air, which is necessary in order to
maintain acceptable indoor air quality. In addition to these amounts of outdoor air,
ventilation can also provide appropriate means for passive cooling, once the outdoor
air is at a lower temperature.

Alternatively, ventilation can also continue into the night time, with positive re-
sults on reducing the cooling load of the building. During the night, outdoor tem-
peratures are lower than the indoor ones. Consequently, it is possible to ventilate the
building by allowing the outdoor air to enter the spaces and remove the stored heat
that has been trapped during the day. The air movement increases the heat dissipa-
tion from the building materials and the warmer air is then exhausted into the low
temperature atmospheric heat sink. This process continues during the night and, as a
result, the indoor air temperature and mass of the building are at lower levels when
the temperature-increase cycle starts again the following day. Consequently, in the
morning, occupants enter a cooler environment, which means that even in air-
conditioned buildings, one could have substantial energy savings from the reduced
operation of the mechanical system.

The success of night ventilation depends on the relative difference of indoor and
outdoor air temperatures. The lower the outdoor night-time temperatures, the higher
the effectiveness of night-time ventilation. It is also necessary to achieve the best
possible air movement of the outdoor air through the indoor spaces. The heat con-
vected from the mass of the building is increased by the relative velocity of the air
passing over the various surfaces. This process can be facilitated by the use of ceil-
ing fans, which will increase indoor air movement and, as a result, raise the convec-
tive heat transfer coefficient between the various surfaces and the passing air. This
technique can be used to increase night-time ventilation rates to 1.5 m® min™' m™
[50].
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Night-time ventilation for cooling purposes can be successful in heavy buildings,
with large diurnal outdoor temperature variations. In buildings of large thermal ca-
pacity the indoor air temperature can be close to the average outdoor temperature.
Buildings where night-ventilation techniques are applied are often equipped with
specially designed windows with top openings. For reasons of safety and privacy,
ground-floor windows remain closed and safety window screens are used.

A range of night-cooling applications is described in [S1] and [52]. In a case
study [53] a building located in Athens was ventilated from 21:00 until 07:00. Venti-
lation rates ranged from 2 to 8 ACH in steps of 2 ACH. Results showed that the
maximum observed reduction in peak indoor temperature was 1°K. The decrease in
indoor air temperature was found to be more significant in June and August than in
July because the night ambient air temperature is higher then. A study on the energy
savings potential in office buildings in Athens [54] has shown that night-ventilation
techniques can reduce the total cooling load of air-conditioned offices by up to 30%.

Simulations have shown that the use of night ventilation techniques can provide
part of the cooling load required. However, to maintain acceptable daytime tempera-
ture levels, the use of additional cooling systems is often unavoidable [53].

Table 9.11 Monthly cooling loads [GJ] of a building using night ventilation

techniques

1ACH Tia=26°C Tin=27°C Tin=28°C Tin=29°C
June 9.37 7.12 6.12 4.77
July 24.28 19.32 15.85 11.86
August 14.21 10.96 9.09 7.39
Total 48.36 37.40 31.10 24.10

SACH Tin=26°C Tin=27°C Tin=28°C Tin=29°C
June 6.21 4.74 3.44 2.06
July 20.45 15.76 11.88 8.09
August 11.12 8.62 6.25 4.49
Total 38.10 29.12 21.57 14.60
10 ACH Tin=26°C Tin=27°C Tin=28°C Tin=29°C
June 4.93 317 2.08 1.46
July 18.99 13.87 10.09 6.13
August 9.29 8.86 4.76 3.37
Total 33.21 2590 16.93 10.96
20 ACH Tin=26°C Tin=27°C Tin=28°C Tin=29°C
June 3.94 2.15 1.07 0.79
July 17.51 12.68 8.12 5.17
August 8.54 5.84 3.62 2.24
Total 30.00 20.67 12.81 2.00
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Night ventilation potential — case studies

A single-zone building (20 x 20 x 3.2 m) of a 400 m” total floor area has been
simulated for various air change rates during the night. Monthly cooling loads have
been calculated for 1, 5, 10 and 20 ACH and for four different values of desired
indoor air temperature: 26°C, 27°C, 28°C and 29°C. Table 9.]11 summarizes the
results for June, July and August.

As shown in Figures 9.29 to 9.32, air change rates up to 10 ACH reduce the
cooling load significantly, whereas greater air change rates only affect the cooling
load to a minor extent.
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Figure 9.29 Monthly cooling loads of a Figure 9.30 Monthly cooling loads of a
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Figure 9.31 Monthly cooling loads of a Figure 9.32 Monthly cooling loads of a
single-zone building (400 m®). Desired single-zone building (400 m?). Desired
indoor air temperature 28°C indoor air temperature 29°C

Figure 9.33 illustrates the impact of night ventilation on the day-time indoor air
temperatures. The values shown, are temperature differences for the cases of 5, 10,
15, 20, 25 and 30 ACH from the base case of 1ACH. For ventilation rates up to 10
ACH the indoor air temperatures are significantly reduced. For greater air change
rates no further reduction is observed.
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REDUCTION OF INDOOR AIR TEMPERATURE
achieved by NIGHT VENTILATION
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Figure 9.33 Reduction of indoor air temperature
achieved by night ventilation

Potential of night-time ventilation for cooling

A simple model for the estimation of potential cooling due to night-time ventilation
arising from stack-effect is presented in [56]. The algorithm couples the ventilative
heat loss rate with the heat transfer between the interior air and the walls of a build-
ing. The model can be used for simple energy calculations of stack-ventilative night
cooling to predict the influence of ventilation opening dimensions, building materi-
als and climate. In the following the basic assumptions of the model are presented
and the algorithm for calculating the temperature of the exhaust air is described. The
algorithm is a combination of a ventilation and a thermal model, which, as shown in
Figure 9.34, form a four-node network.
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Figure 9.34 4 four-node model for ventilative cooling
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VENTILATION MODEL

Consider a volume with two openings, an inlet at the bottom and an outlet at a dis-
tance H above it. If the inlet and the outlet area are A;, and A, respectively and the
inside/outside temperature difference is T}, — To,y, the exhaust velocity is [55]:

yo.c ng(T Tou) H ©.87)
out 1 T (l+(A /Am))2

out

where C| is a single discharge coefficient for the inlet and exhaust openings — a typi-
cal value of C, for sharp-edged orifices is about 0.6 — and T is the average absolute
temperature of the indoor and outdoor air [°K].

A single neutral level is assumed to be situated between the inlet and the outlet
openings. The model implies that the vertical size of the openings must be much
smaller than the distance between them (H) and that A;, and A, are of the same
order of magnitude.

The volume flow rate V' is, then, given by:

V=A,V (9.88)

out” out’

For a given volume flow rate, the heat removal capacity F is proportional to the
temperature difference between supply and exhaust air:

F=C,dV(T, -~ Ty). (9.89)

THERMAL MODEL
The building is assumed to be in quasi-thermal equilibrium before the ventilation

starts. Radiant heat loss through the ventilation openings is neglected. If S; is the
total internal surface, the heat balance equation is

C, %:-FM Tyt — T) (9.90)

where C;, is the thermal capacity of the heated air volume taking into consideration
the effect of furnishings and 4, is the average convective heat transfer coefficient
(typical value for low-velocity forced convection =6 W m’K™).

If the cooling rate is F, then, for a total interior wall surface S;, the density of the
heat flow rate is ¢ = F/S; and the difference between the wall surface temperature
and the air temperature is

T, =qlh =F/(Sh). 9.91)

wall — ll'l

In this equation the heat capacity is neglected. When cooling starts, the air-wall
temperature difference rises nearly exponentially to the value given by:
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Ty = T =[1—exp[—§)) FI(CySh,) (9.92)

where C, is a coefficient that accounts for the fraction of wall surface that is active
in the heat transfer process, 7 (= Cin/A.S)) is a time constant, with a value that is typi-
cally a few minutes for unfurnished rooms. For long time periods the term exp(—t/7)

can be neglected.
The wall surface temperature as a function of time is given by

AT (1) = T (1) = Ty (0) = %\g = Ryng (9.93)

where & is the thermal effusivity of the wall material, defined as the square root of

the product of thermal conductivity ¢, density p and specific heat A: & = (pcA)"?
[56]. The thermal effusivity accounts for the response of a surface temperature to a
change in the heat flow density at the surface. The lower the thermal effusivity of a
material, the more sensitive the surface temperature is to changes in the heat flow at
it. If the walls of the enclosure are homogenous, a theoretical value for & can easily
be found; for composite walls, however, b has to be defined experimentally.

The term Rdyn is the dynamic thermal resistance per wall surface area, which is

. . . 2 |t
zero at ¢ = 0 and increases with the square root of time: Ry, = 5 ‘/ —.
/4
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APPENDIX A
PARAMETRICAL MODEL FOR THE CALCULATION OF THE
PRESSURE COEFFICIENT

A case study

The pressure coefficient is to be calculated for two points of building envelope :
point (1) on facade (1) and point (2) on facade (2).
The environmental and geometrical parameters have the following values:

pad=0.0,tbh=1,4=022,L=6m, H=3m, #=3m,
x=3m,w=15m, A=1.5m, anw(1) =-45°, anw(2) =—135°.

The frontal aspect ratio for facades (1) and (2) is
far(1) = L/H =2, far(2)= W/H= 1.

The side aspect ratio for facades (1) and (2) is
sar(1)=W/H=1, sar(2)=L/H=2.

The relative position of points (1) and (2) is
xI(1) =x/L =0.5, x1(2)=w/W=0.5
zh(1) = zh(2) = WH=0.5.

SIDE 1 — WINDWARD SIDE

Cpref(zh = 0.5) = 1.21 (from equation 9.7)
CPromos(a@ =0.22) = 0.999 (from Table 9.A1)
CPuromo.s(pad = 0) = 0.979 (from Table 9.A2)

CpPuomo.s, o(tbh = 1) = 0.957 (from Table 9.A3)
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Thus,

Cpnormo, O.S(far = 2) =0.874

Cpnnrmo, O.S(Sar = 1) =1
CPromo s, 4s(x1 = 0.5) = 0.464

(from Table 9.A7, by linear
interpolation between
CPromo, 0.4(far = 2) and
CPromo, 0.6(far = 2))

(from Table 9.A8)
(from Table 9.A6)

Cp(l) = Cprcf(Zh =0.5)x Cpmmo_5(a =0.22) x Cpm,m,oj(pad =0)
X CPrormo.5,0(rbh = 1) X CPromo, o.s(far = 2) X Cpnomo, o.s(sar = 1)

X CpnormO.S, 45(Xl = 0.5) =0.459,

Cp(1) = 0.459.

SIDE 2 — LEEWARD SIDE

Thus,

Cpref(zh = 0.5) = -0.454
CPrormos(a = 0.22) = 0.954
CPromo.s(pad = 0) = 1.034
CPrormos, o(tbh = 1) = 0.998
CPrommo.s, o(far=1) =1
CPromo, 0.s(sar = 2) = 0.645

Cpnom‘o_i 13s(x1=0.5)=1.707

(from equation 9.7)
(from Table 9.A9)

(from Table 9.A10)
(from Table 9.A11)
(from Table 9.A15)

(from Table 9.A16, by
linear interpolation between
CpnnnnO. 0.4(531' = 2) a-nd
Cpnomlo, 0.6(53-r = 2))

(from Table 9.A14)

Cp(2) = Cpred(zh = 0.5) X CPrormo.5(@ = 0.22) X CPromo s(pad = 0)
X CpnnnnO‘S, O(rbh = l) X Cpnm-mO‘ 0_5(far = l) X Cpnm—mo, 0_5(581' = 2)

X CPromo.s, 135(x1 = 0.5) = —0.492.

Cp(2) =-0.492.
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Coefficients for the curve-fitting equations

WINDWARD SIDE

Polynomial function for the reference Cp.
Cpref(zh) = —2.381082(zh)* + 2.89756(zh)* — 0.774649(zh) + 0.745543.

Coefficients for the equations of the normalized Cp as a function of environmental
and geometrical parameters are given in Tables 9.A1 to 9.A8.

Table 9.A41 Coefficients for the equations of the normalized Cp as a
Sfunction of terrain roughness: Cp,,o,,,,zh(a) =ag+a,(a) +axa)?

zh ax ay @y

0.1 —-10.820106 +2.312434 +1.014958
0.3 -10.42328 +1.268783 +1.225354
0.5 -8.531746 +0.688492 +1.261468
0.7 —0.939153 -1.691138 +1.417505
0.9 5.10582 —3.350529 +1.489995

Table 9.A2 Coefficients for the equations of the normalized Cp as a function of
density of surrounding buildings: Cp,,o,,,,zh(paa') =ay+a,(pad)+ay(pad)*+as(pad)’

zh as as ay ap
0.0-0.65 —2.14966e-05 +2.37444e-03 -0.089797 +0.979603
0.66-0.75 —1.775637e~-05 +2.034996e-03 -0.081741 +0.995399
0.76-0.85 —1.523628e-05 +1.788998e-03 —0.074881 +1.00378
0.86-0.95 —1.571837e-05 +1.693211e-03 -0.06647 +0.994355
0.96-1.0 —-1.987115¢-05 +1.968606e—03 —0.067063 +0.966038

Table 9.43 Coefficients for the equations of the normalized Cp as a function of height
of surrounding buildings: Cp"”""z;. pad{rbh) =ay+a,(rbh)+ay(rbh)*+as(rbh)’

zh pad a3 a; ay a
0.07 0.0 0.0 0.0 0.111687 0.848151
5.5 0.0 0.0 0.303608 0.693641
12.5 0.0 0.0 0.665827 0.450229
25.0 —0.354662 1.416299 3.925792 -3.814382
0.20 0.0 0.0 0.0 0.152862 0.78183
55 0.0 0.0 0.35057 0.60962
12.5 0.0 0.0 0.691757 0.407027
25.0 0.0 1.534332 -17.32797 14.40045
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Table 9.43 (continued)
zh pad as a, ay ay
0.50 0.0 0.0 0.0 0.251497 0.705467
5.5 0.0 0.0 0.661656 0.348851
12.5 0.0 0.0 1.601127 -0.4244487
25.0 2.743878 -18.09787 13.731616 2.08857
0.70 0.0 0.0 0.0 0.280233 0.697339
5.5 0.0 0.0 0.693236 0.3469922
12.5 0.0 0.0 1.566717 —0.325088
25.0 -1.2113787 6.301881 4.370901 —6.988637
0.80 0.0 0.0 0.0 0.338131 0.637794
5.5 0.0 0.0 0.719554 0.349286
12.5 0.0 0.0 1.373569 —0.175915
25.5 —-0.403791 1.579764 5.205654 —4.533334
0.90 0.0 0.0 0.0 0.436478 0.555708
5.5 0.0 —0.155809 1.523391 —0.266623
12.5 0.0 -0.217166 2.2467 -0.855572
25.0 0.0 -0.733177 6.203364 -3.94136
0.93 0.0 0.0 0.0 0.464299 0.535423
5.5 0.0 -0.17031 1.579231 —0.294406
12.5 0.0 -0.235091 2.28368 —0.853961
25.0 0.0 —0.62338 5.154261 -3.165345

Table 9.44 Coefficients for the equations of the normalized Cp as
a function of frontal aspect ratio far < 1.0:

CPnommlh(faf):aﬁal(faf)

pad zh a ag

0.0 0.07 0.21 0.79
0.20 0.166 0.834
0.40 0.102 0.898
0.60 0.066 0.934
0.80 —0.04 1.04
0.93 -0.292 1.292

5.0 0.07 0.286 0.714
0.20 0.21 0.79
0.40 0.148 0.852
0.60 0.156 0.844
0.80 0.028 0.972
0.93 —0.364 1.364
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Table 9.A4 (continued)
pad zh a do
7.5 0.20 0.12 0.88
0.40 0.054 0.946
0.60 0.6245004e-17 1.0
0.80 0.038 0.962
0.93 —0.352 1.352
10.0 0.07 0.182 0.818
0.20 0.046 0.954
0.40 -0.12 1.12
0.60 -0.166 1.166
0.80 ~0.052 1.052
0.93 -0.428 1.428
12.5 0.07 0.1 0.9
0.20 —0.068 1.068
0.40 -0.058 1.058
0.60 -0.044 1.044
0.80 0.032 0.968
0.93 -0.334 1.334

Table 9.A5 Coefficients for the equations of the normalized Cp as a
Junction of side aspect ratio sar < 1.0: Cp,,

(sar)=ayta,(sar)

M pad,zh
pad zh a ay
0.0 0.07 -0.022 1.022
0.20 0.056 0.944
0.40 -0.03 1.03
0.6 6.245004¢e-17 0.1
0.80 -0.02 1.02
093 -0.166 1.166
5.0 0.07 0.172 0.828
0.20 0.19 0.81
0.40 0.334 0.666
0.60 0.438 0.562
0.80 0.31 0.69
0.93 -0.09 1.09
7.5 0.07 0.266 0.734
0.20 0.298 0.702
0.40 046 0.54
0.60 0436 0.564
0.80 0.324 0.676
0.93 -0.118 1.118
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Table 9.45 (continued)

pad zh a ap

10.0 0.07 0.328 0.672
0.20 0318 0.682
0.40 0.8 0.2
0.60 0.66 0.334
0.80 0.206 0.794
093 -0.286 1.286

12.5 0.07 0.75 0.25
0.20 1.104 -0.104
0.40 1.428 -0.428
0.60 1.2 -0.2
0.80 0.634 0.366
093 6.245004¢-17 1.0

Table 9.46 Coefficients for the equations of the normalized Cp: horizontal distribution ver-
sus wind direction: Cp,,,,,,,,zh W(xl) =a0+a1(x1)+a2(x1)2+a3(x1)3

zh anw (°) as a; @ o

0.50 0.0 0.0 —3.04662 3.04662 0.268462
10.0 0.0 -3.142447 2.873329 0.38632
20.0 0.0 -2.001162 1.398438 0.693916
30.0 0.0 -1.275862 0.278803 0.935081
40.0 0.0 -1.058275 -0.01627 0.871259
50.0 0.0 -0.891626 0.247508 0.428414
60.0 0.0 —-1.560755 1.496049 -0.257573
70.0 0.0 -1.990676 2.614312 —0.994965
80.0 0.0 -1.651067 2.530479 -1.359928
90.0 —5.984848 10.036713 -3.883683 -0.778811

0.70 0.0 0.0 -2.501166 2.501166 0.401189
10.0 0.0 —-2.665435 2.355141 0.523287
20.0 0.0 -1.674825 1.008462 0.802867
30.0 0.0 —0.869048 -0.176541 1.051723
40.0 0.0 —0.635198 —0.467520 0973357
50.0 0.0 —0.667077 3.841881e-03 0.485571
60.0 0.0 -1.415846 1.367316 -0.231142
70.0 0.0 -2.064103 2.719557 -1.005524
80.0 0.0 -1.842775 2.788363 -1.37687

90.0 —4.015152 6.670746 -2.319231 —0.836434
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Table 9.A6 (continued)

zh anw (°) as a a o

0.90 0.0 0.0 -2.456876 2.456876 0.451469
10.0 0.0 —2.681034 2.335446 0.581156
20.0 0.0 -1.724942 0.981305 0.888531
30.0 0.0 —0.832512 -0.270429 1.118564
40.0 0.0 —0.547786 —0.547786 0.992378
50.0 0.0 -0.88711 0.279757 0.426546
60.0 0.0 —-1.85509 1.935973 -0.375921
70.0 0.0 -2.815851 3.659487 -1.236923
80.0 0.0 —2.449507 3.577449 -1.585214
90.0 -6.959984 10.745338 -3.502826 -0.877273

Table 9.47 Coefficients for the equations of the normalized Cp as a function of
Jfrontal aspect ratios far > 1.0: Cp,,o,,,,mzh(far)=[a1far+a2/far+a3]” 2

pad zh a a as
0.0 0.07 -0.070887 0.335565 0.741492
0.20 —0.061746 0.39232 0.670057
0.40 -0.071734 0.370249 0.700161
0.60 -0.075213 0.280472 0.799646
0.80 —-0.081452 0.261036 0.821341
0.93 —0.05991 0.441293 0.620374
5.0 0.07 —0.625867 -3.31499 4938818
0.20 —0.700802 —3.691923 5.39902
0.40 —0.551417 -2.657088 4.2088561
0.60 —0.394759 —1.857109 3.243966
0.80 —0.384892 -1.582766 2964682
0.93 —0.471534 —-1.938719 3.408053
1.5 0.07 —0.464735 —4.370468 5.827134
0.20 —0.484764 —4.700937 6.175447
0.40 -0.357666 -3.421083 4.761667
0.60 —0.430568 -3.272576 4.686477
0.80 —0.538978 -3.080677 4.608249
0.93 —0.295157 -2.106807 3.39147
10.0 0.07 —0.445623 —5.965503 7.414155
0.20 -0.562911 —-8.352512 9.919405
0.40 —0.303556 ~5.104654 6.409214
0.60 —0.396287 —4.685712 6.096834
0.80 —0.326486 -3.146084 4.485651
0.93 —0.491857 -3.607476 5.109896
12.5 0.07 0.39952 -6.357705 6.938206
0.20 0.560605 -10.512008 10.939653
0.40 0.460531 —5.146305 5.668398
0.60 0.052937 —4.346084 5.273574
0.80 -0.17023 —3.285382 4.448491
093 -0.489256 —4.363034 5.840238
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Table 9.48 Coefficients for the equations of the normalized Cp as a_function of
side aspect ratio sar > 1.0: Cp,,,,,,,,Padzh(sar)=[a]sar+az/sar+a;]”2

pad zh a a, a,
0.0 0.07 0.102648 0.307944 0.589408
0.20 —0.044242 -0.132726 1.176968
0.40 —0.02005 —0.06025 1.0802
0.60 —2.751206¢-10 -5.399712¢-10 1.0
0.80 -0.127266 -0.101574 1.22884
0.93 0.175931 0.527814 0.296255
5.0 0.07 -0.61983 —2.745612 4.364542
0.20 —0.455586 -2.714454 4.17004
0.40 0.01539 -1.522998 2.507608
0.60 8.495999¢—03 —1.108008 2.099512
0.80 0.03363 -0.665862 1.632232
093 -0.83599 -2.639028 4.475018
75 0.07 —0.672534 —4.465068 6.137602
0.20 —0.589638 —4.571604 6.161242
0.40 0.44127 -2.377428 2935258
0.60 0313214 -2.334822 3.021608
0.80 0.53643 -1.011222 1.474792
0.93 -0.32829 -2.984262 4312552
10.0 0.07 —1.31805 -7.924662 10.242712
0.20 -2.14576 -11.416512 14.562272
0.40 0.0608 -6.2016 7.1408
0.60 0.699422 -3.950934 4251512
0.80 0.51795 -2.521878 3.003928
0.93 -1.627836 -6.191754 8.81959
12.5 0.07 1.15625 -5.8125 5.65625
0.20 0.811914 —-10.848372 11.036458
0.40 3.144588 -2.954106 0.809518
0.60 3.525422 —-0.048534 -2.476888
0.80 1.802288 —0.832296 0.030008
0.93 —0.384444 —4.326666 571111
LEEWARD SIDE

Polynomial function for the reference Cp:
Cpref(zh) = -0.079239(zh)’ + 0.542317(zh)* — 0.496769(zh) + 0.331533.

Coefficients for the equations of the normalized Cp as a function of environmental
and geometrical parameters are given in Tables 9.A9 to 9.A16.



NATURAL VENTILATION

283

Table 9.49 Coefficients for the equations of the normalized Cp as a
Sfunction of terrain roughness: Cp,,,,,,,,zh(a) =apt+ay(a)+aya)’

zh a; a ap
0.1 ~-14.368685 4520431 0.0667639
03 —13.490491 4.101437 0.706052
0.5 -8.775919 1.322245 1.088822
0.7 —4.662405 -0.929782 1.395398
0.9 2.382908 —4.837467 1.940878

Table 9.A10 Coefficients for the equations of the normalized Cp as a function of density of
surrounding buildings: Cp,,,,,,,,zh(paa’) =ay+ay(pad)+ay(pad)*+ay(pad)’ +aspad)*+ as(pad)S

zh as a as a @ ay
0.07 9.118209¢—08 -1.050363e—05 3.932533e-04 —4.734698e—03 -0.015304 1.047295
020 5.934754e08 —6.708652¢-06 2.340744e-04 -1.943067e-03 -0.031483 1.043295
0.40 5.052791e—08 —5.537346e—06 1.722449¢-04 -3.926684¢-04 —0.046517 1.034663
0.60 5.595805¢-08 —6.121612¢-06 1.8897e-04 —3.177597¢04 —0.051446 1.032759
0.80 5.553558e-08 -5.931215¢-06 1.719758e—04  3.013991e-04 —0.059971 1.037969
093 6.211419e-08 —6.759794e—06 2.024378e—04 1.182029¢-04 -0.065764 1.033975

Table 9.411 Coefficients for the equations of the normalized Cp as a function of

height of surrounding buildings: Cp,,,,,,,,zh pad(rbh) =ay+a,(rbh)+ay(rbh)?

zh pad a; @ ao
0.07 0.00 0.0 0.547959 0.465538
5.00 0.0 0.625743 0.308268
6.25 0.0 0.859533 0.107587
12.50 0.0 1.710552 —0.681624
0.20 0.00 0.0 0.473757 0.527487
5.00 0.0 0.636732 0.294108
6.25 0.123639 0.432008 0.44064
12.50 0.080203 1471191 —0.547645
0.40 0.00 —0.043739 0.599345 0.427938
5.00 0.054539 0.299349 0.645489
6.25 0.100427 0.35117 0.483096
12.50 0.175853 0.568029 0.223168
0.60 0.00 —0.069086 0.793503 0.287883
5.00 0.029377 0.402683 0.594877
6.25 0.066082 0.524015 0.376383
12.50 0.145046 0.567979 0.264523
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Table 9.411 (continued)

zh pad a; a ao
0.80 0.00 -0.036376 0.781825 0.258777
5.00 0.011009 0.55164 0.435343
6.25 —1.58012¢-03 1.127839 —0.084281
12.50 0.09395 1.114736 -0.111437
093 0.00 2.138076e—03 0.655048 0.38064
5.00 0.03126 0.526521 0.418668
6.25 0.102993 0.946754 -0.122071
12.50 0.202243 1.119405 —0.353569

Table 9.412 Coefficients for the equations of the normalized Cp
as a function of frontal aspect ratio far < 1.0:

CPnomMzh(fa’):aﬂal(fa’)

pad zh a; a,
0.0 0.07 0.77 0.23
0.20 0.694 0.306
0.40 0.624 0.376
0.60 0.6 04
0.80 0.666 0.334
0.93 0.55 0.45
5.0 0.07 1.31 -0.31
0.20 1.096 -0.096
0.40 1.048 -0.048
0.60 1.096 -0.096
0.80 1.142 —0.142
0.93 1.042 -0.042
7.5 0.07 1.32 -0.32
0.20 1.17 -0.17
0.40 1.142 -0.142
0.60 1.17 -0.17
0.80 1.292 -0.292
0.93 1.25 -0.25
10.0 0.07 1.302 -0.302
0.20 1.166 -0.166
0.40 1.12 -0.12
0.60 1.25 -0.25
0.80 1.428 -0.428

0.93 1.428 -0.428
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Table 9.412 (continued)

pad zh @ ay

12.5 0.07 1.336 —0.366
0.20 1.174 -0.174
0.40 1.166 -0.166
0.60 1.244 -0.244
0.80 1.4 -0.4
0.93 1.412 -0.412

Table 9.413 Coefficients for the equations of the normalized Cp as a function of side aspect

ratio sar < 1.0: Cp,,a,,,,padzh(sar)=ao+a,(sar)

pad zh m ag
0.0 0.07 -0.462 1.462
0.20 -0.444 1.444
0.40 -0.5 1.5
0.60 -0.6 1.6
0.80 -0.666 1.666
0.93 -0.986 1.986
5.0 0.07 0.62 0.38
0.20 0.484 0.516
0.40 0.286 0.714
0.60 0.322 0.678
0.80 0.358 0.642
0.93 0.124 0.876
7.5 0.07 0.56 0.44
0.20 0.416 0.584
0.40 0.358 0.642
0.60 0.378 0.622
0.80 0.416 0.584
0.93 6.245004¢-17 1.0
10.0 0.07 0.418 0.582
0.20 0.374 0.626
0.40 0.28 0.72
0.60 0.334 0.666
0.80 0.286 0.714
0.93 0.058 0.942
12.5 0.07 0.586 0414
0.20 0.392 0.608
0.40 0.208 0.792
0.60 0.088 0.912
0.80 0.2 0.8

0.93 —0.118 l:118




286

PASSIVE COOLING OF BUILDINGS

Table 9.414 Coefficients for the equations of the normalized Cp: horizontal distribution

versus wind direction: Cpporm (xl)=ag+a(xl)+ay(xl)*+ay(xl) +ay(x*
zh,amw

zh anw (°) as as a; @ ao
0.50 90.0 0.0 9.325952 -16.031002 6.08061 2.162909
110.0 0.0 2.526807 -5.145221 3.28289 1.400238
130.0 0.0 0.200855 —1.520047 1.734472 1.275364
160.0 0.0 0.861888 -1.966841 1.561282 0.923007
180.0 0.0 4.14598%-16 —0.107692 0.107692 0.975846
0.70  90.0 0.0 11.862859 —19.086364 6.79763 2.204853
110.0 0.0 1.79934 -2.526981 1.326103 1.631755
130.0 0.0 -0.069542 0.404196 0.124611 1.506259
160.0 0.0 1.003108 -0.873077 0.398465 1.093671
180.0 0.0 3.88578e-16 0.449883 —0.449883 1.102028
090 90.0 —13.234266 47.482906 -48.637238 13.933178 2.493133
110.0 -18.269231 38.486402 —24.083741 4.338003 1.973497
130.0 —9.985431 17.831974 -8.056789 0.346156 1.844014
160.0 -8.458625 17.902681 —10.191521 1.433689 1.232881
180.0 —6.555944 13.106061 —7.364394 0.809767 1.244049

Table 9.415 Coefficients for the equations of the normalized Cp as a function of

fromtal aspect ratios far > 1.0: Cpy,,

M pad, 2h

(far)=[afar+ay/far+as]"?

pad zh a; as as
0.0 0.07 0.391319 0.275277 0.305879
0.20 0.208852 0.045117 0.727577
0.40 0.176644 0.135403 0.657545
0.60 0.222872 0.219437 0.5177
0.80 0.352525 0.51124 0.095033
0.93 0.409298 0.101415 0.461285
5.0 0.07 0.313066 1.29096 -0.679717
0.20 0.262845 1.187068 -0.511316
0.40 0.198393 0.852449 -0.107538
0.60 0.202255 0.824728 ~-0.109405
0.80 0.266436 0.989084 -0.34636
0.93 0.378433 0.831703 —0.27258
7.5 0.07 0.355636 1.865418 -1.293254
0.20 0.256393 1.501845 —0.83996
0.40 0.195066 1.248485 -0.513001
0.60 0.179345 1.132885 —0.406631
0.80 0.248347 1.426085 —0.79038
0.93 0.286457 1.200878 -0.562477
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Table 9.415 (continued)

pad zh a, a; a;

10.0 0.07 0.162696 1.401255 —0.650645
0.20 0.14259 1382313 -0.611037
0.40 0.072493 1.036706 -0.199349
0.60 0.062272 0.956828 -0.131138
0.80 0.116832 1.191314 —0.445541
0.93 0.111723 0.959598 -0.190495

12.5 0.07 0.187639 1.532033 —0.830662
0.20 0.113114 1.30869 -0.518821
0.40 0.090391 1.096843 -0.281639
0.60 0.058215 0.921987 -0.086177
0.80 0.138563 1.304438 —0.561468
0.93 0.115601 1.108345 -0.337801

Table 9.416 Coefficients for the equations of the normalized Cp as a function of
side aspect ratio sar > 1.0: Cpporm

(sar)=[a;sar+ay/sar+a;]"?

pad,zh
pad zh a a; a;

0.0 0.07 1.549121 4.008955 —4.558076
0.20 1.293432 3.376296 -3.669728
0.40 0.818276 2.757414 ~2.575691
0.60 0.622491 2.463733 ~2.086225
0.80 0.431822 2.206986 —1.638808
0.93 1.15475 3.567738 —3.722488

5.0 0.07 1.234668 3.821814 —4.056482
0.20 1.086419 3.381557 -3.467976
0.40 1.110227 3.330677 —-3.440903
0.60 1.248462 3.745386 -3.993848
0.80 1.158504 3.817008 -3.975512
0.93 0.924129 3.214321 -3.13845

7.5 0.07 1.6176 4.7352 ~5.352801
0.20 1.405914 4.082196 —4.48811
0.40 1.39227 4.047642 —4.439912
0.60 1.446764 4.209078 —4.655842
0.80 1.541118 4.623354 —5.164472
0.93 1.395 4.185 -4.58

10.0 0.07 1.728091 5.065453 -5.793544

0.20 1.675056 4.762584 —5.437641
0.40 1.632 4.6368 -5.2688
0.60 1.623354 4.746708 -5.370063
0.80 2.133661 5.767382 —6.900996
0.93 2.099225 5.670099 —6.769291
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Table 9.416 (continued)

Form 1:

Form 2:

Form 3:

Form 4:

Form 5:

Form 6:

Form 7:

pad zh ay a as

12.5 0.07 2.249115 6.239501 —7.488376
0.20 2121972 5.826368 —6.948252
0.40 1.99874 5.578012 -6.576709
0.60 2.373076 6.268238 —7.641063
0.80 2.133851 5.94792 —7.081692
0.93 2.204859 6.021059 -7.225708

APPENDIX B

NORMA - A SIMPLIFIED THEORETICAL MODEL
CALCULATION FORMS AND EXAMPLES

Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at the same height

Form to calculate air flow in naturally ventilated buildings. Single-sided

ventilation — openings at the same height (example)

Form to calculate air flow in naturally ventilated buildings. Single-sided

ventilation — openings at the same height (example)

Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at different heights — stack effect

Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at different heights — stack effect (example)

Form to calculate air flow in naturally ventilated buildings. Cross ventila-

tion

Form to calculate air flow in naturally ventilated buildings. Cross ventila-

tion (example)
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Form 1: Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at the same height

1 Opening height — A: (m)
2 Opening width — w: (m)
3 Give the volume of the ventilated space

-V (m®)
4 Design month:
5 From local weather data determine

ambient temperature for design month —

DTA: ©)
6 Specify the design indoor air

temperature — TA: (©)
7 Determine mean temperature — MT:

MT = (DTA + TAY2 [(Step 5 + Step 6)12] (©
8 Determine mean temperature

difference — DT:
DT =TA - DTA. If TA < DTA, then DT = DTA - TA.
[DT = (Step 6 — Step 5. If DT < 0, then Step 5 — Step 6] ©
9 Determine temperature ratio — RT:
RT = DT/MT {RT = Step 8/Step 7]
10 Determine the square root of RT: (rRT)**
[(Step 9)°°]
11 Determine A': [(step 1]
12 Determine air flow rate — Q:
0 =790 x h"* x w x (RT)°?
[0 = 790 x (Step 11) x (Step 2) x (Step L0)} (m*h)
If there is more than one opening in the zone, then calculate the air
flow (; that corresponds to each opening. Calculate the total air-
flow rate as the sum of the air-flow rate from each opening, QT.
13 Determine air changes per hour — ACH:
QTIV —_—
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Form 2: Form to calculate air flow in naturally ventilated buildings.Single-sided
ventilation — openings at the same height (example)

1 Opening height — A: 1.2 (m)
2 Opening width — w: 1.4 (m)
3 Give the volume of the ventilated space

4 50 (m)
4 Design month: July
5 From local weather data determine

ambient temperature for design month —

DTA: 29.4 _(C)
6 Specify the design indoor air

temperature — TA: 27 (©)
7 Determine mean temperature — MT:

MT = (DTA + TA)2 [(Step § + Step 6)/2] 28.2 (O
8 Determine mean temperature

difference — DT:
DT = TA - DTA. [f TA < DTA, then DT = DTA - TA.

[DT = (Step 6 — Step 5. If DT <0, then Step 5 - Step 6] 2.4 ©)
9 Determine temperature ratio — RT:

RT = DT/MT [RT = Step 8/Step 7] 0.085
10 Determine the square root of RT: (rT)*S

[(Step 9)°7] 0.292
11 Determine A': [(Step 1)'] 1,314 (m

12 Determine air flow rate — Q:
O=790xh'*xwx(RT)"?
[Q =790 x (Step 11) x (Step 2) x (Step 10)] 424 (m*h™)
If there is more than one opening in the zone, then calculate the air
flow (J, that corresponds to each opening. Calculate the total air flow
rate as the sum of the air flow rate from each opening, QT.
13 Determine air changes per hour — ACH:
Q¥ 8.5
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Form 3:  Form to calculate air flow in naturally ventilated buildings.Single-sided
ventilation — openings at the same height (example)

11
12

Opening height — A:

Opening width — w:

Give the volume of the ventilated space
-V

Design month:

From local weather data determine
ambient temperature for design month —
DTA:

Specify the design indoor air
temperature — TA:

Determine mean temperature — MT:

MT = (DTA + TAY2 [(Step 5 + Step 6)/2]
Determine mean temperature
difference — DT:

DT = TA - DTA. If TA < DTA, then DT = DTA - TA.
[DT = (Step 6 - Step 5. If DT < 0, then Step 5 — Step 6]
Determine temperature ratio — RT:

RT = DT/MT [RT = Step 8/Step 7]

Determine the square root of RT: rT)**
[(Step 9)°°]

Determine A" [(step 1)']

Determine air flow rate — Q:
0=790x k" xwx(RT)?

[O =790 x (Step 11) x (Step 2) x (Step 10)]

If there is more than one opening in the zone, then calculate the air

flow Q; that corresponds to each opening. Calculate the total air flow

rate as the sum of the air flow rate from each opening, QT.

13

Determine air changes per hour — ACH:
QT

Ist

2nd

3rd

Total

0.8

1.0

65

July

29.4

28

0.049

0.22

0.715

124.3

182.1

308.6

615

(m)
(m)

(")

©

©

©)

©

(m)

m*n)
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Form 4: Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at different heights — stack effect

1 Give the area of the lower openings —

A 1- (m?)
2 Give the area of the higher openings —

Az: (m?)
3 Give the volume of the ventilated space

-V )
4 Determine the total area of the openings

— A A=A+ 4; [(Step 1) + (Step 2)] (m?)
5 Give the vertical distance between the

lower and higher openings — H: (m)
6 Design month:
7 From local weather data determine

ambient temperature for design month —

DTA: ©
8 Specify the design indoor air

temperature — TA: (©)
9 Determine mean temperature — MT:

MT = (DTA + TAY2 [(Step 7 + Step 8)/2] ©

10 Determine mean temperature
difference — DT:
DT =TA - DTA. If TA < DTA, then DT = DTA - TA.
[(Step 8 — Step 7. If DT < 0, then Step 7 — Step 8]

11 Determine temperature ratio — RT:
RT = DT/MT [Step 10/Step 9]

12 Determine the square root of RT: rT)*$
[(Step 11)*¥]

13 Determine H>: [(step 51

14 From Figure 9.19 determine the K
correction factor

15 Determine air flow rate — :
1590 x H*S x 4 x K x (RT)**
[1560 5 (Step 13) x (Step 4) x (Step 14) x (Step 12)] (m® b

16  Determine air changes per hour — ACH:
QIV [(Step 15)/(Step 3)]

©
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Form 5:  Form to calculate air flow in naturally ventilated buildings. Single-sided
ventilation — openings at different heights — stack effect (example)

10

11

12

13
14

15

16

Give the area of the lower openings —
A1:

Give the area of the higher openings —
Az:

Give the volume of the ventilated space
-V

Determine the total area of the openings
— A A= A+ Ay [(Step 1) + (Step 2))]

Give the vertical distance between the
lower and higher openings — H:

Design month:

From local weather data determine
ambient temperature for design month —
DTA:

Specify the design indoor air
temperature — TA:

Determine mean temperature — MT:

MT = (DTA + TA)2 [(Step 7 + Step 8)12]
Determine mean temperature
difference — DT:

DT = TA - DTA. If TA < DTA, then DT = DTA - TA.
[(Step 8 - Step 7. If DT < 0, then Step 7 — Step 8]
Determine temperature ratio — RT:

RT = DT/MT [Step 10/Step 9]

Determine the square root of RT: rT)*
[(Step 11)7]

Determine H*®: [(step 5°7]

From Figure 9.19 determine the X
correction factor

Determine air flow rate — O:

1590 x A% x A x K x (RT)"*

[1590 x (Step 13) x (Step 4) x (Step 14) x (Step 12)}
Determine air changes per hour — ACH:
Q/V [(Step 15)/(Step 3))

30

12

2.5

July

29

26

27.5

0.109

0.33
1.58

6934

77.3

(m%)

(m%)

(m*)

(m?)

(m)

©)

©

©

©)

{m* b
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Form 6: Form to calculate air flow in naturally ventilated buildings. Cross

ventilation
1 Design month:
2 From weather data tables determine wind speed (WS) and wind
direction (WD) for the design month
WS (ms™):
WD (for example, N for north, SE for south-east, etc.):
3 From local weather data determine ambient temperature for

design month — DTA (C):

4 Design indoor air temperature — TA (C):

5 Determine mean temperature difference — DT:
DT = TA - DTA. If TA < DTA, then DT = DTA - TA.
[(Step 4 — Step 3. If DT < 0, then Step 3 ~ Step 4}

6 Determine mean temperature — MT: MT=DTA + TA)2
[(Step 4 + Step 3)/2]
7 Determine temperature ratio — RT: RT = DT/MT [Step 5/Step 6]
8 Determine the square root of RT: (RT)’* [(Step 7)°7]
9 From prevailing wind direction and building orientation

determine the incidence angle on the windward wall (degrees)

10 From tables in Appendix D determine the wind pressure
coefficient on the windward facade — Cp(1)

11 From tables in Appendix D determine the wind pressure
coefficient on the leeward facade — Cp(2)

12 Determine the difference of wind pressure coefficents — DCP:
DCP = Cp(1) - Cp(2) {Step 10 - Step 11]

13 Determine the square root of DCP — SDCP: DCP** [(Step 12)*]

14 Building conditioned volume — ¥ (m®):

15 Give the total surface area of the windward facade openings — A4,

(m?):

16  Give the total surface area of the leeward facade openings — 4,
(m®):

17 Give the vertical distance between the leeward and windward
openings — H:

18 Give the total surface area of all openings — AC: 4, + 4,
[(Step 15) + (Step 16)]

19 Determine the square of A;: (4, [(Step 157

20 Determine the square of 4;: (4)* [(Step 16)]

21 Determine A = (A4 1)2 + (A2)2 [(Step 19) + (Step 20)]

22 Determine B, the square root of A: 8= (4)°° [(Step 21)*%)

23 Determine C = 1/B: [1/(Step 22)]
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24
25
26

27
28

29
30

31
32
33
34
35

Form 6 (continued)

Determine the ratio D = A4,/4, [(Step 15)/(Step 16)]

Determine A, the square root of H: [(Step 17)°9)

From the value of D determine the coefficients K, K;:
For0<D<1K, =045 Ky=-102;For 1 <D<2Ky =042, K,=-107

@K

(b) K

Determine E = E*2 [(Step 23)® %™

Determine the air flow 0, due to wind (m* h™):

K1 x Ex SDCP x WS x 3600 [(Step 26(a)) x (Step 27) x (Step 13) x (Step 2) x 3600)
From Figure 9.19 determine the coefficient X:

Determine air flow due to stack effect Q; (m’ h™"):

1590 x K x AC x SRT x A [1590 X (Step 29) % (Step 18) x (Step 8) x (Step 25)]
Determine Q,(1), the square of O,.: (0.)* [(Step 28)]

Determine Q(1), the square of O;: (0.)? [(Step 30Y]

Determine Q1) = O, (1) + Os(1): [Step 32) + (Step 31)]
Determine total air flow — QT = : ©@«1))°* [(Step 33)°°]
Determine air changes per hour — ACH: QT/v [(Step 34)/(Step 14)]
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Form 7:  Form to calculate air flow in naturally ventilated buildings. Cross
ventilation (example)

1 Design month: July
2 From weather data tables determine wind speed (WS) and wind
direction (WD) for the design month
WS (m s’l): 2.2
WD (for example, N for north, SE for south-east, etc.): NE
3 From local weather data determine ambient temperature for
design month — DTA (C): 32
4 Design indoor air temperature — TA (C): 27
5 Determine mean temperature difference — DT:
DT = TA - DTA. If TA < DTA, then DT = DTA - TA.
[(Step 4 - Step 3. If DT < 0, then Step 3 - Step 4] 5
6 Determine mean temperature — MT: MT=(DTA + TA)2
[(Step 4 + Step 3)/2] 29.5
7 Determine temperature ratio — RT: RT = DT/MT [Step 5/Step 6] 0.17
8 Determine the square root of RT: (RT)** [(Step 7)) 0.412
9 From prevailing wind direction and building orientation

determine the incidence angle on the windward wall (degrees) 0.0
10 From tables in Appendix D determine the wind pressure

coefficient on the windward facade — Cp(1) 0.7
11 From tables in Appendix D determine the wind pressure

coefficient on the leeward facade — Cp(2) 0.5
12 Determine the difference of wind pressure coefficents — DCP:

DCP = Cp(1) - Cp(2) [Step 10 - Step 1] 1.2
13 Determine the square root of DCP — SDCP: DCP*® [(Step 12)°¢] 1.09
14 Building conditioned volume — ¥ (m®): 500
15 Give the total surface area of the windward facade openings — 4,

(mz): 6
16  Give the total surface area of the leeward facade openings — 4,

(mz): 4
17 Give the vertical distance between the leeward and windward

openings — H: 5
18 Give the total surface area of all openings — AC: 4,+ 4,

[(Step 15) + (Step 16)] 10
19 Determine the square of A4: (4, [(Step 15)}] 36
20 Determine the square of 4, (4,) [(Step 16)’] 16
21 Determine 4 = (4,)> + (42)” (Step 19) + (Step 20)] 52
22 Determine B, the square root of 4: B=(4)** [(Step 21)°] 7.2

23 Determine C = 1/B: [1/Step 22)] 0.138
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24
25
26

27
28

29
30

31
32
33
34
35

Form 7 (continued)

Determine the ratio D = A4,/A; [(Step 15)/(Step 16)]

Determine 4, the square root of H: [(Step 17)°4]

From the vailue of D determine the coefficients K, K5:
For0<D<1K; =045 K,=-1.02;For 1 <D<2K, =042, Ky=-1.07

(@) Ky

(b) Kz

Determine E = E** [(Step 23) *®)

Determine the air flow Q,,, due to wind (ml h']):

K1 x E x SDCP x WS x 3600 [(Step 26(a)) x (Step 27) x (Step 13) x (Step 2) x 3600]
From Figure 9.19 determine the coefficient K:

Determine air flow due to stack effect O, (m* h™"):

1590 x K x AC x SRT x 4 [1590 x (Step 29) x (Step 18) x (Step 8) x (Step 25))]
Determine Q,(1), the square of O, (0.)" [(Step 28)"]

Determine Q,(1), the square of O;: (0.3 [(Step 30)’)

Determine Q1) = Q.(1) + Oy(1): [Step 32) + (Step 31)]
Determine total air flow — QT = : (0«1)°* [(Step 33)°%]
Determine air changes per hour — ACH: QT/v [(Step 34)/(Step 14)]

1.5
2.24

-1.07

30166
0.7

10271

0.909 x 10°
0.105x10°
1.014x10°

31843
63.7
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APPENDIX D
WIND PRESSURE COEFFICIENT DATA [11]

Low-rise buildings (up to three storeys) 2
3 *{ roofria
Length-to-width ratio: 1:1 rootridge
Shielding condition: Exposed 1
Wind speed reference level: Building height /’
W
Table 9.D1 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 315
Face 1 0.7 035 -0.5 04 02 04 05 0.33
Face 2 -02 -04 0S5 0.35 0.7 035 05 0.4
Face 3 -0.5 0.35 0.7 035 0.5 -04 02 -04
Face 4 05 -04 -02 -04 -05 0.35 0.7 0.35
Roof Front -08 07 -06 -05 -04 05 06 -07
(< 109 pitch) Rear -04 05 -06 07 -08 -07 -07 05
Average 06 06 06 06 -06 06 -06 06
Roof Front 04 05 -06 05 -04 05 06 05
(11-30° pitch) Rear —-04 -0.5 -0.6 -0.5 04 -0.5 0.6 -0.5
Average -04 05 06 05 04 -05 06 05
Roof Front 0.3 04 06 04 05 -04 -06 -04
(> 300 pitchy  Rear 0.5 04 06 -04 03 -04 06 -04

Average 0.1 04 06 04 01 04 -06 —04
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Low-rise buildings (up to three storeys)

Length to width ratio: 1:1 2
Shielding condition: Surrounded by 4 )
obstructions equivalent to roof ridge
half the height of the 1
building /’
Wind speed reference level: Building height W
Table 9.D2 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 318
Face 1 0.4 0.1 -03 035 -02 -035 -03 -0l
Face 2 0.2 035 -03 0.1 0.4 0.1 -03 035
Face 3 -0.3 0.1 04 01 -03 -035 02 035
Face 4 -03 -035 -02 -035 03 0.1 0.4 0.1
Roof Front -06 05 -04 -05 -06 05 04 05
(< 100 pitch) Rear -06 -05 -04 -05 -06 05 04 05
Average 06 -05 -04 -05 06 05 -04 05
Roof Front 035 045 055 -045 -035 -045 -0.55 -045
(11-30° pitch) Rear 035 -045 -055 045 035 -045 -0.55 045
Average 035 -045 055 045 -035 045 -0.55 -045
Roof Front 03 -05 06 05 05 05 -06 -05
(> 300 pitch) Rear -05 05 06 05 03 -05 -06 0S5
Average 01 05 06 05 -01 -05 06 05
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Low-rise buildings (up to three storeys)

2
Length to width ratio: 1:1 3. 4 .
L. .- . roof ridge
Shielding condition: Surrounded by obstructions
equivalent to the height of .
the building A
Wind speed reference level: Building height
Table 9.D3 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 315
Face | 0.2 005 -025 -03 025 -03 025 0.05
Face 2 -025 -03 025 005 02 005 025 -03
Face 3 -0.25 005 02 005 -025 -03 -025 03
Face 4 -025 03 025 03 025 0.05 0.2 0.05
Roof Front -5 05 -04 05 -05 05 04 05
(< 10% picch)  Rear -5 05 04 05 -05 05 04 05
Average -05 -05 04 05 05 05 04 05
Roof Front -3 04 05 04 03 04 05 04
(11-30° pitch) Rear -3 04 05 -04 03 04 05 04
Average -03 -04 0S5 -04 -03 -04 05 -04
Roof Front 025 -03 -05 -03 04 03 -05 03
(> 30° pitch) Rear -04 03 05 03 025 -03 -05 03
Average -008 -03 05 -03 008 03 05 03
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Low-rise buildings (up to three storeys)

2
Length to width ratio: 2:1 4 | roof ridge
Shielding condition: Exposed
Wind speed reference level: Building height 1
%’
Table 9.D4 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 315
Face | 0.5 02 05 -08 07 08 0S5 0.25
Face 2 07 -08 -05 025 05 025 05 08
Face 3 -0.9 0.2 0.6 02 09 -06 035 06
Face 4 -09 -06 035 -06 09 0.2 0.6 0.2
Roof Front -7 -07 -08 -07 07 -07 -08 -07
(< 10° pitch) Rear -07 -07 -08 -07 -07 07 -08 07
Average 07 -07 08 -07 -07 07 -08 07
Roof Front -7 -07 -07 <06 05 -06 07 07
(11-30° pitch) Rear -05 -06 -07 -07 07 -07 -07 06
Average 06 065 07 -065 06 -065 07 -065
Roof Front 025 0 06 -09 08 -09 06 0
(> 30° pitch) Rear -08 09 -06 0 025 0 -06 09
Average -0.18 045 06 045 -0.18 -045 06 045
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Low-rise buildings (up to three storeys)

2
Leflgth' to w1dtl? .rat10: 2:1 B 4| roof ridge
Shielding condition: Surrounded by
obstructions 1
equivalent to half /‘
the height of the W
building
Wind speed reference level: Building height
Table 9.D5 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 315
Face 1 025 006 -035 06 05 —-06 035 006
Face 2 -05 06 035 006 025 0.06 -035 06
Face 3 -0.6 0.2 0.4 02 06 -05 03 05
Face 4 -06 05 03 -05 06 0.2 0.4 0.2
Roof Front -06 06 -06 -06 -06 06 -06 06
(< 10° pitch) Rear -06 06 06 -06 -06 06 -06 -06
Average -06 -06 06 -06 -06 -06 —06
Roof Front 06 06 -055 -055 -045 -055 -055 0.6
(11-30° pitch) Rear -045 055 -055 06 06 -06 -055 -055
Average 05 06 055 06 -05 06 055 06
Roof Front 0.15 -008 040 -0.75 06 -0.75 -0.40 -—0.08
(> 30° pitch) Rear -06 -0.75 -0.40 -008 -0.15 -0.08 -04 075
Average -02 040 -040 -040 -020 -040 -040 -0.40
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Low-rise buildings (up to three storeys) >
Length to width ratio: 2:1 3 4| roof ridge
Shielding condition: Surrounded by ]
obstructions
equivalent to the W
height of the building
Wind speed reference level: Building height
Table 9.D6 Wind pressure coefficient data
Wind angle (°)
Location 0 45 90 135 180 225 270 315
Face | 006 -012 -02 -038 -03 038 -02 -0.12
Face 2 -03 038 -02 012 006 -0.12 -02 -0.38
Face 3 -0.3 015 018 015 -03 032 02 032
Face 4 -03 -032 -02 032 03 015 0.18 0.15
Roof Front 049 -046 -041 -046 -049 -046 -041 -0.46
(<10° pitch)  Rear 049 -046 -041 -046 -049 -046 -041 -046
Average 049 046 041 046 049 046 041 046
Roof Front -049 -046 -041 -046 -04 046 -041 046
(11-30° pitch) Rear 04 -046 -041 046 -049 -046 -041 -046
Average 045 -046 -041 -046 -045 -046 -041 -046
Roof Front 006 -0.15 -023 -06 042 -06 023 -0.15
(> 30° pitch) Rear 042 06 -023 -0.1S -0.06 015 023 06
Average -018 -04 -023 -04 -0.18 04 023 04
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Solar control

DESCRIPTION OF SOLAR GEOMETRY

The earth orbits around the sun once a year and it revolves on its polar axis once
every 24 hours. The earth’s movement around the sun follows an elliptical path, with
its polar axis always inclined at the same direction pointing towards the distant
North Star, at an angle of 23.45° with respect to the plane of the orbit around the sun
(Figure 10.1). In the Northern hemisphere, on two days of the year, 21 March (or 22
March in a leap year, but for simplicity the 21st is usually referred to), Spring or
Vernal Equinox, and 21 September, Fall or Autumnal Equinox, the earth’s axis is
perpendicular to the sun’s rays and the sun rises and sets due east and west respec-
tively. During these days, the sun stands directly over the Equator and everywhere
on the earth, except at the poles, day and night are exactly 12 hours long. The
Northern hemisphere is used as reference for the following descriptions but because
of the symmetrical movement of the sun relative to the Equator, a reproduction of
the same phenomena occurs in the Southern hemisphere six months later. At noon
on 21 December, Winter Solstice, and on 21 June, Summer Solstice, the sun stands
directly overhead the Southern (Tropic of Capricon) and Northern (Tropic of Can-
cer) Tropics respectively. The sun gradually reaches its highest position before the
summer solstice, it stops on the solstice and then it begins to fall, reaching its lowest
position just before the winter solstice. Thus, the summer solstice is associated with
the longest day of the year and the winter solstice with the shortest day.

The angular position of the sun, at solar noon, relative to the plane passing
through the earth’s equator is called the solar declination (Figure10.1). The declina-
tion angle ranges from 23.45° on 21 June to —23.45° on 21 December. At the Spring
and Autumnal Equinoxes it is 0°, as the sun is over the Equator at solar noon on
these two days.

It is easier to understand the angles made by the sun if the earth’s orbit is consid-
ered as circular with the sun at its centre and it is assumed that the sun’s rays are
parallel everywhere on the earth. The second assumption is justified by the (much
bigger) size of the sun compared to the earth and the immense distance between sun
and earth (1.495 x 10" m + 1.7%).

The eccentricity of the earth’s orbit around the sun and the earth’s inclination re-
sults in differences between the solar time (ST), measured by the sun’s position in
the sky, and local clock time, measured by conventional clocks. Solar noon is de-
fined as the instant when the sun is exactly over the south—north axis (to the south in
the Northern hemisphere and to the north in the Southern hemisphere) and it has its

307
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AUTUMNAL (FALL) EQUINOX

248

WINTER SOLSTICE SUMMER SOLSTICE

245

s

Trops: of
Cancer

Equator

Equator

Tiopk of
Capncon

Equarar

SPRING (VERNAL) EQUINOX

Figure 10.1 Sun—earth movement

highest position in the sky for the day. In most places, solar time differs from local
clock time but it can be converted from one to the other through a simple expression,
which is described later. The time of the day expressed in terms of an angle of the
sun’s motion relative to solar noon, is referred as solar hour angle (). This is
measured in degrees, on a plane perpendicular to the earth’s axis, and, by conven-
tion, it is taken as negative before solar noon and positive after solar noon. As it
takes 24 hours for the earth to revolve on its axis (360°), it revolves 15° (360/24)
every hour.

At any place on the earth, the angular position of the sun changes with time dur-
ing the day and from one day to another (Figure 10.2). For a specific place, the an-
gular location of the sun can be specified at any instant by two angles:

« the solar altitude (&) and
« the solar azimuth ().

The solar altitude (o) is the angle measured above the horizon in a vertical plane
passing through the sun, and it ranges from 0° to 90° (Figure 10.2). Its supple-
mentary angle in the vertical plane is known as the zenith angle (6;). The solar azi-
muth (¥,) is measured in the horizontal plane and is the angle between the vertical
plane passing through the sun and the north axis, ranging from 0 to 360° clockwise
from the north [1]; alternatively [2, 3] it can be measured in the Northern hemi-
sphere from the south, ranging from 0° to 180°, positive in the clockwise direction
(west) and negative in the anti-clockwise one (east). If the latitude (¢) of a place is
known, the sun’s altitude and azimuth for any day and time of the year can be de-
fined using simple trigonometric formulae.
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as = solar altitude Winter Solstice

ys = solar azimuth E

Figure 10.2 Movement of the sun and solar angles

PREDICTION OF SUN’S POSITION

The trigonometric expressions used to describe the position of the sun in the sky are
based on the solar time (ST) and not on the local time. The local time is defined by
reference to the Standard Longitude (or Meridian) of Greenwich (0°) and the world
is divided into time zones based on standard longitudes. The European Community
is divided into three time zones:

e 0° including Ireland, UK and Portugal, which have Greenwich Mean Time
(GMT)

¢ 15° including Denmark, The Netherlands, Germany, Belgium, France,
Luxembourg, Italy, Spain, which are one hour ahead of GMT

e 30°, including Greece, which are two hours ahead of GMT.

During summer, all the European countries change into daylight saving time mode,
which is one hour ahead of the standard time. The transformation from the local time
(LT) to the solar time is made through the expression:

E

ST= LT+ 8~ Luoe | —— D (in hours)
15°/h 60 min/h

where
LT = Local Time (in hours)
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L, = the standard meridian for the reference of the local time, taken positive east
of the Standard Longitude (Greenwich) and negative west of it (in degrees);

Ly,. = the longitude (meridian) of the place, measured in the same way as de-
scribed previously (in degrees);

D = the difference in time due to summer daylight saving mode (in hours);

E = avalue given from the equation of time taken from Figure 10.3 (in minutes)

[3]; it can alternatively be estimated from the following expression (in
minutes) (from Spencer {4], as cited by Iqbal [5]):

E = (0.000075+0.001868x cos B—0.032077xsin B
—0.014615xcos2 B —0.04089xsin2B)x229.18

where B =360 x (n— 1)/365 (in degrees) and » is the day of the year.
The solar declination (d), in degrees, can be calculated from the expression [6]:

& =2345°xsin[280.1 + ((360°/365) x n)]
either by the expression cited in[7]:

& =sin"'(0.3978 x sin(y ~ 80.2 + 1.92 x sin(y — 2.89)))

where y = 360 x n/365.25 (in degrees).
The approximate values of the declination angles for the 21st of each month are
given in Table 10.1 [2].
The solar hour angle (), is given as:
w=15°x (8T -12)

which is negative before solar noon and positive after solar noon.

, AN
N

Equation of Time, E iin min)

-10 /

&
re
N

J F M A M A S O N O

T
Month
Figure 10.3 Graph of the equation of time, E, in minutes [3]
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Table 10.1 Approximate declination angles on the 2 1st day of each month

Spring Summer Declination angle Autumn Wianter

21 March 0 0 21 Sept.

21 April 21 Aug. 11°20° -11°20° 21 Oct. 21 Febr.

21 May 21 July 20° 10° =20° 10’ 21 Nov. 21 Jan.
21 June 23°27 —23°27 21 Dec.

The angular characteristics of a surface relative to the sun geometry are presented
in Figure 10.2. The solar altitude (o), in degrees, is calculated from the formula (as
cited in [3] and [8]):

sina, =cos8, = cosg cosd cosw +sin@sind.
At solar noon the altitude of the sun can be expressed as:

o, =90-9+4.
The solar azimuth (¥), in the case that it is measured from the South — positive
clockwise and negative anti-clockwise — is calculated by the expression given by

Braun and Mitchel [9]. The azimuth angle is calculated in terms of a pseudo surface
azimuth angle y! in the first or the fourth quadrant and by the relationship of the

hour angle  to the hour angle m,,,, when the sun is due west or east.

7, =Gy +C((1-C,C,)/2)x 180

where
siny’ = (cosdsinw)/ cosox
or
tany’ = sinw
Vs siné cosw — cos¢ tan &
1 if abs(w)< w,,
C, =
' -1 if abs(w) > o,

{ 1if (9p-6)20
C, =
-1 if (¢-8)<0

C; =

1if w20
-1if w<0

cos@,, = (tand/tan¢).
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The surface solar azimuth () is specified by the horizontal angle between the nor-
mal to the surface and a vertical plane through the sun. This angle is zero due south,
positive west and negative east ( -180° < y< 180°) (Figure10.4)

¢ =wall solar azimuth 8 = angle of incidence
as = solar altitude B = wall tih
ys = solar azimuth

N

Figure 10.4 Solar angles related to tilted surfaces

The angle of incidence (8) of the direct solar radiation on an inclined plane is
taken as the angle between the normal to the surface and the sun’s beam on that sur-
face (Figure 10.4) The angle of incidence () of the sun’s beam to a plane of tilt (J)
from the horizontal plane, is given by the expressions as cited in [3]:

cos@ =cosfsina, +sin fcosa, cos(y, — 7).

and by:

cos@ = sind singcos f—sind cos @ sin fcosy +cosd cos@cos fcosw
+cosd singsin fcosy cosw + cosd sin Bsiny sin .

Only the positive values are considered in the calculations, as they indicate that the
surface is facing the sun. The optimum tilt for the maximum noontime irradiance on

a south facing surface is given by the angle (¢ — 8) [2].

GRAPHICAL DESIGN TOOLS

The information obtained for the sun’s geometry by applying the trigonometric
expressions can be also derived by using graphical charts. The graphical tools are
quite useful for designers, who are more familiar with drawings than calculations.
Following a simple procedure, they can draw important information at the design
stage of buildings. These tools can assist in the design of openings and shading
devices and in the assessment of their performance; they can also be used to derive
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the magnitmude of shading imposed by or on neighbouring buildings and by other
landscape elements.

Sunpath charts

Sunpath diagrams are obtained individually for each latitude and they give the solar
altitude and azimuth angle for any day and time.

When the sun’s orbit in the sky is projected onto a horizontal plane and after
graphical corrections have been made, if the ‘stereographic’ projection method is
used, we obtain stereographic sunpath charts. Figures 10.5, 10.6 and 10.7 give the
stereographic sunpath charts for different latitudes. Concentric circles and radial
lines form a coordinate grid with the zenith represented at the centre (as 90°), where
the observer is assumed to be, and the horizon at the circumference of the circle (as
0°). The altitude of the sun is indicated by equally spaced concentric circles and the
solar azimuth by radial lines. Curved lines running from east to west represent the
daily path of the sun for every month (usually the 21st of each month) and these are
crossed by the hour lines which represent solar time. The altitude and the azimuth of
the sun at any time can be found by the intersection between the curve for a certain

time and an hour line.

Figure 10.5 Stereographic sunpath chart for latitude 37° [10]
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Figure 10.6 Stereographic sunpath chart for latitude 41° [10]

Figure 10.7 Stereographic sunpath chart for latitude 45° [10]
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Another form of a sunpath chart, more commonly used in overshadowing assess-
ment, is the vertical cylindrical sunpath diagram, where the sky vault is projected
onto a vertical cylindrical surface, which is cut along the north solar azimuth and
laid flat. An orthogonal coordinate system is used where the solar azimuth is plotted
against the solar altitude (Figures 10.8, 10.9 and 10.10) with the south represented in
the centre of the azimuth axis. The sunpath for each month is represented by curved
lines which are crossed by the solar hour lines. At their intersection, the altitude and
azimuth angles can be read for a specific day and time. The intersection of the sun-
path lines with the horizontal axis gives the time of the sunrise (east of the south)
and sunset (west of the south) for each month. For representation convenience, the
charts cover only a sector between 120° east and 120° west, which means that the
sunpath lines around mid-summer sunrise and sunset for some high latitudes are not
illustrated on the chart.
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Figure 10.8 Cylindrical sunpath diagram for latitude 36° [7]

The period when shading is provided by distant obstructions can also be identi-
fied with the aid of these charts by plotting the altitude angle of the obstruction and
the surface solar azimuth (Figure 10.11).

Shadow mask chart

The shadow mask chart (Figure 10.12) which is used in conjunction with the vertical
cylindrical sunpath chart of a location is employed either to determine the period
when shade is provided by obstructions or by horizontal or vertical projections on
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the building facade (shading devices) or, inversely, to identify the size of a shading
device for a specified opening.
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Figure 10.9 Cylindrical sunpath diagram for latitude 40° [7]
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The curves on the chart, ranging from 10° to 80°, correspond to the vertical angle
of horizontal obstructions or projections and the horizontal axis corresponds to the
horizontal angles of the vertical projections or obstructions. Both charts, the shadow
mask and the sunchart, have to be plotted on the same scale and overlaid one on the
top of the other (Figure 10.13). Having defined the angle of the shading elements, as
it is described in the following section, we transfer it on the curves of the shadow
mask chart. The wall azimuth angle has to be identified (e.g. wall azimuth + 45° for
a south-west wall) and the 0° of the horizontal axis of the shadow chart should be
positioned on the corresponding value of the azimuth axis (e.g. 45° south west) on
the sunpath chart for the specified latitude. For any specific day and time, the shad-
ing effect can be identified by taking the intersection of the shading curve of the
shadow mask with the date and time curve on the sunpath chart.

Following the inverse procedure, the size of any shading element can be identi-
fied for the desired period of shading.
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Figure 10.13 Procedure for aligning overlay on the solar chart [7]

PERFORMANCE OF SHADING ELEMENTS

Horizontal shading devices. For complete shading of the opening (100% shade),
the vertical angle between the line connecting the edge of the shading device to the
base of the opening and the horizontal plane is measured (Figurel0.14). The corre-
sponding angle is taken on the curves of the shadow mask chart. Having determined
the wall azimuth of the opening, we position the 0 of the mask chart on the corre-
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Figure 10.14. Shadow mask of Figure 10.15 Shadow mask of vertical shading
horizontal overhangs devices

sponding azimuth angle of the sunpath chart for the latitude of the place. In this way,
we can identify on the sunpath chart the days and the hours when we have complete
shade. The same procedure can be followed for any desired shading, say for 50%
shading, by defining the vertical angle line to the centre of the opening.

100% shading I I Ptan 50% shacingl

—
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|
|

‘ [50%4
i 100%
{

Cc d
Shadow mask

Figure 10.16 Shadow mask of oblique shading device

Vertical shading devices. For a vertical projection (either vertical or oblique to the
opening plane), we define (Figure 10.15, Figure 10.16) the horizontal angles from
the element edge to the opposite side of the opening (for 100% shading) or to the
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centre of the opening (for 50% shading) or to any other chosen position. We transfer
these angles to the horizontal axis of the shadow mask and we draw the verticals to
these points. In this way we obtain the shadow mask of the shading device with
which, used in conjunction with the sunpath chart and, following the procedure de-
scribed above, we can find the period of shadowing.

Combination of vertical and horizontal shading devices (egg-crate type shading
devices). The same procedure described above is used separately for each type of
shading device and the two resultant shading masks are combined to obtain the de-
sired shadowing period (Figure 10.17).

s>><To |
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100% 100%
Lol 4 [ 50% G| = 50%

3 3
o
X
~
!
I
Y
4
R

— - ot S0 -3 ==
Horizontal overhang Final shadow mask

Vertical fin
Figure 10.17 Shadow mask of an egg-crate type shadow device

Shadow tables

It is quite important for the designer to identify in the early stages of the design the
solar access to the building. It can be found by drawing the shadow produced by
surrounding obstacles. By tracing the shadow pattern for each building and any other
obstacle (e.g. tree), it is possible to identify the solar access to a specified space.

The simplest way to understand shadow patterns is by examining the shadow pro-
duced by a vertical pole (Figure 10.18). When the altitude of the sun is known, by
employing simple trigonometrical expressions, we can estimate the shadow on the
horizontal plane of a vertical pole (s= H/tana,) or inversely, for a specified
shadow length, the height of the object that produces the shadow (H =stana,) can
be determined. The shadow pattern for a building is constructed by assuming that
the building consists of a series of poles (Figure 10.19). In this way, the shadow
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s
Shadow langth

Figure 10.18 Shadow of a vertical pole Figure 10.19 Representation

of a building as a series of
poles

produced from neighbouring buildings on the one studied or the inverse can be ex-
amined early in the design stage.

Table 10.2 [11] gives the values of the shadow length of a vertical pole of height
ranging from 0.1 m to 10.0 m, for sun altitude ranging from 5° to 80°.

The procedure to work out the shadow pattern on the horizontal plane of a build-
ing or any other obstacle is as follows (Figure 10.20):

1

2

Determine the sun altitude and azimuth for the specified latitude, day and
time (from a solar chart, trigonometric expressions or published tables).

On the plan of the building, draw the shadow trace from each edge parallel
to the direction of the azimuth angle.

Specify from Table 10.2 the shadow length corresponding to the height of
the edge, sun altitude and azimuth.

On the shadow trace, take the length of the shadow for the specified height
as it is defined in the previous step.

Connecting the shadow length of each edge, find the shadow pattern of the
specified building, on the horizontal plane.

The shadow produced on the vertical plane as it is received on the facade of neigh-
bouring buildings can also be found (Figure 10.20):
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Table10.2 Shadow length of vertical obstacles for different solar altitudes [11]

Vertical obstacle’s height (m)

R O W

ﬂQ.:-—o.—-.-o—>

—_
o
~—

0.20

2.29
1.90
1.63

1.26
1.13
1.03
0.94
0.87
0.80
0.75
0.70
0.65
0.62
0.58
0.55
0.52
0.50
0.47
0.45
0.43
0.41
0.39
0.38
0.36
0.35
0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.21
0.20
0.19
0.19
0.18
0.17
0.17
0.16

0.15

0.30

3.43
2.85
2.44
2.13
1.89
1.70
1.54
1.41
1.30
1.20
1.12
1.05
0.98
0.92
0.87
0.82
0.78
0.74
0.71
0.67
0.64
0.62

0.56
0.54
0.52
0.50
0.48
0.46
0.44
0.43
0.41
0.40
0.38
0.37

0.35
0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.23

0.40

4.57
3.81
3.26
2.85
2.53
2.27
2.06
1.88
1.73
1.60
1.49
1.39
1.31
1.23
1.16
1.10
1.04
0.99
0.94
0.90
0.86
0.82
0.79
0.75
0.72
0.69
0.67
0.64
0.62
0.59
0.57
0.55
0.53
0.51
0.49
0.48
0.46
0.44
0.43
0.41
0.40
0.39
0.37
0.36
0.35
0.34
0.32
0.31
0.30

0.50

5.72
4.76
4.07
3.56
3.16
2.84
2.57
2.35
2.17
2.01
1.87
1.74
1.64
1.54
1.45
1.37
1.30
1.24
1.18
1.12
1.07
1.03
0.98
0.94
0.90
0.87
0.83
0.80
0.77
0.74
0.71
0.69
0.66
0.64
0.62
0.60
0.58
0.56
0.54
0.52
0.50
0.48
0.47
0.45
0.43
0.42
0.40
0.39
0.38

0.60

6.86
5.71
4.89
4.27
3.79
3.40
3.09
2.82
2.60
2,41
2.24
2.09
1.96

.85

.74

e —
w
W
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Tablel0.2 (continued)

Vertical obstacle’s height (m)

1.00

11.43
9.51
8.14
7.12
6.31
5.67
5.14
4.70
4.33

2.00

3.00

34.29
28.54
24,43
21.35
18.94
17.01
15.43
14.11
12.99
12.03
11.20
10.46
9.81
9.23
8.71
8.24
7.82
7.43
7.07

NDWhUARAIOOO—~NW
AR WUWNN—~OODOO—=NW

4.00

45.72
38.06
32.58
28.46
25.26
22.69
20.58
18.82
17.33
16.04
14.93
13.95
13.08
12.31
11.62
10.99
10.42
9.90
9.42
8.98
8.58
8.20
7.85
7.52
7.22
6.93

5.00

57.15
47.57
40.72
35.50
31.57
28.36
25.72
23.52
21.66
20.05
18.66
17.44
16.35
15.39
14.52
13.74
13.03
12.38
11.78
11.23
10.72
10.25
9.81
9.40
9.02
8.66
8.32
8.00
7.70
7.41
7.14
6.88
6.64
6.40
6.17
5.96
5.75
5.55
5.36
5.18
5.00
4.83
4.66
4.50
4.35
4.20
4.05
3.91
3.77

6.00

68.58
57.09
48.87
42.69
37.88
34.03
30.87
26.23
25.99
24.06
22.39
20.92
19.63
18.47
17.43
16.48
15.63
14.85
14.14
13.48
12.87
12.38
11.78
11.28
10.82
10.39
9.99
9.60
9.24
8.90
8.57
8.26
7.96
7.68
7.41
7.15
6.90
6.66
6.43
6.21
6.00
5.79
5.60
5.40
5.22
5.03
4.86
4.69
4.52

7.00

80.01
66.60
57.01
49.81
44.20
39.70
36.01
32.93
30.32
28.08
26.12
24.41
22.90
21.54
20.33
19.23
18.24
17.33
16.49
15.72
15.01
14.35
13.74
13.17
12.63
12.12
11.65
11.20
10.78
10.38
10.00
9.63
9.29
8.96
8.64
8.34
8.05
7.77
7.51
7.25
7.00
6.76
6.53
6.30
6.09
5.87
5.67
5.47
5.27

8.00

91.44
76.11
65.15
56.92
50.51
45.37
41.16
37.64
34.56
32.09
29.86
27.90
26.17
24.62
23.23
21.98
20.84
19.80
18.85
17.97
17.16
16.40
15.70
15.05
14.43
13.86
13.31
12.80
12.32
11.86
11.43
11.01
10.62
10.24

9.88

9.53

9.20

8.88

8.58

8.28

8.00

7.73

7.46

7.20

6.95

6.71

6.48

6.03

9.00

100.9
85.63
73.30
64.04
56.82
51.04
46.30
42.34
38.98
36.10
33.59
31.39
29.44
27.70
26.14
24.73
23.45
22.28
21.20
20.21
19.30
18.45
17.66
16.93
16.24
15.59
14.98
14.40
13.86
13.34
12.85
12.39
11.94
11.52
11.11
10.73
10.35
10.00

9.65

9.32

9.00

8.69

8.39

8.10

7.82

7.55

7.29

7.03

6.78

10.00

114.3
95.14
81.44
71.15
63.14
56.71
51.45
47.05
43.31
40.11
37.32
34.87
32.71
30.78
29.04
27.47
26.05
24.75
23.56
22.46
21.45
20.50
19.63
18.81
18.04
17.32
16.64
16.00
15.40
14.83
14.28
13.76
13.27
12.80
12.35
11.92
11.50
1111
10.72
10.36
10.00

9.66

9.33

9.00

8.69

8.39

8.10

7.81

7.54
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Tablel0.2 (continued)

Vertical obstacle’s height (m)

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

54 0.07 0.15 0.22 0.29 0.36 0.44 0.51 0.58 0.65
55 0.07 0.14 0.21 0.28 0.35 0.42 0.49 0.56 0.63
56 0.07 0.13 0.20 0.27 0.34 0.40 0.47 0.54 0.61
0.06 0.13 0.19 0.26 0.32 0.39 0.45 0.52 0.58
58 0.06 0.12 0.19 0.25 0.31 0.37 0.44 0.50 0.56
59 0.06 0.12 0.18 0.24 0.30 0.36 0.42 0.48 0.54
60 0.06 0.12 0.17 0.23 0.29 0.35 0.40 0.46 0.52
61 0.06 0.11 0.17 0.22 0.28 0.33 0.39 0.44 0.50
62 0.05 0.11 0.16 0.21 0.27 0.32 0.37 0.43 0.48
63 0.05 0.10 0.15 0.20 0.25 0.31 0.36 0.41 0.46
64 0.05 0.10 0.15 0.20 0.24 0.29 0.34 0.39 0.44
65 0.05 0.09 0.14 0.19 0.23 0.28 0.33 0.37 0.42
0.04 0.09 0.13 0.18 0.22 0.27 0.31 0.36 0.40
67 0.04 0.08 0.13 0.17 0.21 0.25 0.30 0.34 0.38
68 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36
69 0.04 0.08 0.12 0.15 0.19 0.23 0.27 0.31 0.35
70 0.04 0.07 0.11 0.15 0.18 0.22 0.25 0.29 0.33
71 0.03 0.07 0.10 0.14 0.17 0.21 0.24 0.28 0.31
0.03 0.06 0.10 0.13 0.16 0.19 0.23 0.26 0.29
73 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.28
74 0.03 0.06 0.09 0.11 0.14 0.17 0.20 0.23 0.26
75 0.03 0.05 0.08 0.11 0.13 0.16 0.19 0.21 0.24
76 0.02 0.05 0.07 0.10 0.12 0.15 0.17 0.20 0.22
77 0.02 0.05 0.07 0.09 0.12 0.14 0.16 0.18 0.21
78 0.02 0.04 0.06 0.09 0.11 0.13 0.15 0.17 0.19
79 0.02 0.04 0.05 0.08 0.10 0.12 0.14 0.16 0.17
80 0.02 0.04 0.05 0.07 0.09 0.11 0.12 0.14 0.16

R =0 W
h
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O AE ~ o=
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6 The end points of the shadow trace (¢ and d), as they were specified on the
horizontal plane (plan drawing), are projected to the section drawing.
Working on the section drawing, we connect the projected end points (¢’
and d”) with the top edges of the building that gives shade (4) and in this
way we identify the direction of the sun’s beam. The intersection of the
sun’s beam with the facade of the shaded building (B) (points a” and 5")
gives the length of the shadow on the facade. Moving to the facade draw-
ing, we project the intersection of the shadow trace with the shaded build-
ing (B) (points a and b) on the facade of the latter building. Transferring
the heights of points &” and 4" on the facade, we define its shaded area.
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Tablel0.2 (continued)

Vertical obstacle’s height (m)

1.00

0.73
0.70
0.67
0.65
0.62
0.60
0.58
0.55
0.53
0.51
0.49
0.47
0.45
0.42
0.40
0.38
0.36
0.34
0.32
0.31
0.29
0.27
0.25
0.23
0.21
0.19
0.18

0.35

0.53

4.00

2.91
2.80
2.70
2.60
2.50
2.40
2.31

0.71

5.00

3.63
3.50
3.37
325
3.12
3.00
2.89
2.77
2,66
2.55
2.44
233
2.23
2.12
2.02
1.92
1.82
1.72
1.62
1.53
1.43
1.34
1.25
1.05
1.06
0.97
0.88

6.00

4.36
4.20
4.05
3.90
3.75
3.61
3.46
3.33
3.19
3.06
2.93
2.80
2.67
2.55
2.42
2.30
2.18
2.07
1.95
1.83
1.72
1.61
1.50
1.39
1.28
1.17
1.06

7.00

5.09
4.90
4.72
4.55
4.37
4.21
4.04
3.88
3.72
3.57
3.41
3.26
3.12
2.97
2.83
2.69
2.55
2.41
2.27
2.14

8.00

5.81
5.60
5.40
5.20
5.00
4.81
4.62
4.43
4.25
4.08
3.90
3.73
3.56
3.40
3.23
3.07
2.91
2.75
2.60
2.45
2.29
2.14
1.99
1.85
1.70
1.56
1.41

9.00

6.54
6.30
6.07
5.84
5.62
5.41
5.20
4.99
4.79
4.59
4.39
4.20
4.01
3.82
3.64
3.45
3.28
3.10
2.92
2.75
2.58
2.41
2.24
2.08
1.91
1.75
1.59

10.00

7.27
7.00
6.75
6.49
6.25
6.01
5.77
5.54
5.32
5.10
4.88
4.66
4.45
4.24
4.04
3.84
3.64
3.44
3.25
3.06
2.87
2.68
2.49
2.31
2.13
1.94
1.76

Following a similar procedure, the solar access to the interior of a space can be

found (Figure10.21):

1 On the plan drawing, lines parallel to the azimuth direction are drawn from

the two ends of the opening.

2 From Table 10.2 the shadow length is found for the height of the sill (A,)
and the top of the opening (4,).
3 By taking the length of the shadow lines on the plan, the interior sunlight
area can be identified for the specified time of the day.

In a similar way, the length of any shading device can be investigated for the
period that shading is desirable.
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Figurel0.20 Graphical procedure for identifying the shading pattern
of neighbouring buildings

a= Shadow limgth of hi
b= Shadow length of h2
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Figure 10.21 Graphical procedure for
identifying the solar access to the interior
of a space
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Shadow pattern plot

A simple graphical design tool for the designer to visualize the solar access and
shading pattern is to draw the plot of the shadow pattern boundary. The shadow
pattern plot produces the shadow cast of vertical obstructions during the day and
this can be used with the drawings.

By drawing the shadow pattern for each building and any other obstacle (tree,
etc.), it is possible to explore quickly the solar access and shading of buildings. The
pattern is drawn on the same scale as the drawings and the procedure to produce
them is the following (Figure 10.22):

13:00 he

Figure 10.22 Shadow pattern plot

1 For the specified latitude and day, find the sun altitude and azimuth for
each hour.

2 Draw lines in the direction of the sun azimuth starting from the base of an
imaginary pole.

3 Find, from Table 10.2 for the specified sun altitude and azimuth, the
shadow length for different heights, e.g. from 1.0 to 5.0 m, every 1.0 m in-
terval.

4 Take this length on the line corresponding to the specified sun azimuth.

5 Connecting the trace of the shadow for the same pole height, define the
shadow pattern curve for the related height on the specified day.

6 Following the same procedure, draw the shadow pattern for different
heights on the same graph.
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For each latitude and each day the shadow pattern graph is different. An acceptable
simplification is to work them out for the 21st day of each month. Using these
graphs, the direction and length of the shadow produced from any obstruction can be
determined, along with the period that a specified building is shaded.

SOLAR CONTROL REVIEW

The selective exclusion of solar radiation by shading buildings and outdoor spaces
(Figure 10.23) is of great value in hot climates. Shading elements add a new element
to the architectural form of the building and become a regulatory measure to protect
adjacent buildings from the solar radiation. Special elements, like arcades, are also
used to achieve an architectural style and to enhance the shading effect. In hot and
humid climates, which are characterized by sparsely spread buildings with large
openings in order to enhance circulation of air, shading is essential to control solar
gains.

Shading elements on the facade of a building can be multi-functional and add to
the architectural style of the building, ranging from a simple overhang or a fin to a
balcony that shades the space below it (Figure 10.24). The balconies of modern
multi-storey buildings and the long overhangs of contemporary buildings offer the
same shading effect and could additionally achieve interesting aesthetic effects. Al-
though shading of the building’s envelope is essential during the hot period of the
year, solar protection of the openings is the most crucial point. As application of big
overglazed areas in buildings is widespread in most countries around the world,
overheating of specific buildings, like offices, becomes a problem even in countries

b

Figure 10.23 Shading of open spaces
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Figure 10.24 Use of long overhangs for shading

with a cold climate. Thus, manipulation of shading elements and of the thermal
properties of glazing should become an effective tool to improve the thermal and
visual performance of buildings and to control daylighting and glare effects. Their
forms can also add a play of shadows and light in the protected spaces. Their appli-
cation throughout the years has become part of local cultures and a characteristic
element of traditional architectures.

Ancient Greek and Roman architecture enriched buildings with colonnades,
which have the dual function of shading the building and of offering sun-protected
outdoor spaces. Anonymous architecture in hot climates can show examples of using
the plot of the settlement to create dense forms which offer shaded outdoor spaces.

SOLAR CONTROL ISSUES

Provision of shading in buildings is one of the initial priorities that have to be con-
sidered at the early stages of the design. Blocking the sun before it reaches the enve-
lope, and especially its interior, can have a considerable effect on the thermal per-
formance of the building, its energy requirements and the thermal and visual comfort
of its occupants. Although shading is mainly associated with exclusion of the solar
heat from the building during the hot months, its application is an interplay of sev-
eral objectives:

« obstruction of the solar heat gains, mainly the direct ones, from reaching the
envelope and the interior of the building;

o non-interference with winter solar gains;

» control of the intense daylight, especially during the summer months, by dif-
fusing it in a uniform way in most of the space;
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« unobstructed view from the windows;
« admission and even regulation of the ventilation of adjacent spaces.

These design objectives and the applied shading techniques differ according to the
latitude, the location, the type of building, its operational schedule, the specific use
of the various spaces (occupants’ activities, internal gains) and the expected comfort
conditions. While exclusion or admission of the solar gains varies according to cli-
matic variables, a controlled manipulation of daylighting becomes essential all year
round and is an aspect that should be examined before the design of any shading
system.

Residences in northern latitudes are unlikely to face intense overheating prob-
lems, while solar heat gains, daylighting and view are desirable. Residences in
southern latitudes need manipulation of the solar gains and daylighting while ensur-
ing at the same time an unobstructed view to the exterior. Control of solar gains is
advisable in most offices, conservatories and atria throughout the world and provi-
sion of diffuse natural light is also essential. School buildings have similar design
requirements, especially in southern latitudes, and prevention of overheating be-
comes crucial. Buildings for special use, like museums, art galleries and sports halls,
exclude the penetration of solar gains, while admission of controllable diffuse light
is desirable.

SOLAR CONTROL TECHNIQUES

Modulation of the solar heat gains entering a building can be achieved through [12]:

« orientation and aperture geometry
» shading devices
« control of solar-optical properties of opaque and transparent surfaces.

Orientation and aperture geometry

Orientation of the openings, combined with their size and tilt can modulate the solar
gains passing through them. South-orientated openings accept high solar heat gains
during winter and can easily be shaded during summer, owing to the high position of
the sun in the sky. Shading of west and east windows presents difficulties because of
the low position of the sun in the sky and, additionally, west-orientated openings are
associated with external conditions of high solar radiation and ambient temperature
during summer. Thus, it is advisable that windows in this orientation should be
minimized or replaced with other design solutions, such as south- or north-facing
openings in these facades (Figure 10.25). North-facing windows accept very limited
solar heat gains, restricted in the summer early morning and late afternoon hours
while they have the advantage of permitting diffuse daylight to enter the adjoining
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Figure 10.25 Simplified solutions for south- and
north-facing windows in east- and west-orientated
walls

spaces. Although north facing windows are widely considered as energy wasteful, in
the southern latitudes, the gross energy balance of north facing windows in mid-
winter is not worse than the one of the south facing windows in the colder climate of
northern latitudes [12].

The size of the openings in each orientation should be defined according to the
annual energy requirements (heating, cooling, lighting) of the specific building. This
cannot be globally defined, but depends on the latitude of the place, the location, the
functions and architecture of the building. Tilt of the openings can also contribute to
the shading effect, since outwards tilt, facing the ground, restricts direct solar gains.
A big variation in the tilt, especially of large glazed areas, is limited because of
associated structural support problems. Skylights impose difficulties in shading, as
they face the overhead noon sun directly. Clerestory windows perform better
throughout the year, both in shading and daylighting, as their vertical glazed area
can easily be shaded by simple means (Figure 10.26).

Figure 10.26 Clerestory windows are
better shaded than skylights
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Shading devices

The principal role of shading devices is to protect openings from direct solar radia-
tion, while their second is to protect openings from diffuse and reflected radiation.
Shading devices can be classified into:

+ Fixed shading elements: These are mainly external elements, including
horizontal overhangs, vertical fins, combination of horizontal and vertical
elements closely spaced (egg-crate type) (Figure 10.27), balconies or inter-
nal elements like louvres and light-shelves (Figure 10.28). Louvres can be
strategically positioned in order to obstruct the summer sun’s rays from en-
tering the space, while they permit the entrance of the winter sun. During
the summer, they operate as light diffusing elements, provided they are
painted white, by scattering the light uniformly into the space below.

s Adjustable (or retractable) shading elements: These can be external
shading elements in the form of tents, awnings, blinds, pergolas, or internal
elements like curtains, rollers, venetian blinds; they can also be positioned
between the panes of the window. Window shutters are also included in this
category. Adjustable shading devices can be lifted, rolled or drawn back
from the window either manually or automatically by responding to radia-
tion and daylighting levels.

The use of traditional slanted windows (Figure 10.29) is another shading approach,
which for a given aperture, maximizes the view to the sky and provides shade to the
opening through its own configuration.
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Figure 10.27 Options of external shading devices [13]
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Figure 10.29 Sketch
of a slanted window

Figure 10.28 Example of light-shelves and
louvres at top windows

As the direct component of the solar radiation is of predetermined direction, it
can be effectively obstructed by external shading elements. The diffuse component,
due to its wider angle of incidence, is more difficult to control and thus internal
shading elements or shading elements between the glazing panes are more effective.
The reflected part can be controlled by changing the reflectivity properties of the
surfaces at the opposite sides [14].

PERFORMANCE EVALUATION
Two methods are usually employed for the evaluation of the efficiency of the differ-
ent solar protection approaches. The one that is widely used is the calculation of the
shading coefficient. The shading coefficient is taken as the ratio of the total solar
heat gains entering through the combination of glass-shading element to that enter-
ing a single unshaded glass window [13]. For fixed shading devices, the average
daily solar transmission is usually considered for the calculation of the coefficient.
For evaluation of the performance of shading screens, the average of the coefficients
in all directions is usually derived, while for blinds, the value quoted is the average
of all the orientations where the slats are adjusted to prevent direct rays. The total
shading coefficient for a glass is the sum of the short-wave and long-wave shading
coefficients, calculated for radiation at normal incidence. For any other angle of
incidence, the shading coefficient is compared with that for clear glass in the same
situation, which results in deriving shading coefficients that are almost constant at all
incident angles of solar radiation [15]. Thus, the coefficient should be considered as
an approximate value, as the position of the sun changes during the day, together
with the proportion of the incident direct and diffuse solar radiation on the shading
system. However, work carried out by the IEA [16] shows considerable deviations in
the total transmission with the change of the incidence angle, the orientation and the
period of the year and, thus, the shading coefficient can be regarded as a misleading
and inadequate index for assessment [12].

" The other approach used to evaluate the thermal effect of a shading system is to
compare the indoor air temperatures obtained with the shading system to those
achieved with the same window unshaded.
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Another index, which is used by some North American glazing manufacturers but
only for evaluation of the glazing performance, is the so-called ‘coolness index’
[15]. This is defined as the daylight transmittance divided by the shading coefficient.

EVALUATION OF SHADING DEVICES

Choice of the appropriate shading device from the wide range of fixed and adjust-
able elements depends on the latitude, sky conditions (the direct-diffuse-reflected
solar radiation component), orientation, building type and overall design of the
building. External shading devices are more effective as they obstruct the sun radia-
tion before it reaches the interior of the building. Internal shading elements eliminate
from the solar radiation which has already penetrated only the portion that can be
reflected at their surfaces and then transmitted outside through the glazing, while the
remainder of the radiation is absorbed, convected and radiated to the room. The ef-
fectiveness of internal shades is thus mainly determined by their reflectivity. Fur-
thermore, internally applied shading devices may conflict with daylighting and venti-
lation requirements, as in most cases they block the openings. Based on the
evaluation of the shading coefficient, it is argued [13] that, on average, external
shading elements are about 35% more effective than internal ones. Application of
awnings can effectively reduce summer heat gains by up to 65% on south facades
and by up to 80% on east and west facades [17]. Table 10.3 [17] shows the effec-
tiveness of various shading devices.

Table 10.3 Solar gain factors for various shading elements (strictly for UK only, but
approximately correct world-wide) [17]

Shading element Solar gain factor (*)
Glazing Type
Position Type Single Double

Internal Dark-green open-weave plastic blind 0.62 0.56

White venetian blind 0.46 0.46

White cotton curtain 0.41 0.40

Cream holland-linen blind 0.30 0.33

Mid-pane White venetian blind - 0.28

External Dark-green open-weave plastic blind 0.22 0.17
Canvas roller blind 0.14
White louvred sunbreaker, blades at 45° 0.14

* The solar gain factor of a transparent material is the fraction of incident solar energy passing
through the material.

The colour and the material of the shading element also determine its shading ef-
fectiveness. The difference in the effectiveness of external shading elements com-
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pared to internal ones increases with the darkness of the colour. A study [13] has
shown that off-white venetian blinds give 20% more shade protection than dark
ones, while for roller blinds the effect can reach to 40%. An aluminium blind can
add more 10% protection than a coloured one. For internal curtains the differences
are less, as light coloured ones are only 18% more effective than dark ones.

The increased efficiency of dark-coloured external shading elements, compared
to internal ones of the same colour, is valid only for the case of closed windows. For
open windows, the orientation with regard to the wind direction is more critical than
the colour and the position of the shading element. Thus, a dark shading element on
the windward side will heat the air entering the space, while the same element on the
leeward side will have a weaker effect [2].

In many cases fixed devices are preferred because of their simplicity, low mainte-
nance cost and sometimes low construction cost. However, movable shading devices
are more flexible as they respond better to the dynamic nature of the sun’s move-
ment, allow better control of the diffuse radiation and glare and, in most cases, cause
less or negligible sun obstruction during winter. Nontheless, in some spaces, provi-
sion of shade during summer is more important than unobstructed solar access dur-
ing winter.

The same overall shading performance as that produced by a single shading ele-
ment can be achieved by using several small shading units that effectively block the
sun (Figure 10.30).
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Figure 10.30 Different shading devices with simi-
lar shading effect

ORIENTATION

Horizontal overhangs are effective for south-facing windows because they can ef-
fectively obstruct the direct sun’s rays during summer, as the sun is in a high posi-
tion in the sky. Long verandas and roof overhangs work satisfactorily in hot climates
and in many cases are accomplished with canvas tents or pergolas. In east and west
orientations, a combination of horizontal and vertical elements (egg-crate type) can
increase the effectiveness if the vertical elements are inclined at 45° to the south [2].
If horizontal or vertical elements are used at this orientation, they should be quite
long in order to be effective, but caution should be exercised not to restrict the view
and eliminate the solar gains during winter. Horizontal shading elements are more
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effective than vertical ones in the south-east and south-west orientations, but the
egg-crate combination is the most effective. The egg-crate-type shading elements are
considered effective for east and west orientations in hot climates and for south-east
and south-west facades in extremely hot climates, although it has been found that
horizontal overhangs are preferable in these latter orientations.

VEGETATION

Rational planting of vegetation around the building can offer significant shade. This
can be in the form of trees (deciduous or evergreen), bushes, pergolas, trellis, etc.,
and its performance has been more thoroughly examined in Chapter 5. The shade
offered by vegetation is better than any artificial shading device as vegetation also
modifies the thermal properties of the surrounding air and improves the microcli-
mate around the building. Its contribution can be evaluated by taking into account
other environmental aspects, such as to purify the air by supplying oxygen (O,), fil-
tering the dust and also contributing to the reduction of the ambient temperature in
cities.

The position and orientation of vegetation follows the basic principles of shading
design, while the choice of the type of plant and the shape of shade each offers dur-
ing the year should be carefully examined. Horizontal overhangs, like pergolas, are
preferable at the south orientation, while trees should be preferred on the east-south-
east and west-south-west orientations. Bushes can also be used to shade east- and
west-facing windows, while vertical trellises covered with climbing plants are effec-
tive on east and west facades. Creepers are also useful in shading the envelope of the
building.

Solar-optical properties of glazing

The penetration of solar energy into the interior of buildings depends on the thermal
properties of the glazed surface, which for solar control purposes are defined as
(Figure 10.31):

« reflectivity, the fraction of solar radiation at normal incidence that is re-
flected by the glass;

o solar transmittance, the fraction of the normal incident solar radiation that
is directly transmitted through the glass;

« absorptance, the fraction of the solar radiation at normal incidence that is
absorbed by the glass.

The total solar transmittance is the fraction of the solar radiation at normal incidence
that is transferred through the glass. It is composed of the direct component of the
solar radiation (short-wave radiation) and the part of the solar radiation absorbed in
the glass and dissipated inwards (long-wave radiation). It should be distinguished
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Figure 10.31 Thermal characteristics of glass

from the thermal transmittance (or total transmission, as it is sometimes referred to)
through the glass, which is made up of the transmission of the long-wave radiation
which results from the radiation emitted from objects, the diffuse solar radiation
from the sky and the diffuse component reflected from the ground. The light
transmittance — the fraction of the visible part of the spectrum of the solar radiation
passing through the glass — is also of importance, as it defines the amount of daylight
entering the building.

The thermal properties of transparent materials depend on the angle of incidence
of the radiation. The direct solar transmittance remains quite steady until about 50°
and drops sharply above 60°. The reflectivity also sharply decreases above an angle
of about 60°. For simplicity, in most calculations a mean value is taken (Table 10.4)

[15].

Table 10.4 Solar optical properties of typical blind materials and glass for louvres
closed and at 45° to the glazing [15]

Blind material Reflectivity Absorptance Transmittance
0° 45° 0° 45° 0° 45°
Opaque material
high-performance blind 0.70 0.50 0.30 0.39 0 0.11
medium-performance blind 0.55 0.40 0.45 0.53 0 0.07
low-performance blind 0.40 0.30 0.60 0.65 0 0.05
Translucent material
high-performance blind 0.50 0.50 0.10 0.14 0.40 0.36
medium-performance blind 0.40 0.40 0.20 0.27 0.40 0.33
low-performance blind 0.30 0.30 0.30 0.40 0.40 0.30
Clear glass 0.07 0.09 0.13 0.13 0.80 0.78
Body-tinted glass 0.05 0.07 0.51 0.53 0.44 0.40

Control of the heat passing through the glass in the interior of buildings can be
achieved with use of special treated glasses, such as:
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« body-tinted glasses, with high absorptance

« surface coated glasses, with increased reflectivity

« variable transmission glasses

« translucent glazing materials

« special sun-control membranes

» temporary glazing coatings

« single- and double-glazed units with laminated glass incorporating blinds
and louvres.

Reduction of the solar transmittance is usually associated with reduction of the visi-
ble part of the solar spectrum, although there are some body tints and coatings which
preferentially attenuate the non-visible part of the solar spectrum, leaving unchanged
the greater part of the visible radiation.

GLAZING TYPES

Body-tinted glasses (or absorptive glasses). These are characterized by high
absorptivity, especially of the long-wave radiation (35-75% of the incident
radiation). The high absorptivity is also extended to the visible part of the solar
radiation, which results in change of the characteristics of the indoor perceived
daylight. Body-tinted glasses are produced by addition of small quantities of metal
oxides (iron, cobalt, selenium), and, depending on the proportion of each one, a
range of colours — bronze, grey, blue and green — can be produced. Their solar
absorption, transmission and colour shade vary with the glass thickness, while their
reflectivity is slightly less than that of clear glass. Because of their lower light
transmission they are used in some applications in order to reduce intense sunlight.
Their optical-thermal properties are shown in Table 10.5 [15].

Surface-coated glasses. Application of special coatings on the glass surface can
modify its long-wave and solar radiation transmittance to desired levels. The differ-
ent glazing types are:

+ Reflective glasses, which are used for solar control by increasing the re-
flection of the direct solar radiation with special reflective coatings. These
glasses are characterized by an increased solar absorptance compared to a
clear glass. They are produced in a wide range of colours. Their properties,
compared to other glass types, are shown in Table 10.5 [15].

Coatings of silver, copper and gold are effective for solar control owing
to their increased reflectivity for the near-infrared radiation, which corre-
sponds to about 50% of the solar radiation. The mirror silvering of some
glass surfaces is achieved by a coating of metal, mostly silver, onto the sur-
face of clear glass, protected by a layer of copper and a paint back. Its ap-
plication in most cases is objectionable because of its glare disruption and
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Table 10.5 Thermal-optical properties of different glass types (T= Transmittance,
R = Reflectivity, A = Absorptance) [15]

Glass type Light Solar radiation Shading coefficient
Direct Total
Glass Light/ Short  Long
thickness heat T R T R A T wave  wave Total
ratio

Clear Float

4 mm 0.89 0.08 0.82 0.07 0.11 0.86 0.94 0.04 0.98

6 mm 0.87 0.08 0.78 0.07 0.15 0.83 0.90 0.05 0.95
10 mm 0.84 0.07 0.70 0.07 0.23 0.78 0.80 0.09 0.89
12 mm 0.82 0.07 0.67 0.06 0.27 0.76 0.77 0.10 0.87
Reflective
Silver

6 mm 10723 0.10 0.38 0.08 0.32 0.60 0.23 0.09 0.17 0.26
10 mm 10/23 0.10 0.37 0.08 0.30 0.62 0.23 0.09 0.18 0.27
6 mm 20/34 0.20 023 0.16 0.18 0.66 0.34 0.18 0.21 0.39
10mm  20/34 0.20 022 0.15 0.17 0.69 0.34 0.17 0.22 0.39
Bronze

6 mm 10/24 0.1 0.06 0.21 0.73 0.24 0.07 0.20 0.27
10 mm 10/24 0.1 0.05 0.19 0.76 0.24 0.06 0.21 0.27
Blue

6 mm 20/33 0.20 0.20 0.15 0.21 0.64 0.33 0.17 0.21 0.38
10mm  20/33 0.20 0.20 0.15 0.19 0.66 0.33 0.17 0.21 0.38
6 mm 30/39 0.30 0.16 0.21 0.18 0.18 0.39 0.24 0.21 045
10 mm 30/38 0.30 0.15 0.20 0.17 0.63 0.38 0.23 0.21 0.44
6 mm 40/50 0.40 0.10 0.32 0.10 0.58 0.50 0.38 0.19 0.57
10mm  40/49 0.40 0.09 0.31 0.09 0.60 049 0.36 020 0.56
Body-tinted
Green

6 mm 76/62 0.72 0.06 0.46 0.05 0.49 0.62 0.53 0.19 0.72
Blue

6 mm 54/62 0.54 0.05 0.46 0.05 0.49 0.62 0.53 0.19 0.72
Bronze

4 mm 61/70 0.61 0.06 0.58 0.06 0.36 0.70 0.67 0.13 0.80
6 mm 50/62 0.50 0.05 0.46 0.05 0.49 0.62 0.53 0.19 0.72
I0mm  33/51 033 0.04 0.29 0.04 0.67 0.51 033 0.26 0.59
12mm  27/47 0.27 0.04 0.23 0.04 0.73 0.47 0.26 0.28 0.54
Grey

4 mm 55/68 0.55 0.05 0.55 0.05 0.40 0.68 0.63 0.16 0.79
6 mm 42/60 0.42 0.05 0.42 0.05 0.53 0.60 0.48 021 0.69
10mm  25/49 0.25 0.04 0.25 0.04 0.71 0.49 0.29 0.27 0.56
12 mm 19/45 0.19 0.04 0.19 0.04 0.77 0.45 0.22 0.29 0.51

the reflected part of the solar radiation that is diverted to the surrounding
buildings and outdoor spaces.
The combination of a special coating with body-tinted glasses can be
produced for a selective performance and specific applications.
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« Low emissivity (low E) glasses, which are used for reduction of heat losses
and improved thermal insulation performance. Special coatings on the sur-
face of the glass reduce its long-wave radiation emissivity, from a value of
0.9 for a clear glass to less than 0.1, and consequently increase their reflec-
tivity — the infrared reflectivity of an appropriate coated glass in the 3-30
um wavelength range increases to over 80%. The high insulating effect (low
U value) of the low-emissivity coatings in a double-glazed window is due to
reduced long-wave radiation exchange between the panes, which for an air-
filled gap amounts to about 60% of the total heat exchange across the space.

Special coatings can allow maximum daylight and short-wavelength
infrared radiation transmittance and reduce heat losses by reflecting the
long-wave heat back to the room. Typical coatings of this kind are the three-
layer lower E coatings, with the main component a thin metal layer, usually
of gold, silver or copper, placed between layers of tin oxide (dielectric
layer). The thickness of this layer is chosen to give maximum visible light
transmission.

Water droplets on the surface of the coated glass modify its performance
because of the high emissivity of the water. During winter, the inner surface
of a double glazed unit with low E coating presents higher temperatures
than an untreated one, reducing in this way the radiant asymmetry and ther-
mal discomfort close to the window.

In the past, the coatings were ‘soft’ and, in order to protect them, they
were produced in sealed double-glazed units or as two panes bonded to-
gether with a plastic material or a resin (lamination). The recent develop-
ment of hard low-emissivity coatings allows the retrofit of existing windows
by installing individually coated glazing in secondary frames. The hard
coatings have a slightly higher solar heat transmission than the soft ones.

The comparative performance in light and total solar transmission per-
formance for the different glass types are presented in Figure 10.32 [15].

Variable transmission glasses (VT glass). New products are under development
that permit the building envelope to be used dynamically, responding to the outdoor
climate and interior thermal needs by modifying the transmission properties of the
glass. Among the different ways of achieving variable transmittance are the use of
photochromic, thermochromic and electrochromic materials. Thermochromic glasses
are considered to lose transparency when activated.

Electrochromic glasses appear to offer the best potential for use. They have an
electrochromic coating, which is a transparent multi-layer coating, more complex
than other ordinary coatings. The coating is activated by a small electrical voltage —
generated from the building services control or manually by the occupants — which
changes the tint of the coating and thus its solar and light transmittance. The original
transmittance is restored by reversing the voltage.



SOLAR CONTROL 341

100
3 mm clear giass
O
80
-
Cal
= Body tinted glass
e e TTTTTTNS -
Z 60 ", L
E ~ PN
a B
c -
o i
; Roﬂofﬂnﬁu,'
® e 4
g 4 L ,“Raflective and low emissivity glase
L ’ [
’ - .
Vi s, s
r ’/// ’
, L. -
201 -7, -
f ‘,’
0 T T T T
20 40 &0 80 100

Light Transmission (%)

Figure 10.32 Light and total solar transmission of
different glass types [15]

The ideal properties of variable transmission glasses have been suggested as [18]:

o solar transmittance from 10-20% for coloured glass to 50-70% for
bleached glasses;

» 50-70% for visible transmittance;

e 10-20% for near-infrared reflectivity, which reaches 70% for coloured
glasses [18].

« the switching voltage is 1-5 volts, with switching speed 1-60 s and a life-
time of 20-50 years.

As there is no universal single VT glass to meet a wide range of cooling and electri-
cal energy-saving requirements, a variety of material options may be developed to
meet specific uses and climates. Although preliminary estimates show savings,
which are smaller in energy terms but bigger in capital and running of lighting and
cooling equipment (Figure 10.33) [16], the final manufacturing costs are not yet
known and thus final comparisons of cost-effectiveness cannot be made.

Recent research has been carried out for development of a special type of glass
which will also perform as a communications medium in parallel to its light and
thermal response to the environment [15]. With use of electroluminescent display
technology, moving decoration is integrated with the information technology to
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Figure 10.33 Comparative performance of different glass types [16]

provide electronic displays of information or simply colour patterns in response to
transmission changes, thus instantly changing the character of the envelope of the
building.

Translucent glazing materials. These are characterized by low thermal and solar
transmittance. They diffuse daylight and they can be effectively used in spaces
where direct optical communication with the external environment is not crucial,
such as skylights or an atrium roof. A uniform light quality can be achieved with
highly diffusing materials, although they are characterized by lower light transmit-
tance, which under overcast conditions reduces considerably the light levels indoors.

Transparent membranes. These are transparent polymer films with a very thin
metallic coating, controlled by a computer, sandwiched between two other polymer
sheets [19]. They were introduced in America in 1978 and laboratory measurements
have shown an indoor air-temperature reduction of 5-7°C during summer. They
reduce the glare and the ultraviolet disruptive effects by about 80%.

Temporary glazing coatings. These come in a form of a translucent gel that is
spread onto the internal surface of common glazing. They last for some months and
can easily be removed. They are used as a secondary sun-control medium, as they
can significantly reduce the level of internal light.

GLAZING TYPE AND CLIMATE

The fundamental requirement to avoid overheating in hot climates can be promoted
by minimizing the admission of solar heat in the building’s interior. Although
rational design of the number and size of openings will give the best performance,
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contemporary buildings with extensively glazed facades demand different handling.
The building has to be insulated from the external heat gains during the day and its
interior has to be protected from the glare which is produced by the intense direct
and reflected sunlight without diminishing the level of natural light and without
restricting the view. For these requirements, glass with low solar thermal and light
transmission is necessary. For improved solar control and higher insulation, a
double-glazing unit with a low-emissivity coating on the inner pane provides solar
control by reflecting back the heat absorbed by the glass. In the same manner, the
external pane is kept warm, avoiding condensation on its surface. Especially in
humid climates, the water droplets of the hot ambient humid air can condense on the
external surface of the cool windows of air-conditioned buildings. The improved U-
value of the glazing also insulates cool air-conditioned overglazed buildings from
the external hot environment during the day and reduces their cooling load. In very
hot climates, when buildings can experience overheating for a long period of the
year, use of glass with very low thermal-transmission properties can be beneficial,
despite the reduction of solar gains during winter.

In cold climates with low radiation, use of glass must maximize solar gains and
light transmission during the day and provide high insulation, near to that provided
by a wall, during the night. Clear glass can perform satisfactorily for collection of
solar heat, while addition of heavily insulated shutters for night use can achieve the
required thermal performance.

In temperate climates, there should be a balance between the maximum solar
collection and night insulation during winter and the control of the solar heat trans-
mission during summer, while adequate levels of natural light inside the buildings
should be ensured. Both solar and light transmission can be higher than those re-
quired in a hot climate.

The variety of thermal requirements imposed for different climates and building
types cannot be met with a unique glazing type. A careful study of the properties of
the different glass types needs to be made according to the specific building and the
surrounding environment. The proposed applicability of the different glass types for
different orientations is shown in Figure 10.34 [19].
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APPENDIX A
SIMPLIFIED METHOD FOR CALCULATION OF THE SHADING
COEFFICIENT

A simplified method for calculation of the mean monthly shading coefficients of
selected shading devices had been developed, based on a methodology presented in
[20]. It is a very simple method to be followed and can be helpful during the initial
stage of the design of a building. It is applicable in the following cases:

« Shading caused by facade shading devices, including recessed windows,
side fins and overhangs.

« Shading caused by shading devices which are very close to the window,
such as internal venetian blinds, internal roller shades, external sun screens.
This category also includes shading caused by the use of multi-layer fenes-
tration with shading features, such as anti-sun and dark coloured glazing.

This method calculates the mean monthly shading coefficient, SC, which is neces-
sary for the calculation of the solar radiation passing through openings in the interior
of the building. The method is manual and the user has to complete specific forms,
which are presented in the following pages. The whole process is divided into
groups of calculations, each one concerning a specific part of the complete proce-
dure. The following magnitudes should be calculated for each case:

« Facade obstacle direct radiation shading factor, SF2
« Diffuse radiation shading factor, SD
« Reflected radiation shading factor, SR.



346 PASSIVE COOLING OF BUILDINGS

For application of shading devices, such as sun screens, coloured glazing, curtains,
blinds, roller shades, after the calculation of the previously mentioned shading fac-
tors, the values for the internal and external shading coefficients, SCin and SCex,
should be defined. These values can be found in Tables 10.AS5 to 10.A9.

After the calculation of the above factors, the radiation transmitted through the
opening total solar radiation per unit surface (H) is given as:

H=H, SF2 + H,SD + H, SR

where H is the total transmitted solar radiation per unit surface, 4, the mean monthly
beam solar radiation on the window surface, H, the mean monthly diffuse solar ra-
diation on the window surface and H, the mean monthly ground-reflected solar ra-
diation on the window surface.

The total absolute solar radiation on a surface is calculated as:

Q.= Hx A xSCin x SCex

where ; is the solar radiation transmitted to the space, 4 the window surface area
(m?), SCin the shading coefficient for internal shading devices and SCex the shading
coefficient for external shading devices.

Several assumptions are made for the development of the method:

» The method is valid for North European latitudes (i.e. 35° to 66°).
« For the case of side fins, it is assumed that both right and left fins are nor-
mal to the window plane and located at equal distances from the window

sides.

« For the case of an overhang, it is assumed that it is normal to the window
plane.

« The method is valid mainly for vertical planes, but it can also be used with-
out significant error for tilted surfaces in the range of tilt that is met in
buildings.

THE FORMS

Form 1. Steps 1 1o 5:General information data (necessary for all groups of
calculations)

I Determine the site latitude (F) (in deg), (35° to 66°)
2 Determine the surface azimuth (G) (in deg)

(~90° for east, 0° for south, 90° for west, 180° for north)
3 Determine the surface tilt (B) (in deg)
4  Select from Table 10.A1 the solar declination (D) (in deg)
5 Calculate AR3 = F— D [AR3 = Step 1 - Step 4]
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20

21
22
23
24
25

Form 2:  Calculations for remote obstacles

In absence of any remote obstacles, proceed to Step [101]
Determine the angle between the centre of the window and the
top of the remote obstacle (ROA) (in deg)

In absence of any remote obstacles, set ROA =0

Calculate FWR = (ROA + B — 90) [FWR = Step 20 + Step 3 - 90}
Calculate SFW = sin(FWR) [SFW = sin(Step 20)]

Calculate FRW = 1 — SFW [FRW = 1 - Step 22]

Calculate REW = FRW/2 [RFW = (Step 23)/2}

Calculate view factor Fw-r, as Fw-r = 1 — RFW

[Fw-r =1 - (Step 24)]

Form 3: Calculation of the direct radiation shading factor SF2 in case of recessed

101
102
103
104
105
106

107

108

109

110
111
112
113
114
115
116
117
118
119
120
121

window

Determine the depth of the recessed window (R) (in m)
Determine the height of the window (H) (in m)

Determine the width of the window (W), (in m)

Calculate the ratio R/H as P1 [= step 101/Step 102]

Calculate the ratio R/W as P2 [= Step 101/Step 103]

Select from Table 10.A2 the factor Al corresponding to the
window orientation

Select from Table 10.A2 the factor B1 corresponding to the
window orientation

Select from Table 10.A2 the factor A2 corresponding to the
window orientation

Select from Table 10.A2 the factor B2 corresponding to the
window orientation.

Calculate BBG = P1-+P2 [BBG = Step 104 + Step 105]

Calculate GBB = —0.8632 x BBG [GBB = -0.8632 x (Step 110)]
Calculate BGB = exp(GBB) [BGB = exp(Step111)]

Calculate Fw-f=]1 — BGB [Fw-f=1 - Step112}

Calculate MT1=B1 x AR3 [MT1 = Step 107 x Step 5]

Calculate MT2 = B2 X AR3 [MT2 = Step109 x Step 5]

Calculate MT3 = A1 + MT1 [MT3 = Step 106 + Step 114]
Calculate MT4 = MT3 X P1 [MT4 = Step 116 x Step 104]

Calculate MTS = A2 + MT2 [MT5 = Step 108 + Step 115]
Calculate MT6 = P2 X MT5 [MT6 = Step 105 x Step 118]

Calculate MT7 = MT4 + MT6 [MT7 = Step 117 + Step 119}
Calculate the DIRECT RADIATION SHADING FACTOR
(SF2 = exp (MT7))
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Form 4: Calculation of the direct radiation shading factor SF2 in case of side fins

201 Determine the width of the window () (in m)

202  Give the length of the side fins (Z) (in m)

203  Give the distance between the window and the side fins (D)
(inm)

204 Calculate P1 = L/W [P1 = Step202/Step 201]

205  Calculate P2 = D/W [P2 = Step 203/Step 201]

206  Select from Table 10.A3 the factor A1 corresponding to the
window orientation

207  Select from Table 10.A3 the factor B1 corresponding to the
window orientation

208  Select from Table 10.A3 the factor A2 corresponding to the
window orientation

209  Select from Table 10.A3 the factor B2 corresponding to the
window orientation

210 Calculate MY1 = P1 x P1 [MYI = Step 204 x Step 204]

211  Calculate MY2 = P2 x P2 [MY1 = Step 205 x Step 205]

212 Calculate MY3 = MY1 + MY2 [MY3 = Step 210 + Step 211]

213 Calculate MY4 = (MY3)°’5 [MY4 = (Step 212)%7]

214  Calculate MYS = P2/MY4 [MYS = Step 205/Step 213]

215 Calculate MY6 = 1- MY5 [MY6 =1 - Step 214]

216  Calculate Fw-f=0.3282 x MYG6 [Fw-f=0.3282 x Step 215]

217  Calculate MY7 = AR3 x B1 [MY7 = Step 5 x Step 207]

218 Calculate MY8 = A1 + MY7 [MYS8 = Step 206 + Step 217]

219 Calculate MY9 =MY8 x P1 [MY9 = Step 218 x Step 204]

220 Calculate MY 10 = B2 x AR3 [MY10 = Step 209 x Step 5]

221 Calculate MY11 = A2+MY 10 [MY11 = Step 208 + Step 220]

222 Calculate MY12 =MY11 x P1 x P2
[MY12 = Step 221 x Step 204 x Step 205]

223  Calculate the DIRECT RADIATION SHADING FACTOR
(SF2 =1+ MY9 +MY 12) [SF2 =1 + Step 219 + Step 222]
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Form 5:  Calculation of the direct radiation shading factor SF2 in case of an

301
302
303

304
305
306

307

308

309

310
311
312
313
314
315
316
317
318
319
320
321
322

323

overhang

Give the window height (H) (in m)

Give the overhang length (L) (in m)

Give the distance between the window and the overhang (D)
(inm)

Calculate P1 = L/H [P1 = Step 302/Step 301]

Calculate P2 = D/H [P2 = Step 303/Step 301]

Select from Table 10.A4 the factor A1 corresponding to the
window orientation

Select from Table 10.A4 the factor Bl corresponding to the
window orientation

Select from Table 10.A4 the factor A2 corresponding to the
window orientation

Select from Table 10.A4 the factor B2 corresponding to the
window orientation

Calculate NY1 =P1 x P1 [NY1 = Step 304 x Step 304]

Calculate NY2 = P2 x P2 [NY2 = Step 305 x Step 305]

Calculate NY3 =NY1+NY2 [NY3 =Step 310 + Step 311]
Calculate NY4 = (NY3)*® N4 = (Step 312)°9)

Calculate NY5 = P2/NY4 [NYS5 = Step 305/Step 313)

Calculate NY6 =1 —NYS5 [NY6 =1 —Step 314]

Calculate the factor Fw-f=0.3282 X NY6 [Fw-f=0.3282 x Step 315}
Calculate NY7 = AR3 x B1 [NY7 = Step 5 x Step 307

Calculate NY8 = Al + NY7 [NY8 = Step 306 + Step 317]

Calculate NY9 = NY8 x P1 [NY9 = Step 318 x Step 304}

Calculate NY10 = AR3 x B2 [NY10=Step 5 x Step 309}

Calculate NY11 =NY 10 + A2 [NY11 = Step 320 + Step 308}
Calculate NY12=NY11 xP1 x P2

[NY12 = Step 312 x Step 304 x Step 305}

Calculate the DIRECT RADIATION SHADING FACTOR
(SF2=1+NY9 + NY12)
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Form 6: Calculation of diffuse and reflected radiation shading factors SD and SR

401

402

403
404
405
406
407
408

409
410

411
412

501

502

503

50

505
506
507
508
509

Set the value of the factor Fw-f, as previously calculated.
In absence of any facade obstacles, set Fw-f=0

Define the factor F1w-f = Fw-f.

In the case of an overhang, Flw-f=0

Calculate IY1 = 1 — Fw-f [1Y1 =1 - Step 401)

Calculate 1Y2 = | — Fw-r [IY2 =1 - Step 25)

Calculate IY3 =2 X I'Y1 x I'Y2 [1Y3 =2 x (Step 403) x (Step 404)]
Calculate 1Y4 = cos(B) [1Y4 = cos(Step 3)]

Calculate IYS =1 +1Y4 (1v5 =1 + Step 406]

Calculate the DIFFUSE RADIATION SHADING FACTOR
(SD = 1Y3/IY5) [SD = Step 405/Step 407)

Calculate IY6 = | — Flw-f[1v6 = 1 - Step 402)

Calculate IY7= 2 x IY6 X Fw-r [IY7 = 2 x Step 409 x Step 25]
Calculate IY8=1 — Y4 [1Y8 = 1 - Step 406)

Calculate the REFLECTED RADIATION SHADING
FACTOR (SR =1Y7/TY8) [SR = Step 410/Step 411]

Form 7: Calculation of the mean monthly shading coefficient SC

Define the mean monthly beam solar radiation for the opening,
without the shading device (H})

Define the mean monthly diffuse solar radiation for the open-
ing, without the shading device (H,)

Define the mean monthly ground reflected solar radiation for
the opening, without the shading device (H)

Calculate H1 = Hy+Hy+Hg [H1 = Step 501 + Step 502 + Step 503
Calculate IB1 = SF2 x H,

Calculate IB2 = SD x Hy

Calculate IB3 = SR x H,

Calculate IB4 = IB1 + IB2 +] B3 [1B4 = Step 505 + Step 506 + Step 507)
Calculate SC = IB4/H1 [SC = Step 508/Step 504]

When any complementary shading devices, such as sun screens, coloured glazing,
curtains, blinds or roller shades, are used, the user has to specify the values of SCex
and SCin from Tables 10.A5 to 10.A9. An example for each case of shading is given
at the end of the section.
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TABLES

Table 10.41 Solar declination angle (in deg)

Month Sth Day 15th Day 25th Day
January ~22.6 -21.3 -19.3
February -16.4 -13.6 9.8
March 6.8 2.8 1.2
April 5.6 9.4 13.0
May 16.1 18.8 20.9
June 225 233 234
July 22.8 215 19.6
August 16.8 13.8 10.3
September 6.2 22 -1.8
October -5.8 -9.6 -13.1
November —6.5 -19.1 -21.2
December -22.6 =233 -23.4

For monthly based calculations, the 15th day of each month is
usually chosen as the reference day.

Table 10.42 Factors for recessed windows

Orientation Al B1 A2 B2
S -5.695 0.081 -1.342 0.009
SE-SW -2.418 0.032 -1.479 0.017
E-W -0.868 0.009 0232 —0.022
NE-NW 0.336 —0.013 —0.320 —0.074
N -1.193 0.036 -1.825 —0.163

Table 10.43 Factors for side fins

Orientation Al B1 A2 B2
N -1.175 0.012 0.860 —0.008
SE-SW —0.799 0.009 0.684 —0.006
E-W 0.118 -0.014 0.005 0.010
NE-NW 0.155 —0.041 0.680 0.009
N 0.275 -0.133 0.641 0.039
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Table 10.44 Factors for overhangs
Orientation Al Bl A2 B2
S -3.023 0.045 1.285 —0.006
SE-SW -1.255 0.015 0.905 —0.008
E-W -0.684 0.005 0.610 —0.004
NE-NW —0.654 0.006 0.616 -0.006
N -0.726 0.007 0.609 -0.007

Table 10.45 Shading coefficients for transparent sheeting

Transmittance

Type of plastic Visible Solar SC
Acrylic
Clear 0.92 0.85 0.98
Grey tint 0.16 0.27 0.52
033 0.41 0.63
0.45 0.55 0.74
0.59 0.62 0.80
0.76 0.74 0.89
Bronze tint 0.10 0.20 0.46
027 0.35 0.58
0.61 0.62 0.80
0.75 0.75 0.90
Reflective
Aluminium metallized 0.14 0.12 0.21
polyester film on plastic
Polycarbonate
Clear (3.2mm) 0.88 0.82 0.98
Grey (3.2mm) 0.50 0.57 0.74
Bronze (3.2mm) 0.50 0.57 0.74
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Table 10.46 Shading coefficients for external louvred sun screens

Profile angle Group 1 Group 2
(in deg) Transmittance SC Transmittance SC
10 0.23 0.35 0.25 0.33
20 0.06 0.17 0.14 0.23
30 0.04 0.15 0.12 0.21
240 0.04 0.15 0.11 0.20
Profile angle Group 3 Group 4
(in deg) Transmittance SC Transmittance SC
10 0.40 0.51 0.48 0.59
20 0.32 0.42 0.39 0.50
30 0.21 0.31 0.28 0.38
240 0.07 0.18 0.20 0.30
Profile angle Group § Group 6
(in deg) Transmittance SC Transmittance SC
10 0.15 0.27 0.26 0.45
20 0.04 0.11 0.20 0.35
30 0.03 0.10 0.13 0.26
>40 0.03 0.10 0.04 0.13
Profile angle = tan (Sh/P) where Sh/P=Shadow length per unit length of projection.
Group 1: Black, 9 louvres per cm, width over spacing ratio 1.15.
Group 2: Light colour, high reflectance, otherwise same as Group 1.
Group 3: Black or dark colour, 6.7 louvres per cm, width over spacing ratio 0.85.
Group 4: Light colour or unpainted aluminium, high reflectance, otherwise same as Group 3.
Groups 5 & 6: Same as Groups 1 & 3 respectively except two lights 0.65 cm clear glass with 1.30 cm
air space.

Table 10.47 Shading coefficients for double glazing with an intermediate shading element

Type of glass Nominal Solar transmittance  Venetian blinds  Louvred
each Sun-
w

p(,:l:ne) Quter Inner Light Medium screen

Clear out, in 7.6/81.3, 0.87 0.87 0.33 0.36 043
2.5/20.3

Clear out, in 2.5/10.2 0.80 0.80 - - 0.49
Heat absorbing’ out 0.28 0.30 0.37
Clear in 2.5/10.2 0.46 0.80 - - 0.41

*Refer to manufacturer's literature for values
Grey, bronze and green tinted heat absorbing glass
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Table 10.48 Shading coefficients for glass without or with interior shading

Type of Nominal Solar Without Venetian blinds Roller shades
glass thickness of  trans-  interior shading Opaque Trans-
each light,* mittance’ Medium Light lucent
(cm) 7=22.13 =113 Dark  Light Light
Single
Clear 7.6/81.3t0 0.87-0.80 1.00 1.00 064 0355 059 025 039
2.5/10.2
Clear 25/102t0 0.80-0.71 094  0.95 " " " " "
2.5/5.1
Clear 7.6/20.4 0.72 050 092 " " " " "
Clear 2.5/5.1 0.67 087 088 " " " " "
Clear pattern 2.5/203t0 0.87-0.79 0.83  0.85 " " " " "
22.9/81.3
Heat absorbing 2.5/20.3 083 085 " " " " "
pattern
Heat absorbing  7.6/40.7 to 06% 073 057 053 045 030 036
pattern 2.5/10.2
Tinted 2,5/203t0 0.59-045 069 0.73 " " " " "
17.8/81.3
Heat absorbingI 7.6/40.7 to 0.46 0.69 0.73 " " " " "
2.5/10.2
Heat absorbing 0.44-030 060 064 054 052 040 028 0.32
or pattern
Heat absorbingI 7.6/20.3 0.34 060 064 " " " " "
Heat absorbing 2.5/5.1 044-030 053 058 042 040 036 028 031
or pattern 0.24
Reflective glass 0.30 025 023
0.40 033 029
0.50 042 038
0.60 0.50 044
Double
Clear out 7.6/81.3, 0.71
2.5/20.4
Clear in 088 0.8 057 051 060 025 0.37
Clear out 2.5/10.2 061 0.81 0.82
Clear in
Heat absorbing 2.5/10.4 036 0.55 0.58
out
Clear in 039 036 040 022 030
Reflective glass 0.20 0.19 0.18
0.30 027 026
0.40 0.34 033
Triple
Clear 2.5/10.2 0.71
Clear 2.5/20.3 0.80

* Refer to manufacturerer's literature for values

t For vertical blinds with opaque white and beige louvres in the tightly closed positon, Sc is 0.25
and 0.29 when used with glass of 0.71 to 0.80 transmittance

I Gray, bronze and green tinted heat absorbing glass

§ The external heat transfer coefficient 4 0f 22.7 and 17.0 W m™2K™! is taken to correspond to
wind velocities of 3.35 and 224 m s~
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20
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23
24
25

Table 10.49 Shading coefficients for curtains

Type of curtain Transmittance lnsidé Outside
White jalousies 5% 0.25 0.10
10% 0.30 0.15
30% 0.45 0.35
White curtains 50% 0.65 0.55
70% 0.80 0.75
90% 0.95 0.95
Coloured textiles 10% 042 0.17
30% 0.57 037
50% 0.77 0.57
Aluminium-coated textiles 5% 0.20 0.08
APPENDIX B
EXAMPLE

Form 1: Steps I to 5:General information data (necessary for all groups of

calculations)

Determine the site latitude (F) (in deg), (35° to 66°)
Determine the surface azimuth (G) (in deg)

(-90° for east, 0° for south, 90° for west, 180° for north)

Determine the surface tilt (B) (in deg)

Select from Table 10.A1 the solar declination (D) (in deg),

Calculate AR3 = F — D{AR3 =Step | - Step 4]

Form 2: Calculations for remote obstacles

In absence of any remote obstacles, proceed to Step [101]

Determine the angle between the centre of the window and the
top of the remote obstacle (ROA) (in deg).
In absence of any remote obstacles, set ROA =0

Calculate FWR = (ROA + B — 90) [FWR = Step 20 + Step 3 - 90]
Calculate SFW = sin(FWR) [SFW = sin(Step 20)]

Calculate FRW =1 — SFW [FRW = 1 - Step 22]
Calculate RFW = FRW/2 [RFW = (Step 23)/2
Calculate view factor Fw-r, as Fw-r =1 — RFW

[Fw-r = 1 - (Step 24)]

40°

20°
40°

21.5°
_18.5

20°

—300°
-0.5

1.5

0.75
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Form 3: Calculation of the direct radiation shading factor SF2 in case of recessed

window

101  Determine the depth of the recessed window (R) (in m) 0.3
102  Determine the height of the window (H) (in m) 1.5
103  Determine the width of the window (W), (in m) 2.0
104  Calculate the ratio R/H as P1 [= Step 101/Step 102] 0.2
105 Calculate the ratio R/W as P2 [= Step 101/Step 103] 0.15
106  Select from Table 10.A2 the factor Al corresponding to the

window orientation -5.695
107  Select from Table 10.A2 the factor B1 corresponding to the

window orientation 0.081
108  Select from Table 10.A2 the factor A2 corresponding to the

window orientation -1.342
109  Select from Table 10.A2 the factor B2 corresponding to the

window orientation. 0.009
110  Calculate BBG = P1+P2 [BBG = Step 104 + Step 105) 0.26
111 Calculate GBB = —0.8632 x BBG [GBB = -0.8632 x (Step 110)] -0.224
112 Calculate BGB = exp(GBB) [BGB = exp(Stepl11)] 0.799
113 Calculate Fw-f=1 — BGB [Fw-f=1 - Step!12] 0.201
114 Calculate MT1=B1 x AR3 [MT1 = Step 107 x Step 5] 1.50
115 Calculate MT2 = B2 X AR3 [MT2 = Step109 x Step 5] 0.166
116  Calculate MT3 = A1 + MT1 [MT3 = Step 106 + Step 114] -4.195
117 Calculate MT4 = MT3 X P [MT4 = Step 116 x Step 104] -0.839
118 Calculate MT5 = A2 + MT2 [MTS = Step 108 + Step 115] -1.176
119  Calculate MT6 = P2 X MT3 [MT6 = Step 105 x Step 118] -0.176
120  Calculate MT7 = MT4 + MT6 [MT7 = Step 117 + Step 119] -1.015

121 Calculate the DIRECT RADIATION SHADING FACTOR
(SF2 = exp (MT7)) 0.36
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Form 4: Calculation of the direct radiation shading factor SF2 in case of side fins

201 Determine the width of the window (#) (in m) 2.0
202  Give the length of the side fins (L) (in m) 1.0
203  Give the distance between the window and the side fins (D)

(in m) 0.5
204  Calculate P1 = L/W p1 = Step202/Step 201] .
205 Calculate P2 = D/W [P2 = Step 203/Step 201] 0.25
206 Select from Table 10.A3 the factor Al corresponding to the

window orientation -0.799
207 Select from Table 10.A3 the factor B1 corresponding to the

window orientation 0.009
208 Select from Table 10.A3 the factor A2 corresponding to the

window orientation 0.684
209  Select from Table 10.A3 the factor B2 corresponding to the

window orientation -0.006
210 Calculate MY1 =P[ X Pl [MY1 = Step 204 x Step 204] 0.25
211  Calculate MY2 = P2 X P2 [MY1 = Step 205 x Step 205] 0.0625
212 Calculate MY3 = MY 1 + MY2 [MY3 =Step 210 + Step 211] 0.3125
213 Calculate MY4 = (MY3)* (My4 = (Step 212)°9) 0.559
214 Calculate MY 5 = P2/MY4 [MYS5 = Step 205/Step 213] 0.447
215 Calculate MY6 = |- MY5 [MY6 =1 - Step 214) 0.552
216 Calculate Fw-f=0.3282 X MY6 [Fw-f=0.3282 x Step 215] 0.181
217 Calculate MY7 = AR3 X B1 [MY7 = Step 5 x Step 207) 0.166
218 Calculate MY8 = Al + MY7 [MY8 = Step 206 + Step 217) -0.633
219 Calculate MY9 = MY8 X P {MY9 = Step 218 x Step 204] -0.316
220 Calculate MY 10 = B2 x AR3 (MY 10 = Step 209 x Step 5] -0.111
221 Calculate MY 11 = A2+MY 10 (MY11 = Step 208 + Step 220) ~0.573
222  Calculate MY12 =MYI11 x P1 x P2

{MY12 = Step 221 x Step 204 x Step 205] M

223 Calculate the DIRECT RADIATION SHADING FACTOR
(SF2 =1+ MY9 +MY 12) {SF2 =1 + Step 219 + Step 222] 0.755
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Form 5: Calculation of the direct radiation shading factor SF2 in case of an

overhang

301  Give the window height (H) (in m) .
302 Give the overhang length (L) (in m) 1.2
303 Give the distance between the window and the overhang (D)

(in m) 1.0
304 Calculate P1 = L/H [P1 = Step 302/Step 301} 0.6
305 Calculate P2 = D/H [P2 = Step 303/Step 301] 0.5
306 Select from Table 10.A4 the factor Al corresponding to the

window orientation -3.023
307 Select from Table 10.A4 the factor B| corresponding to the

window orientation 0.045
308 Select from Table 10.A4 the factor A2 corresponding to the

window orientation 1.285

309 Select from Table 10.A4 the factor B2 corresponding to the

window orientation -0.006
310  Calculate NY1 =P1 X P1 [NY1 = Step 304 x Step 304] 0.36
311 Calculate NY2 = P2 X P2 [NY2 = Step 305 x Step 305] 0.25
312 Calculate NY3 =NY I+NY2 [NY3 =Step 310 + Step 311] 0.61
313 Calculate NY4 = (NY3)™ (NY4 = (Step 312)°5) 0.78
314 Calculate NYS5 = P2/NY4 [NYS = Step 305/Step 313] 0.64
315 Calculate NY6 =1 —NY5 [NY6 =1 - Step 314] 0.36
316 Calculate the factor Fw-f= 0.3282 X NY6 [Fw-f=0.3282 x Step 315] 0.118
317  Calculate NY7 = AR3 X B1 [NY7 = Step 5 x Step 307] 0.83
318 Calculate NY8 = Al + NY7 [NY8 = Step 306 + Step 317] -2.19
319 Calculate NY9 =NY8 X Pl [NY9 = Step 318 x Step 304] -1.31
320 Calculate NY 10 = AR3 x B2 [NY10= Step 5 x Step 309] -0.111
321 Calculate NY11 =NY10 + A2 [NYII = Step 320 + Step 308] 1.174
322  Calculate NY12=NY11 x Pl x P2

[NY12 = Step 312 x Step 304 x Step 305] 0.35

323  Calculate the DIRECT RADIATION SHADING FACTOR
(SF2=1+NY9+NY12) 0.04
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Form 6: Calculation of diffuse and reflected radiation shading factors SD and SR

401  Set the value of the factor Fw-f, as previously calculated. 0.26
In absence of any facade obstacles, set Fw-f=10
402 Define the factor F1w-f = Fw-f.

In the case of an overhang, Flw-f=0 0.26
403 Calculate IY1 =1 —~ Fw-f[1v1 =1 - Step 401] 0.74
404 Calculate IY2 = | — Fw-r [IY2 = 1 - Step 25] 0.75
405 Calculate IY3 =2 x IY1 x I'Y2 [1Y3 = 2 x (Step 403) x (Step 404)] 1.11
406 Calculate IY4 = cos(B) [1Y4 = cos(Step 3)] 0.766
407 Calculate IYS =1+ IY4 [1v5=1 + Step 406) 1.766
408 Calculate the DIFFUSE RADIATION SHADING FACTOR

(SD =1Y3/IYS) [SD = Step 405/Step 407] 0.628
409 Calculate IY6 = 1 — Flw-f[1Y6 =1 - Step 402] 0.74
410 Calculate IY7=2 X IY6 X Fw-r [1Y7 = 2 x Step 409 x Step 25] 0.37
411 Calculate IY8=1 — IY4 [1Y8 = 1 - Step 406] 0.234
412  Calculate the REFLECTED RADIATION SHADING

FACTOR (SR =1Y7/1Y8) [SR = Step 410/Step 411] 1.0

Form 7: Calculation of the mean monthly shading coefficient SC

501  Define the mean monthly beam solar radiation for the opening,

without the shading device (H,) 12 MJ
502  Define the mean monthly diffuse solar radiation for the open-

ing, without the shading device (Hy) 6 MJ
503  Define the mean monthly ground reflected solar radiation for

the opening, without the shading device (Hy) 2 MJ
50 Calculate H1 = Hy+Hy+H, [H1 = Step 501 + Step 502 + Step 503) 20 MJ
505 Calculate IB1 = SF2 x H, 4.8
506 Calculate IB2 = SD x H; 1.8
507  Calculate IB3 = SR x H, 1.6
508 Calculate IB4 =1B1 + IB2 +1 B3 [1B4 = Step 505 + Step 506 + Step 507] 8.2
509 Calculate SC = IB4/H]1 [SC = Step 508/Step 504] 0.41
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Ground cooling

The concept of ground cooling is based on the heat-loss dissipation from a building
to the ground which, as will be explained in the following, during the cooling period
has a temperature lower than the ambient. This dissipation can be achieved either by
direct contact of an important part of the building envelope with the ground, or by
injecting air into the building that has been previously circulated underground, by
means of earth-to-air heat exchangers.

GROUND COOLING BY DIRECT CONTACT

A building exchanges heat with the environment by conduction, convection and
radiation. For most buildings, being in contact only with the ground, the main
mechanism is convection, since the biggest part of the building envelope is in
contact with ambient air. Then comes radiation and finally conduction, since the part
of the building envelope in contact with the ground is small. The idea of ground
cooling by direct contact is to increase the conductive heat exchange. The building is
constructed in such a way that an important part of the building envelope is in
contact with the ground. An example of such a construction is shown in Figure 11.1.
A house is built on a sloping site, facing south. The north side is buried. Therefore
conductive heat exchange is increased and the building temperature drops, since the
ground is at a lower temperature during the cooling period. The inverse
phenomenon, i.e. conductive heat gains, occurs during the heating season. The
important thermal contact also has another major advantage regarding the thermal
behaviour of the building. This is the increase of the thermal inertia of the building,
since the building boundary becomes the ground, which has an important thermal
inertia. What is the advantage of large thermal inertia? It is that the indoor
temperature swings, induced by the important variation of the outdoor temperature,
are decreased; therefore this results in lower average indoor temperatures during the
cooling season and higher ones during the heating season. An approximation of the
indoor conditions in such a dwelling is the feeling of the indoor environment that
one might have inside a cave.

The example of Figure 11.1 is the Llavaneres semi-buried house, located close to
Barcelona, Spain, on the Costa Brava. On the island of Santorini, in the Aegean Sea
in Greece there are many semi-buried dwellings built during various historical
periods. Construction of these still continues today.

360
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The house is buik near the 10p of the sloping site, and has an uUnobsiructed southern aspect.
Figure 11.1 Llavaneres house — section of the landscape [1]

As illustrated in Figure 11.1, the house is built near the top of a sloping site, the
slope descending towards the south. This gives the building the advantage of contact
with the ground at the north facade, thus increasing the heating losses during sum-
mer and giving the building an important thermal inertia. Figures 11.2 and 11.3
show the south facade and the roof of the building, which is planted for better inte-
gration with the surrounding landscape. Figure 11.4 shows the floor plan section. It
should be noted that in order to avoid daylight problems all principal spaces are lo-
cated in the southern part of the building, which has external openings, while the
northern part is reserved for the auxiliary spaces.

Figure 11.2 South facade of the Llavaneres building [1]
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Figure 11.3 Roof of the Llavaneres building, integrated

with the surrounding landscape [1]

1. Entrance

2. Living roor.
3. Dining room
4. Kitchen

5. Larder

6. Bedroom

7 Bathroom

Figure 11.4. Section of the building [1]

Semi-buried buildings are very common on the island of Santorini, Greece.
Figure 11.5 shows photographs of existing buildings in the village of Oia in
Santorini. Semi-buried buildings under construction in the same village are shown in
Figure 11.6.

Other than the thermal inertia of earth contact buildings, there are also reasons
why these buildings present a reduced energy consumption. The earth around the
envelope of these buildings makes them more air-tight and therefore infiltration
during both winter and summer is reduced, leading to lower heating and cooling
loads respectively. If the exposed part of the building is on the leeward side of the
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Figure 11.5 Examples of semi-buried houses in Santorini, Greece
(A. Argiriou, personal archive)

prevailing winter winds, then infiltration through this part of the building is reduced.
Regarding cooling, this is achieved not only because of the increased conductive
losses through the ground but also because of the modulation of the solar gains
through the building envelope. The massive ground around the building absorbs
solar radiation during daytime. This excess heat is dissipated convectively at night
by the ambient air and, in places with low relative humidity and clear sky, dissipa-
tion is also achieved by long-wave radiation towards the sky vault. If, furthermore,
the ground in contact with the building is planted, the plants will absorb the most of
the solar radiation and only a small amount will be absorbed by the earth.

Advantages of earth-contact buildings

Earth-contact buildings have advantages that are not only related to their energy
performance [2]. These are described in the following subsections.

VISUAL IMPACT — AESTHETICS

This is the reason for the existence of many earth-contact buildings, built before the
energy crises. Since these buildings are below ground level and their envelope is
covered by earth, they are better integrated into the landscape than most other
buildings. The examples given above illustrate this fact. This is the best solution that
a designer can choose if he has to design a building in locations of historical interest
where modern buildings would be disruptive, for example museums or other build-
ings in archaeological sites. Some non-residential buildings such as industrial
buildings, storage areas or garages are also often built underground, since they are
rather massive and often unattractive.
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Figure 11.6 Semi-buried houses under construction in Santorini,

Greece (A. Argiriou, personal archive)

PRESERVATION OF SURFACE OPEN SPACES

The preservation of open space on the surface of earth-contact buildings is closely
related to the aspect of visual impact. Creating an underground building, the roof of
which can be used as a garden or other type of open space, is a very interesting so-
lution, particularly in densely built areas, where open space may be limited but, at
the same time, necessary.

ENVIRONMENTAL BENEFITS

There are direct and indirect environmental benefits associated with the use of un-
derground buildings. The direct benefits are that the visual impact of the building is
minimized and therefore the landscape is only slightly disturbed. Also the roofs of
these buildings, if planted, absorb carbon dioxide and generate oxygen. The indirect
impact is related to their reduced energy consumption for heating and cooling. The
benefits due to energy conservation are not easy to quantify since they depend on the
individual design of each building and on the climate. As a rule of thumb, it can be
said that the greater the part of the envelope in contact with the ground, the greater
the benefits from energy savings.

NOISE AND VIBRATION CONTROL

The heavy mass of this type of buildings absorbs the noise from the ambient and
vibrations caused in various ways. Therefore, these dwellings are particularly suit-
able for locations close to airports, highways, railways, etc. This can also act in a
complementary way; the mass of the building absorbs noises produced inside the
building, as for example in earth-contact industrial buildings, thus protecting the
outside environment.
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MAINTENANCE
Earth contact buildings in general require less maintenance than most other build-
ings, since the major part of their envelope is sheltered and therefore not degraded
by the weather.

OTHER BENEFITS

The above-mentioned benefits are true for all types of earth-contact buildings. For
the sake of completeness we will give here some other benefits, the importance of
which depends on the type of building use and on the location of the building. These
are fire protection and protection against earthquakes, suitability for civil defence,
protection against storms and tornados and higher security against outside intrusions.

Limitations of earth-contact buildings

Despite their energy-related benefits, earth-contact buildings also have some poten-
tial limitations. The presentation of these limitations is not meant to discourage the
reader of this chapter from choosing an earth-contact building as a design solution,
but to help him or her to identify the limitations and try to minimize their effect by
an appropriate design.

STRUCTURAL AND ECONOMIC LIMITATIONS

Earth-contact buildings require more expensive structures since the roofs must bear
the great weight of the soil and the pressure on the lateral buried walls (this pressure
increases with depth). These limitations can be overcome by choosing between two
construction methods. The first is to use walls surrounded by earth and a conven-
tional roof, which is cheaper than a heavily structured earth-covered roof. The sec-
ond approach is to use structural elements having the shape of shells or domes,
which support higher earth loads efficiently. This results in lower costs and in higher
quantities of earth placed over the building structure.

DAYLIGHTING ASPECTS

Energy-efficient design of buildings is not related only to reducing the energy for
heating and cooling. Electricity consumed for artificial lighting must also be consid-
ered because in many types of buildings this consumption is significant. Therefore,
the depth and the percentage of the building envelope that will be sheltered under
the earth depend also on the area of the necessary openings that provide natural light
inside the building. In the case of the Llavaneres building this problem was solved
(see Figure 11.4) by placing as many spaces as possible on the exposed side of the
building, while all the auxiliary spaces were placed on the opposite side.
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SLOW RESPONSE

Slow response due to the important thermal inertia of the ground is, as has been
previously explained, the major advantage of this type of buildings. This advantage
could become a disadvantage if some energy conservation strategies, such as night
thermostat setback, are to be considered.

CONDENSATION — INDOOR AIR QUALITY

Since during summer the earth temperature is lower than the ambient temperature,
condensation may occur on the internal surfaces of the building, if their temperature
drops below the dew-point temperature. This problem is directly related to the
weather conditions and can be solved by dehumidification or, more commonly, by
increased ventilation rates. Ventilation is also the solution to the indoor air-quality
problems which can occur in such very well sealed buildings. As well as odours, low
infiltration results in an increased concentration of a wide range of detrimental pol-
lutants, including radon. Ventilation, however, will not affect energy savings if the
necessary heat-exchange equipment is used.

Modelling the earth-contact buildings

Thermal-performance simulation is necessary in order to determine the comfort
conditions in a building and the related heating and cooling energy requirements. In
the case of earth-contact building thermal simulation has two additional goals: (i) to
evaluate the potential for moisture condensation and (ii) to evaluate the potential for
freeze and thaw or frost-heave structural damage.

Various methods for performing earth-contact analysis have been developed.
These can be classified into manual and computerized methods. The manual meth-
ods are based on the use of various heat sinks. The potential heat sinks from an un-
derground structure are the mean daily ground temperature and the deep ground, the
temperature of which is assumed constant, equal to the mean annual ground tempera-
ture. In temperate regions the ground temperature is, during winter, the main heat
sink for losses from basements and other underground spaces built close to the
earth’s surface. Therefore, the effect of deep ground can be ignored. This is not the
case during the cooling period, when the deep ground is the only heat sink; in this
case, however, interactions with surface ground temperature cannot be neglected,
since this is a heat source, acting in opposition to losses to the deep ground. The
combined influence of these two heat sinks may be represented by a third fictitious
heat sink. All methods for calculating heat losses from underground spaces can be
classified according to the sink or combination of heat sinks employed in their al-
gorithms. A second classification is related to the estimated parameters. A first cate-
gory of methods estimates the winter-design heat loss only. These methods are (1)
the ‘old ASHRAE’ method and the methods of (2) Elliot and Baker, (3) Boileau and
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Latta and (4) Wang. The second category comprises methods estimating heat losses
throughout the year. These are the Mitalas method and the F-Factor method [2]

When computer methods are used, the three-dimensional heat transfer process is
modelled. In some cases only the two-dimensional problem is treated, after some
assumptions have been made. Such models are the Kusuda and Achenbach model,
the Speltz model and the Ceylan and Myers model [2].

Conclusions

Earth-contact buildings present important advantages regarding their energy con-
sumption both during winter and summer, but also a number of other advantages, not
always directly related to energy conservation but to more general environmental
issues. Their cost is sometimes a drawback to their realization together with a series
of other problems, such as the availability of natural light, condensation and indoor
air quality. However these problems can be successfully faced if careful studies
during the design phase are carried out.

EARTH-TO-AIR HEAT EXCHANGERS

If various constraints do not allow the thermal contact of the building envelope with
the ground, then the ground properties can be used for cooling the indoor air of the
building indirectly, by means of earth-to-air heat exchangers. An earth-to-air heat
exchanger is a pipe buried horizontally at a certain depth, through which the air cir-
culates by means of electric fans. This technique has been developed recently, based
on a similar concept employed by the Persians and Greeks in the pre-Christian era.
More recent constructions, from the 16th century, have been reported; these use
natural cavities (‘covoli’), found in the hills of Vicenza, Italy [3].

The principle of a modern system is shown in Figure 11.7. Air is sucked by
means of a fan from the ambient and enters the building through the buried pipe.
During summer, as has previously been explained, since the ground temperature is
lower than the ambient air, the air temperature at the outlet of the exchanger is lower
than the temperature at the inlet. The opposite phenomenon occurs during winter.

Earth-to-air heat exchangers can be applied in either an open-loop or a closed-
loop circuit. The example in Figure 11.7 is an open-loop circuit. In a closed-loop
circuit, both inlet and outlet are located inside the building. Plastic, concrete or
metallic pipes are used in modern applications. They are used to cool the ambient air
before injecting it into the building, or the indoor air if the system is used in a closed
loop. The temperature decrease of the air depends upon the inlet air temperature, the
ground temperature at the depth of the exchanger, the thermal conductivity of the
pipes and the thermal diffusivity of the soil, as well as the air velocity and pipe
dimensions. Detailed calculations are needed to optimize such a system. As a
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Figure 11.7 Principle of earth-to-air
heat exchangers, linked to a building

threshold value for the application of this system, the ground temperature around the
tubes should be at least 5-6 K lower than the air temperature.

Theoretical principles

The principle of ground cooling is directly related to the thermal properties of the
ground. The ground has thermal properties that give it a high thermal inertia. This is
not a new idea. In the island of Delos in Greece during ancient times, as well as in
Morocco, it was usual to cook sheep in a hole in the ground. Heat from a fire was
stored in the ground and used later to cook the meat away from the flames.

The heat transfer mechanisms in soils are, in order of importance: conduction,
convection and radiation, Conduction occurs throughout the soil but the main flow
of heat is through the solid and liquid constituents. Convection is usually negligible,
with the exception of rapid water infiltration after irrigation or heavy rain. Radiation
is important only in very dry soils, with large pores, when the temperature is high.
Therefore, the main parameters influencing the thermal behaviour of the soil are
thermal conductivity and heat capacity. It must be noted here that most soil minerals
have the same density and specific heat. Thermal conductivity and heat capacity can
be jointly expressed under the term of thermal diffusivity:

A

pe

(04

where A is the thermal conductivity, p the density and ¢ the specific heat of the soil.
Thermal diffusivity determines the thermal behaviour of the soil. Thermal diffusivity
values for various soils are given in Table 11.1.

From the definition of thermal diffusivity and the values in Table 11.1, it is con-
cluded that heat tends to be stored in the ground, rather than to propagate in it.
Ground can be considered as a semi-infinite medium and therefore the heat transfer
equation becomes
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Table 11.1 Thermal diffusivity of various ground types [4]

Soil description o
(x 106 mz.s'l)

Concrete 0.49-0.7

Granite 0.8-1.83

Limestone 0.57-0.59

Marble 1.39

Sandstone 1.06-1.26

Earth coarse 0.139

2

I _ 97T (L1
ot oz’

where z is the ground depth. Assuming that the ground surface is subjected to a sinu-
soidal variation, then the boundary conditions are

T(t, 0)=T,+6,cosux
7(1, o0) = constant

where T, is the ambient air temperature, @, is the amplitude of the assumed sinusoi-
dal variation and @ is the angular frequency of the variation (s™").
The solution of equation (11.1) is

T(t,2) =T, + ©,e "' cos(wt - 3) (11.2)

where d = 2o/w)** is called the damping depth, because it governs the penetration
depth of the ‘temperature waves’ in the soil. At a depth of 54, the temperature varia-
tions are almost completely damped out. In order to help understanding of the
meaning of the damping depth, the following example is given.

The diurnal angular frequency is @ = 27/(24 X 60 X 60) s ' = 0.727 x 10™* 5" and
therefore the damping depth is 0.148 m for a granite soil (diffusivity given in Table
11.1) and 0.0309 m for coarse earth. Hence the penetration depth of the diurnal
variation is 0.740 m for the first ground type and 0.155 m for the second one. For
the annual variation, these values are (365)°° or about 20 times larger [3].

This example illustrates that rapid temperature variations, such as the daily varia-
tion of the ambient temperature, have a small damping depth and therefore, below a
depth of 1 m, the ground temperature is not influenced. This is the physical principle
on which ground cooling is based.
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Modelling the ground temperature

The determinant parameter for the evaluation of the ground cooling potential is the
ground temperature at various depths. Ideally, this value should be measured. How-
ever, only a few weather stations perform measurements of ground surface tempera-
ture, while the number of the stations where measurements at various depths are
performed is even smaller. This is why algorithms for the calculation of the ground
temperature at various depths have been developed. For homogeneous soil of con-
stant thermal diffusivity, the ground temperature at any depth z and time ¢ is [5]:

1/2
(9
T(z,1)= T, — A, exp| —
(z,0) : xp[ 2(3650[) }

V2
X €OS (—ZJ—{-) t—to—i(ﬁJ (11.3)
365 2\ mo

where

Tn average annual temperature of the soil surface (°C),

A; = amplitude of surface temperature variation (°C),

z = depth(m),

a = thermal diffusivity of the ground (m* h™"),

t = time elapsed from the beginning of the calendar year (hours).

ty = a phase constant (hours) (hours since the beginning of the year of the

lowest average ground surface temperature).

This equation shows that the soil temperature at a certain depth depends mainly on
the surface temperature and on the thermal characteristics of the soil. Figures 11.8
and 11.9 show the variation of the surface temperature of various soils. Measure-
ments were taken in Athens, by the National Observatory of Athens.

TEMPERATURE

201

o L L L . " N " s 2 L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
MONTH

==— Bare soil —— Short grass soil
Figure [1.8 Variation of the multi-year mean monthly surface
temperature of bare and short-grass-covered soil [6].
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Figure 11.9 Variation of the mean annual
temperature as well as of the annual amplitude for
(a) bare and (b) short-grass covered soil [6]

The effect of the thermal inertia of the ground is clearly illustrated in Figure
11.10, which shows the convergence of the ground temperature at a practically
constant value as depth increases [2].

Modelling the earth-to-air heat exchangers [7]

SINGLE HEAT EXCHANGER
The transport phenomena that determine the operation of an earth-to-air heat ex-

changer are the heat transfer between the air circulating in the exchanger and the
ground, and the moisture transfer induced by this heat transfer process. Therefore
this process is described by the heat balance differential equation and a mass transfer
differential equation. This system of equations is solved, taking into account the
initial and boundary conditions.

The heat balance equation, in cylindrical co-ordinates (see Figure 11.11), is
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Figure 11.10 Ground temperature variation as
a function of depth [2]
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Figure 11.11 Definition of the system of coordinates
Sfor the solution of the heat balance equation

o, 12,7}, 0 i)
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with 7 soil temperature, p soil density, ¢, specific heat of the soil, & thermal conduc-
tivity of the soil, /, heat of vaporization of the moisture content of the soil, p,, mois-
ture density, D, .., isothermal diffusivity of moisture in vapour form, and 4 the
moisture content of the soil.

The mass transfer equation is
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oh J or) o J
—_—= %—(Drr—)+5(DT %)+%§[D"r%J+%(D" %]

where

and

10 ch) o oh
;5‘(Dur7§J+$[Du 5)

are the moisture transfer terms due to the temperature and moisture gradients re-
spectively. Dy is the thermal diffusivity of moisture and D, is the isothermal diffu-
sivity of moisture, given by the following relation:

gM p, X

D, =D, ,vaa=—
RT p, 06

T

where D, is the coefficient of molecular diffusion of water vapour to the air (L’T ).
This coefficient can be determined from the expression:

23

D, =442x10™* i

P
which gives the parameter D,, in cm” s™' when the temperature T is expressed in K
and the total pressure of the gaseous phase in mmHg. v = p/(p— p,), where p is
the total pressure of the gaseous phase and p, is the partial pressure of the water va-
pour inside the gaseous phase contained in the soil, & is the tortuosity factor
(dimensionless), a is the gas content per unit volume of soil, g is the acceleration of
gravity (m s2), R is the constant of ideal gases (J K™' mol™), M is the molecular
mass of water (kg mol™), py, is the density of water vapour (M L), p, is the density
of liquid water (ML) and @ is the hydraulic potential of liquid water (L).

This heat and mass transfer problem has the following initial conditions:

T(r,y,0)=Ty(r)
h(r, v, 0) = hy(r).

The boundary conditions are:

1 For the r coordinate:
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— At a large distance from the pipe (undisturbed soil) (» = R, = distance at

which the ground temperature is not disturbed by the presence of the
pipes):

T(R,,y,t)=T(R,)

MR,,y,1)=hR,).

At the outer surface of the pipe the calculated heat flow from the air to
the pipe equals the heat flow in the soil:

(UA)pipe (L, (3, ) - T(R,, y, 1)) = —m;c,dT,(¥) (11.4)

where m;, is the air mass flow rate through the exchanger, ¢, the specific

heat of the air and 7, the air temperature inside the exchanger. The

overall heat transfer coefficient through the pipe is defined as follows:
2ml

(UA)py = R TR R R, (11.5)

with / the length of the earth-to-air heat exchanger, R, the outer pipe ra-
dius, Ry, the inner pipe radius, &, the thermal conductivity of the pipe
material, A, the convective heat transfer coefficient between the air in the
pipe and the inner pipe surface, and 7, the air temperature inside the
pipe.

Another boundary condition is that 7,(0) equals the ambient air tem-
perature.

At » = R, the migration of moisture is due to the temperature gradient
since the pipe walls are not permeable to water. Therefore, the compo-
nent of the moisture flux due to the moisture gradient is zero:

dh(R,,y, 1) _
=

For the y coordinate:

At a very large distance from both the inlet and outlet of the exchanger,
where the temperature field of the soil is undisturbed, y, and y, respec-
tively, the temperature equals the temperature of the undisturbed soil:

0.
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T(r, 4, 1) = T(r)
W(r, Y., 1) = h(r)
I(r, yy, 1) = T,(r)

h(r, yy, t)=h(r)

where A, is the moisture content of the undisturbed soil.

The soil temperature close to the exchanger is calculated by super-
imposing the temperature field due to the presence of the earth-to-air heat
exchanger and the temperature of the undisturbed soil, given in equation

(11.1).

N HEAT EXCHANGERS

The thermal behaviour of N earth-to-air heat exchangers is obtained by superimpos-
ing the solutions of the system describing the thermal behaviour of a single pipe[8].
Assume that (; is the heat through the exchanger / and @, is the heat through the
exchanger j. These quantities are equal to the right-hand side of equation (11.4),
since they are equal to the heat loss of the air circulating in the exchanger. Let
(UA),(1 — §;) be the coupling thermal conductance between the two parallel heat
exchangers, T, () the air temperature in the exchanger / and T(R,, y, f) the tempera-
ture at the exchanger—soil interface. Then the difference between the air temperature
in the exchanger / and the outer surface of the exchanger is given by

Tzzi_T;(Ro’y’t)= Q’ +i QJ (1_511)
: (UA),  “(ua),”

where §;; is the Kronecker delta, defined as follows:

1, i=j
5,.J= .
’ 0, i#j

The first term at the right side of this relationship describes the air temperature
variation due to the conductance of a single exchanger and the ground, while the
second term gives the air temperature variation due to the influence of the other ex-
changers. The conductance (UA); is given by equation (11.5), while the conductance
between two pipes / and j is given by

2nlk »

VB +4z,z,

In
B,

(UA)U = (1_51._[)
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where B is the distance between pipes i and j and z; is the depth of pipe i.

OTHER EARTH-TO-AIR HEAT EXCHANGER MODELS

In addition to the analytical model presented above, there are various other algo-
rithms reported in literature, describing the performance of earth-to-air heat ex-
changers. Eight of these models have been examined regarding their sensitivity to
the inlet air temperature, air velocity, pipe radius, length and depth. The results of
these algorithms have also been compared with available experimental data [9].
These algorithms were:

« the Schiller model

o the Santamouris model

« the Rodriguez et al. model

« the Levit et al. model

« the Seroa et al. model

¢ the Elmer and Schiller model
o the Sodha et al. model

« the Chen et al. model.

The sensitivity analysis and comparison with experimental data performed have
shown that all the algorithms have the same behaviour regarding the variation of
their input parameters, except the Schiller and Sodha models. The results of these
models have the same trend as the results of the other models, but the Schiller model
always gives higher temperatures, while the Sodha model always gives lower tem-
peratures.

The difference in the results given by the Schiller model is explained by the fact
that this is the only model that calculates the ground temperature at the depth of the
exchanger, while all the other models require this temperature as an input.

In order to evaluate and validate these algorithms, their predictions were com-
pared with experimental data. Measurements of the outlet temperature of a 14.8 m
long PVC earth-to-air heat exchanger buried at a 1.1 m depth were performed. The
pipe diameter was of 0.15 m and the thickness of the pipe wall 0.01 m. Ambient air,
heated by a 2 kW electric heater, circulated through the pipe with a velocity of 4.5
ms™'. The inlet and outlet temperatures, the ground surface temperature and the
ground temperature at various depths were measured.

A second experiment was also performed, aiming to test the behaviour of the
models by applying intermittent air circulation. The fans were operated every day
between 08:00 and 20:00, creating an air velocity equal to 10.5 m s™'. Measurements
were performed for 15 days during June and July 1983. The temperature measure-
ment points were the same as for the first experiment. The thermal diffusivity of the
ground was determined experimentally and used as input for the models.
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Figure 11.12 illustrates the variation of the measured temperature at the outlet of
the exchanger and the values predicted by the various models. The models can fol-
low the long-term dynamic behaviour of the outlet air temperature, but their predic-
tions of the maximum and minimum values on a daily basis are much less accurate.
In order to quantify the accuracy of the various models relative to the experimental
results, the root-mean-square error between experimental data and calculated values
was determined (Figure 11.13) for the whole experimental period.
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Outlet Temperature (C)

Time (h)
! Measu}é}ﬁenté Upper "= = = Measurements Lower - ----- Schitier i
| Santamouris Rodriguez Levit 1
. —-+«—Seroa — - — - Elmer Sodha |

i —Chen =
Figure 11.12 Measured and predicted outlet air temperatures during the constant air
circulation experiment
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Figure 11.13 The r.m.s. errors between measured and
predicted outlet temperatures for the constant air circulation
experiment (measurement period 5—13 June 1982)
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Figure 11.14 Measured and predicted outlet temperatures during the
intermittent air-calculation experiment

It is observed that the Schiller and the Sodha algorithms have the highest r.m.s.
error. All the other algorithms present the same r.m.s. error of about 3.4%.

The comparison between measurements and predictions for a typical day during
the second experiment is illustrated in Figure 11.14. In this figure the upper and
lower limits of the error band of the measurements is plotted. All models give results
close to the upper limit of the error band, except the Schiller algorithm which gives
results 3—4°C higher than the upper limit of the error band, while the Sodha
algorithm gives values located in the middle of the error band.

The r.m.s. errors between measurements and predictions for this experiment are
given in Figure 11.15. This error was calculated for both upper and lower values of
the error band. The Schiller algorithm presents the highest r.m.s. error. The errors of
all other models for upper and lower limits of measurement are respectively 2.98%
and 4.7%, except the Sodha algorithm, which gives almost the same for both cases,
3.53% and 3.25% respectively.

Cooling potential of earth-to-air heat exchangers

The cooling potential of earth-to-air heat exchangers has been evaluated, using the
model presented above. The thermal performance of a plastic tube of 0.125 m in
radius and 30 m length, buried at 1.2 m and guiding air at a speed of 5 m.s™' was
simulated. Calculations cover the period 1981-1990 for the months June, July and
August. Hourly values of the air and ground temperature from 9 a.m. to 9 p.m. were
used. The calculated cumulative frequency distributions of the inlet-air temperature
are illustrated in Figure 11.16.
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Figure 11.15 R.m.s. errors between measured and predicted outlet temperatures for the

intermittent air circulation experiment (measurement period 18 June to 2 July 1983)
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Figure 11.16 Cumulative frequency distributions of the inlet and outlet air
temperature [10]
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It is estimated that the outlet-air temperature varies in the ranges 20.7 to 23.7°C,
23.2 to 26.8°C and 25.1 to 28.5°C for June, July and August respectively. The cor-
responding measured inlet-air temperatures vary in the ranges 20.9 to 37.8°C, 23.2
to 40°C and 25.3 to 39.3°C for June, July and August respectively. The overall
analysis has shown that the cooling potential of the earth-to-air heat exchangers
during the summer period is very important. During June the outlet-air temperature
is always lower than 24°C and therefore the heat-exchanger system can be used
throughout the month, while for July the outlet-air temperature is lower than 25.5°C
for almost 90% of the cases. In August the outlet-air temperature is lower than 26°C
for 70% of the period.

In order to evaluate the effect of parameter variations on the performance of the
system under real climatic conditions, an extensive sensitivity analysis was per-
formed upon its main design parameters, which are the pipe length and radius, the
depth and the air velocity. For each one of these variables a sensitivity analysis has
been carried out for a range of values covering existing design practice. Three pipe
lengths, of 30, 50 and 70 metres, were tested in the simulations. The cumulative fre-
quency distributions of the outlet-air temperature are shown in Figure 11.17.
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Figure 11.17 Cumulative frequency distributions of outlet-air temperature for the three
pipe lengths [10]

It was found that almost 97% of outlet-air temperatures were higher than 26.9°C
during July and 28.2°C during August for the 30 m long pipe. For the 50 m long
pipe, the temperature was 25.5°C during July and 26.5°C during August. For the
70 m long pipe it was 24.7°C during July and 25.9°C during August.

These calculations show that although the inlet-air temperature is higher in July
than in August, the outlet-air temperature is consistently higher during August. This
is due to the important thermal inertia of the ground, which has warmed up after a
certain time lag.
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Pipes with three radii, 0.125 m, 0.180 m and 0.25 m were simulated. Results are
reported in Figure 11.18. It was found that a decrease of the pipe radius from
0.250 m to 0.125 m decreases the outlet-air temperature by 1.5 to 2.5°C. An increase
of the pipe radius decreases the convective heat transfer coefficient providing a
higher air temperature at the outlet of the pipe and therefore a reduction of the cool-

ing capacity of the system.
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Figure 11.18 Cumulative frequency distributions of outlet-air temperature for the three
pipe radii [10]

System performance has been simulated for air velocities of 5, 10 and 20 m s
Figure 11.19 shows the calculated cumulative frequency distributions of the outlet-
air temperatures for the three velocities. It was found that for the air velocity of §
m.s™' the outlet-air temperature is higher during August than during July, varying
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Figure 11.19 Cumulative frequency distributions of outlet-air temperature for the three
air velocities [10]
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within the range 23.8 to 27.8°C during July and 25.2 to 28.9°C during August.
When the air velocity increases to 20 m.s™' the temperature range at the outlet of the
exchanger increases slightly and ranges from 23.8 to 28.9°C during July and from
25.3 to 30°C during August. This analysis showed that the air-velocity increase
leads to a slight increase of the outlet-air temperature. In this respect the convective
heat transfer coefficient, which depends upon air velocity, also increases, contribut-
ing thus to a more efficient heat exchange. However, the outlet-air temperature in-
crease is mainly due to the increased mass flow rate.

The performance of any earth-to-air heat exchanger is obviously related to the
earth’s temperature, which varies with the soil depth. Therefore diurnal, seasonal
and annual variations have to be considered in the storage design. Simulations have
been carried out for 1.2, 2 and 3 m depths. The results obtained are shown in Figure
11.20. From this figure it can be seen that the cooling capacity of the system in-
creases considerably with depth.
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Figure 11.20 Cumulative frequency distributions of outlet-air temperature for the three
depths [10]

Assuming a depth of 1.2 m, it is estimated that during July the outlet-air tempera-
ture was 25.5°C for 80% of the time and during August was close to 26.5°C. For a 2
m depth, a 2°C reduction of the corresponding temperature is estimated, while for
depths of 3 m, the outlet-air temperature was close to 22°C during July and 23.2°C
during August.

The effect of the ground surface cover has been investigated in reference [11].
The thermal model describing the performance of multiple parallel earth-to-air heat
exchangers was used to assess the performance of four 30 m long PVC tubes of
0.125 radius, buried at a 1.50 m depth. Two series of simulations were performed:
one for bare soil and a second for grass-covered soil.
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Figure 11.21 illustrates the temperature at the inlet of an internal tube and the
distributions of the outlet temperature for bare and grass-covered soil, for July and
August. In order to facilitate comparison, the inlet temperature is also plotted on the
same graph. This figure shows that the ground cover can influence the performance
of earth-to-air heat exchangers. This is because the ground cover affects the amount
of solar radiation absorbed by the ground and therefore the surface temperature of
the ground. Since bare soil absorbs more solar radiation than grass, this results in
higher outlet temperatures of the exchangers operating underneath. Therefore it is
concluded that the short-grass soil surface can increase the cooling capacity of earth-
to-air heat exchangers.

Temperature

Time Hours

Figure 11.21 Air temperature variation at the
outlet of an internal tube buried under bare and
grass-covered soil for July and August. The top

curve shows the inlet temperature

Parametric analysis of earth-to-air heat exchangers

The models for predicting the performance of the earth-to-air heat exchangers, al-
though very useful for research purposes, are rather difficult for engineers to use in
everyday practice. Therefore, simplified parametric models describing the behaviour
of earth-to-air heat exchangers are very useful. The model presented here [12] calcu-
lates the air temperature at the outlet of an earth-to-air heat exchanger and the cool-
ing energy provided by it. The required input parameters are the pipe length, radius
and depth and the air velocity inside the exchanger.

The parametric analysis has been performed in the TRNSYS environment. The
proposed numerical model was validated against an extensive set of experimental
data. This indicated that the model could accurately predict the temperature and the
humidity of the circulating air, the distribution of the temperature and moisture in
the soil, as well as the overall thermal performance of the earth-to-air heat exchang-
ers. In order to calculate the overall efficiency of the earth-to-air heat exchangers the
following dimensionless coefficient was defined:
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_ 7:)ut — Tund (l 16)

U=
Tin_Tund

where T}, is the inlet-air temperature, T, the outlet-air temperature and 7,4 the un-
disturbed soil temperature. Taking into account that T, and 7,4 are the performance
parameters of the system and their initial values are known, the calculation of U de-
pends on a direct knowledge of the air temperature at the outlet of the pipe.

In order to predict the values of U a systematic analytical process was followed.
The analytical numerical code, presented above, was used to calculate the values of
U for various sets of input parameters. Then a parametrical approach was followed
such that each parameter affecting the variation of a factor is considered to be inde-
pendent while the others remained unchanged. The parameters upon which U de-
pends are the pipe length (L), the volume air flow rate through the pipe (SV) = m?V,
where r is the radius of the pipe and ¥ the air velocity, and the depth of buried pipe
(D). The U-coefficient values that correspond to Z =30 m, SV = 0.393 m* s and D
=2 m, were selected as the U reference profile.

The statistical analysis, based on a regression technique, was extended to create a
database of U-coefficient data corresponding to the previously mentioned extensive
set of input parameter values. In all, the process consists of developing the reference
U-coefficient profiles, the U-coefficient data regression analysis and the calculation
of U-coefficient improved predictions.

The U-values corresponding to the reference profiles for SV and D were fitted to
a third-degree polynomial function of L. Thus, the equation expressing the U refer-
ence profiles is

U, (L) =09952—0.0168L+0.000192% —9.57x107" >, (11.7)

Furthermore, U-values were normalized for each parameter separately. It should be
noted here that the normalization of U-values is a statistical process where a parame-
ter is considered to be the dependent variable for which a regression function has to
be determined, while the other variables are considered as independent. The nor-
malization technique implies that the whole set of data should be sorted into rela-
tively small groups, allowing a very high correlation factor in the curve-fitting
analysis.

The U-values were sorted into two groups of the system parameters. In the first
group the dependent variable is D and the independent parameters are SV and L. In
the second group the dependent parameter is SV and D and L are the independent
ones. The U-coefficient data in each group was normalized with respect to the refer-
ence value of the dependent variable for each value of the two independent vari-
ables. Thus, if the first group of Usv,; (D) is a numerical predicted value of U-
coefficient corresponding to the i, j and ¢ values of the parameters SV, L and D re-
spectively and that Usy,; is the U at the reference value for the dependent variable
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(D) and for the given values of the two independent variables (SV) and (L), the rele-
vant normalized U-coefficient value can be written:

USVi,Lj(Dt)

Upommsvi 1 (D) = . (11.8)
oYL Usvi 1;(Dret)
Similarly, for the second group the normalized U-value is
Up, SV,
Unompi 1 (SV,) = —m2— L 1) (11.9)

UD:,L] (Svref)

where i, j and ¢ are values of D, L and SV respectively. These normalized U-values
are then expressed as third-degree polynomials, applying a regression analysis. The
fitting equations are:

U (D,)=a,+a,D+a,D* +a,D* (11.10)

normSVi,Lj

U, oempi 1, (D,) = by +b,SV +b,SV? + hSV>. (11.11)
rmDi, Lj 1 2 3

The coefficients of the polynomials in equations (11.10) and (11.11) are given in
Appendix A at the end of the chapter (Tables 11.A1 and 11.A2 respectively). The
regression analysis was performed using standard regression techniques. The corre-
lation coefficient was very high, between 0.95 to 0.99 in all cases. After the two
groups of parameters used in the regression analysis had been considered, a U-
correction factor for each group was defined and calculated. For the first group the
correction factor is

(11.12)

CfSVi,Lj,Dl = Unon'nSVt.Lj,Dl = UnonnSVl,Lj(Dl)

where / and j are equal to the values of SV and L considered in the regression
analysis. The correction factors for the second group are

CfDl,Lj,SVl = UnonnDi,Lj,SVl = UnonnDl,Lj (SV))- (11.13)
The two correction factors were calculated using the curve fitting equations (11.10)
and (11.11).

The last step of this parametrical process is the calculation of the actual U-
coefTicient under given conditions. This is

U, =U(L)CF

where U, is the reference U-coefficient value and CF is the global correction factor
which is the product of two specific correction factors, Crsy (D) Crp 1(SV)

On the basis of this parametric analysis, the simplified calculation forms given in
the Appendix have been created. This simplified method has been used to calculate
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the outlet temperature of a 15 m long and 0.250 diameter earth-to-air heat ex-
changer, buried at a depth of 1 m. The air velocity in the pipe is 8 m s™, the air tem-
perature at the inlet is 30°C and the ground temperature at the depth of the ex-
changer is 17.3°C. Following the steps as indicated in the calculation forms (see
Appendix), the outlet temperature is found to be 29.4°C.

Experimental data from earth-to-air heat exchanger applications

The most recent application of earth-to-air heat exchangers for cooling in Greece is
in the 700 m’ atrium of the Faculty of Philosophy of the University of loannina. The
town of loannina is located in the north-western part of Greece. The climate there is
one of the coldest ones in Greece during winter, while summers are hot and humid.
In order to avoid overheating of the atrium during summer, passive-cooling solutions
were applied. These are solar control, stack ventilation and ground cooling. Five
30 m long earth-to-air heat exchangers were used, having a 0.150 m diameter, The
exchar}gers were placed at a depth of 2 m. The average air velocity in the tubes is
3ms™.

Figure 11.22 illustrates the variation of the ambient and indoor temperatures and
also the inlet and outlet temperatures of one of the five earth-to-air heat exchangers,
from 12 August 1993 (day 224) to 29 August 1993 (day 241). Although the ambient
temperature becomes higher than 35°C at noon, the air temperature inside the atrium
is generally lower, showing the effectiveness of the passive cooling features of the
building.
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Figure 11.22 Variation of the ambient, indoor (at 1.5 m
height), inlet- and outlet-air temperatures
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Figure 11.23 Variation of inlet- and outlet-air temperatures
of an earth-to-air heat exchanger

The air temperatures at the inlet and outlet of the exchanger have been plotted
separately in Figure 11.23. Clearly the air temperature at the outlet is significantly
lower. The average inlet temperature is 32°C, while the outlet temperature practi-
cally never exceeds 26°C, showing the efficiency of this technique.

Earth-to-air heat exchangers can also be applied to agricultural greenhouses. An
example is a 1000 m® greenhouse built in the town of Agrinion in Greece, as one of
the Energy Demonstration Projects of CEC, Directorate General for Energy (XVII).
There, the exchangers were used to prevent overheating during summer and to man-
age the greenhouse energy resources better during winter [11]. The indoor and am-
bient temperature variations, together with the air temperature at the outlet of the
exchangers, are shown in Figures 11.24 to 11.26.

From these figures it can be seen that during a winter day the indoor air tempera-
ture is usually close to 20°C. Also, during the night the temperature is usually higher
than 10°C and close to the required temperature level. It should be noted that the
indoor air temperature is always 2—3°C higher than the ambient temperature at night.
This is due to the presence of the earth-to-air heat exchangers, as well as to the
thermal inertia of a storage wall built on the northern facade of the greenhouse.

A close examination of the daily air temperature profiles at the outlet of the heat
exchangers during winter has shown that during night time this temperature is almost
2-3°C higher than the indoor air temperature, thus providing heating energy to the
greenhouse. During the daytime the inverse phenomenon occurs: the outlet air tem-
perature is much lower (4-12°C) than the indoor air temperature, which means that
the heating energy surplus of the greenhouse is stored, if necessary, in the ground
and can be used during the night.
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Figure 11.24 Daily measured variation of the ambient and indoor air
temperatures and of the air temperature at the outlet of the exchangers for a
typical day from January to April

Problems related to earth-to-air heat exchanger applications

Although earth-to-air heat exchangers are rather simple systems and of low cost,
attention should be paid to the following, in order to ensure efficient use:

¢ Possible condensation of water inside the tubes or evaporation of accumu-
lated water, which affects the quality of the air injected into the building.
This can be countered by placing appropriate filters at the air outlet. A sec-
ond option is to link the earth-to-air heat exchangers with the conventional
air-conditioning system of the building. In this case the filters of the air-
conditioning system are suitable for the exchangers as well. It should be
noted however that condensation in such a system is a rather rare phenome-
non, which may occur only under extreme conditions.

Condensation can be avoided by digging the ditch in which the pipe will
be placed with a 1% slope towards one side and drilling a small hole in the
lower elbow of the pipe. Then the accumulated water will be evacuated
though this hole and absorbed by the soil as a result of capillary forces.
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Figure 11.25 Daily measured variation of the ambient and indoor air
temperatures and of the air temperature at the outlet of the exchangers for a
typical day from May to August

» In order to maximize the control of such a system it is necessary to provide
an automatic control algorithm. This algorithm must compare the indoor
temperature with the temperature at the air outlet and, when the former is
lower than the latter, the fan must be stopped. Obviously, if the system is to
be linked with conventional air conditioning, the automatic control has to be
more sophisticated.

When installing an earth-to-air heat exchanger, attention should also be paid to the
choice of the fan, in order to avoid possible noise problems.
Rules of thumb for ground-cooling applications

Earth-to-air heat exchanger systems should not be installed prior to specific calcula-
tions, at least with the simplified method presented here. However some rules of
thumb can be given:

« The length of the exchanger should be at least 10 m.
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Figure 11.26 Daily measured variation of the ambient and indoor air
temperatures and of the air temperature at the outlet of the exchangers for
a typical day from September to December

o The diameter of the exchanger should range between 0.2 and 0.3 m.
+ The depth of the exchanger should range between 1.5 and 3 m.
« The air velocity through the buried pipe should range between 4 and 8 m s™".

When placing the earth-to-air heat exchanger, attention should also be paid to ob-
taining the best possible thermal contact with the surrounding ground. Therefore, it
is recommended that the pipe be surrounded with sand 5 cm thick, when it is buried.
This is because sand has a good thermal conductivity and, because of its dimensions,
it fills the air gaps that would have been formed if raw earth, which would act as an
insulating material, had been placed directly over the exchanger.

Coupling and control problems

As previously mentioned, the exchangers can, in some cases, be connected to the
conventional air-conditioning system of a building. In this case the air cooled by the
exchangers can be used either for direct cooling or for supplying the conventional
air-conditioning system with pre-cooled air, thus increasing its CP (coefficient of
performance, the parameter characterizing the efficiency of air-conditioning sys-
tems). When such a coupling exists, a well-defined control is necessary in order to
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maximize the overall efficiency of the cooling systems of the building. This control
should not only take into account the conventional air conditioning and the earth-to-
air heat exchangers, but also all other passive cooling techniques used in the particu-
lar building. Below, an example of such a control algorithm will be given, combin-
ing three cooling techniques: conventional air conditioning, earth-to-air heat ex-
changers and ventilation [13].

When the internal temperature, T, exceeds the desired temperature, the control-
ler checks if the temperature at the outlet of the exchangers 77 is lower than the am-
bient temperature 7. If this is so, then the temperature drop between the inlet and
the outlet of the exchangers is examined (Tr — T,). In order to start the exchangers,
this difference must be greater than 2 degrees; otherwise the cooling energy pro-
duced by the exchangers is of the same order as the electricity consumed by the
ventilators circulating the air through the exchangers. In that case, if the temperature
of the ambient air is less than the desired temperature inside the building, ventilation
is applied. If not, conventional air conditioning is used.

If the temperature drop across the exchangers is satisfactory, i.e. higher than 2
degrees, the controller checks the difference between the internal temperature T,
and the temperature at the outlet of the exchangers 77. If the internal temperature is
higher than the outlet temperature and the outlet temperature is higher than the de-
sired temperature of the room, then the air from the exchangers is used to pre-cool
the air at the inlet of the air conditioner. If, however, the outlet temperature is lower
than the desired temperature in the building, then this air supplies the building di-
rectly. In this case the controller checks the air-mass flow rate required to cool the
building, in order to activate the appropriate number of exchangers. It is obvious that
if the temperature drop across the exchangers is very small, these cannot be used. In
this case ventilation or conventional air conditioning will be used.

The operation flow chart of such a controller is shown in Figure 11.27.

CONCLUSIONS

Ground cooling is an interesting passive and hybrid cooling technique that is based
on the property of the ground that it maintains, below a certain depth, a practically
constant temperature. This temperature is higher than the ambient temperature dur-
ing winter and lower than the ambient temperature during summer. Ground cooling
may be applied to a building by direct thermal contact or by means of an earth-to-air
heat exchanger. This is a pipe buried at a depth greater than 1.5 m, through which air
is circulated and cooled before being injected into a building. Applications of earth-
to-air heat exchangers are of low cost and the systems can be dimensioned using a
very simple technique. When applying this technique, attention should be paid to
avoiding air-quality problems. Full advantage of such a technique is taken if the op-
eration of the ventilator of the exchanger is subject to automatic control.
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Figure 11.27 Control strategy for coupling earth-to-air heat exchangers with a conventional
air-conditioning and ventilation system [13]
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Form 1. Simplified method for ground cooling calculations

Parameters of the earth-to-air heat exchanger
Give the length of the tube L (m)
Give the radius of the tube r (m)
Give the depth of the tube Z (m)
Give the air velocity inside the tube u (ms™)
Give the inlet air temperature T;, (°C)
Give the ground temperature at the depth of the exchanger
T, (°0)
7 Calculate the air volume flow rate in the tube, O = nru:
{3.14 x STEP 2 x STEP 2 x STEP 4]
8 Calculate the parameter P, =-0.0161896 x L
[-0.0161896 x STEP 1]
9 Calculate the parameter P, = 0.00019058 x L x L
[0.00019058 x STEP 1 x STEP1]
10 Calculate the parameter P; = — 0.000000957 X L x L x L
{~0.000000957 x STEP 1 x STEP | x STEP 1]
11 Calculate the dimensionless parameter
U=0.995242 + P, + P, + Py
[0.995242 + STEP 8 + STEP 9 + STEP 10]

[ R R R U O

From Table 11.Al determine the following parameters (aq,
ay, a, and a3) as a function of the volume flow rate:
Q (sTeEP7) and the tube length (sTEP 1)
12 Qp
13 gq
14 a,
15 a
16 Calculate the parameter QD, = a, X Z [STEP 13 x STEP 3]
17 Calculate the parameter QD, =g, x Zx Z
[STEP 14 x STEP 3 x STEP 3]
18 Calculate the parameter QD;=a3; X Z X ZX Z
[STEP 15 x STEP 3 x STEP 3 x STEP 3]
19 Calculate the correction parameter for the depth
CVi=ap + QD +QD, + QD4
[STEP (2 + STEP 16 +STEP 17 +STEP 18]
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From Table 11.A2 determine the following parameters (bq,
b, b and b3) as a function of the tube depth Z (sTEp 3) and the
tube length L (sTEP 1).

20 b

21 by

22 b,

23 by

24 Calculate the parameter QV,= b, X 0 [STEP 21 x STEP 7]

25 Calculate the parameter QV,=b; X O x O
[STEP 22 x STEP 7 x STEP 7]

26 Calculate the parameter QV;= b, X O X @ x Q
[STEP 23 x STEP 7 x STEP 7 x STEP 7]

27 Calculate the correction parameter for the flow rate
CVy=bo+ QV; +QV2 + QV;,
[STEP 20 + STEP 24 + STEP 25 + STEP 26]

28 Calculate the corrected value of U, = Ux CV| x CV;,
[STEP 11 x STEP 19 x STEP 27]

29 Calculate the air temperature at the outlet of the the tube:
Tou = Tg + Usor X (Tin — Tg) [STEP6 + STEP28 x (STEPS — STEP6)]

APPENDIX B
EXAMPLE OF APPLYING THE SIMPLIFIED METHODOLOGY
FOR GROUND COOLING

An earth-to-air heat exchanger is given having the following characteristics:
Tube length: 15m
Tube radius: 125 mm
Depth at the tube location: 1 m

The following data are also given:

Inlet temperature: 30°C
Ground temperature: 17.3°C

By applying the proposed methodology, the calculated temperature at the outlet of
the exchanger is 29.4°C.
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12
13
14
15
16
17

18

19

Form 2:  Simplified method for ground cooling calculations

Parameters of the earth-to-air heat exchanger

Give the length of the tube L (m)

Give the radius of the tube r (m)

Give the depth of the tube Z (m)

Give the air velocity inside the tube ¥ (ms™)

Give the inlet air temperature T, (°C)

Give the ground temperature at the depth of the exchanger
T, (°C)

Calculate the air volume flow rate in the tube, O = nru:
{3.14 x STEP 2 x STEP 2 x STEP 4]

Calculate the parameter P; =—0.0161896 x L

[-0.0161896 x STEP 1]

Calculate the parameter P, = 0.00019058 X L X L
[0.00019058 x STEP 1 x STEPI]

Calculate the parameter P; = — 0.000000957 X L X L X L
[-0.000000957 x STEP | x STEP | x STEP 1]

Calculate the dimensionless parameter

U=0.995242+ P, + P, + P,

[0.995242 + STEP & + STEP 9 + STEP 10]

From Table 11.A1 determine the following parameters (ay,
a,, a; and a;) as a function of the volume flow rate:
Q (s1eP7) and the tube length (STEP 1)

Qo

a

a;

as

Calculate the parameter QD; = a, X Z [STEP 13 x STEP 3]
Calculate the parameter QD;=a; X Zx Z

[STEP 14 x STEP 3 x STEP 3}

Calculate the parameter QD;=a; x Zx Z x Z

[STEP 15 x STEP 3 x STEP 3 x STEP 3]

Calculate the correction parameter for the depth
CVi=a,+QD, +QD; +QD;

[STEP 12 + STEP 16 +STEP 17 +STEP 18]

15

0.125

1

8

30

17.3

0.3925

-0.242844

0.0428805

.003229875

.792048625

1.489015

-0.334739

0.048229

-0.0022

-0.334799

0.048229

-0.0022

1.200245
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20
21
22
23
24
25

26

27

28

29

From Table 11.A2 determine the following parameters (b,
by, b, and b,) as a function of the tube depth Z (sTep3) and the
tube length L (STEP 1).

bo 0.942228
by 0.1764782
b, -0.0821707
bs 0.023893
Calculate the parameter QV ;= b; X ( [STEP 21 x STEP 7] 0.069267694
Calculate the parameter QV,= 6, X O X Q0

[STEP 22 x STEP 7 x STEP 7} -0.01265891
Calculate the parameter QV;= b3 X O X O X Q

[STEP 23 x STEP 7 x STEP 7 x STEP 7} 0.00144474
Calculate the correction parameter for the flow rate

CVy=bo+QV; +QV, + QV;

[STEP 20 + STEP 24 + STEP 25 + STEP 26] 1.000281523

Calculate the corrected value of U, = UXCV; x CV,
[STEP 11 x STEP 19 x STEP 27] 0.950920033
Calculate the air temperature at the outlet of the the tube:
Tow= Ty + Ucor X (Tin — Ty) [STEP6 + STEP28 x (STEPS - STEP6)] 29.37668442
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Evaporative cooling

Evaporative cooling is the process that uses the effect of evaporation as a natural
heat sink. Sensible heat from the air is absorbed to be used as latent heat necessary
to evaporate water. The amount of sensible heat absorbed depends on the amount of
water that can be evaporated.

Evaporative cooling is a very old process, having its origins some thousand years
ago, in ancient Egypt and Persia[l1]. Modem evaporative coolers are based on the
prototypes built in the early 1900s in the USA.

Evaporative cooling can be direct or indirect. During direct evaporative cooling,
the water content of the cooled air increases as the air is in contact with the evapo-
rated water. During indirect evaporative cooling, evaporation occurs inside a heat
exchanger and the water content of the cooled air remains unchanged.

One might wonder why indirect evaporative cooling is considered since the
requirement of a heat exchanger makes this technology more complicated and
therefore more expensive. The answer is evident if all the parameters determining
thermal comfort in buildings are considered. One must always have in mind that
thermal comfort during summertime is not necessarily the same as a low indoor
temperature. Other parameters, such as indoor relative humidity, air velocity, etc.,
can result in thermal discomfort if their values are not within a certain range. Since
significant evaporation rates may increase indoor relative humidity and create
discomfort, direct evaporative cooling can be applied only in spaces where relative
humidity is very low. Otherwise indirect evaporative cooling is more suitable.

When evaporation occurs naturally, this is called passive evaporation. A space
can be cooled by passive evaporation, provided that there are surfaces of standing or
cooling water, such as basins or fountains. If modemn systems are used where evapo-
ration has to be controlled, then evaporation is promoted by means of some me-
chanical device. These systems are called hybrid evaporative systems. It is obvious
that hybrid systems do not have zero energy consumption like passive ones. How-
ever, this energy is very low compared to conventional air conditioners.

PHYSICS OF EVAPORATIVE COOLING
Definitions

In this section the physics related to humid air phenomena and processes will be
discussed in order to give a better understanding of the evaporative cooling princi-
ples. The physics dealing with the thermodynamic conditions of humid air is called

404
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psychrometry. The word ‘psychrometry’ is composite from two Greek words
‘psychros’ (= cold) and ‘metro’ (= measure).

Atmospheric air consists of a large number of gases, as well as water vapour and
other contaminants (e.g. smoke, pollen and other gaseous pollutants) not normally
present in the free air, far from sources of pollution.

By definition, dry air is obtained when all humidity and contaminants are re-
moved from atmospheric air. The approximate percentage composition of atmos-
pheric air is: nitrogen, 78.084; oxygen, 20.9476; argon, 0.934; carbon dioxide,
0.0314; neon, 0.001818; helium, 0.000524; methane, 0.0002; sulphur dioxide, 0 to
0.0001; hydrogen, 0.00005 and minor constituents such as krypton, xenon and
ozone, 0.0002 [2].

Moist air is a mixture of dry air and water vapour. The amount of water vapour in
moist air varies from zero (dry air) to a maximum that depends on temperature and
pressure. When this maximum is achieved, then this condition is called saruration.
During saturation there is a neutral equilibrium between the moist air and the con-
densed water phase (liquid or solid).

The thermodynamic properties of moist air are graphically represented on a chart
called a psychrometric chart. The skeleton of a psychrometric chart is given in Fig-
ure 12.1. It must be noted here that the thermodynamic properties of moist air do not
depend only upon the temperature and water content, but also upon atmospheric
pressure. Therefore each atmospheric chart is valid for a specific value of the at-
mospheric pressure. In this chapter, however, normal pressure conditions will be
assumed, since the practical consequences of considering a modified temperature are
not significant.

The x-axis of the psychrometric chart represents the temperature of the humid air,
also called dry bulb temperature. On the y-axis, the humidity ratio is reported: this is
the ratio of the mass of the water vapour contained in an air sample to the mass of
dry air contained in the same sample.

Relative humidity is defined as the ratio of the mole fraction of water vapour x,, in
a given moist air sample to the mole fraction x,, in an air sample, saturated at the
same temperature and pressure. Practically, this means that the higher the relative

RH=100%

Humidity Ratio

Wet-bulb Temperature

Dry-bulb Temperature

Figure 12.1 Skeleton of the psychrometric chart
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humidity is, the closer to saturation conditions the moist air sample is. The curved
lines on the psychrometric chart are the relative humidity lines. On this graph only
the 100% relative humidity line is shown. The 0% relative humidity line coincides
with the dry-bulb temperature line.

The first instrument used for measuring the water content of humid air was the
psychrometer. The psychrometer consists of two thermometers, one having a bulb
covered with a wick that has been thoroughly wetted with water. When the wet-bulb
is placed in an air stream, water may evaporate from the wick, the quantity of which
depends on the water content of the air stream. The equilibrium temperature the
water eventually reaches is called the wer-bulb temperature. The oblique lines on the
psychrometric chart are the constant wet-bulb temperature lines. Today electronic
instrumentation is available for humidity measurements. Sophisticated psychro-
meters are still used in laboratories, mainly for calibration purposes.

Evaporative cooling

Evaporative cooling is based on the thermodynamics of the evaporation of water, i.e.
the change of the liquid phase of water into water vapour. This phase change re-
quires energy, which is called the latent heat of evaporation. This is the energy re-
quired to change a substance from liquid phase to the gaseous one, without tempera-
ture change. When non-saturated air (i.e. air that does not contain liquid water but
only water vapour) comes into contact with water, then evaporation occurs. The
necessary latent heat is provided by the air, which is then cooled. It is obvious that
during this process the moisture content of the air is increased. Therefore, this is
called direct evaporative cooling. This process is represented on the psychrometric
chart by a displacement along a constant wet-bulb line, AB (Figure 12.2).

When evaporation occurs in the primary circuit of a heat exchanger, while the air
to be cooled circulates in the secondary circuit, the air temperature decreases but its
humidity ratio remains constant. It must be noted that, since the air temperature
drops, its relative humidity will of course increase, but less than during the direct
evaporative cooling process. This is called indirect evaporative cooling. Since the

RH=100%

B Humidity Rauo

Wet-bulb Temperature

Dry-bulb Temperature

Figure 12.2 Direct evaporative cooling process



EVAPORATIVE COOLING 407

RH=100%

Humudity Ratio

C

Wet-builb Temperature

Dry-bulb Temperature

Figure 12.3 Indirect evaporative cooling process

humidity ratio of the air does not change, this process is represented on the psy-
chrometric chart by a displacement along a constant humidity-ratio line, CD (Figure
12.3).

The performance assessment of both direct and indirect evaporative cooling sys-
tems is based on the concept of the saturation efficiency, defined as

Ty — T
Saturation Efficency = —>in_dbout (12.1)
db,in wa,i.n

with Ty in and Ty o the dry-bulb temperatures of the air at the inlet and outlet of the
system respectively and 7.y, the wet-bulb temperature of the air at the inlet of the
system. ;

In direct evaporative cooling systems the humidity ratio (or moisture content) of
the cooled air increases, raising the relative humidity of the indoor space. If the
space is sufficiently ventilated, this increase will most probably not generate discom-
fort. Otherwise discomfort may occur.

Typically acceptable performance figures for direct evaporative systems, as given
in [3], are:

« A saturation efficiency of the cooling process of 70% or better.

+ A maximum indoor air velocity of 1 ms™.

« The air temperature of the indoor space should be around 2 K higher than
the discharge air temperature and its relative humidity should be below
70%.

« The resulting temperature of the indoor space should be about 4 K below
the outdoor dry-bulb temperature.

Indirect evaporative systems do not create problems related to increased humidity
levels. Neither high ventilation rates nor humidity control and de-humidification
systems are required. However, as these systems have a more complex technology,
their investment, maintenance, operation and repair costs are higher.
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EVAPORATIVE COOLING SYSTEMS

Evaporative cooling systems can be classified in two ways. The first classification is
related to the contact or not of the cooled air with the evaporated water. As ex-
plained in the previous section, according to this classification evaporative cooling
systems are divided into direct and indirect types.

The second classification is performed according to the energy required to pro-
duce evaporation. If evaporation occurs naturally, then the systems are called pas-
sive evaporative systems, but if evaporation is due to a current of air mechanically
induced by electric ventilators, the systems are called hybrid evaporative. Air hu-
midification and cooling by evapotranspiration of plants and the use of free water
surfaces, like pools and streams, is a passive direct technique. Passive indirect
evaporative techniques are roof sprinkling and the use of a roof pond.

Passive direct systems

This category includes the use of vegetation for evapotranspiration, the use of foun-
tains, sprays, pools and ponds as well as the use of volume and tower cooling tech-
niques. Vegetation plays the role of a natural evaporative cooling device. Trees and
other plants transpire moisture in order to reject their sensible heat. The heat trans-
ferred by evapotranspiration is close to 2320 kJ per kg of evaporated water. The
cooling potential due to this evapotranspiration of plants is important. A normal-size
deciduous tree evaporates 1460 kg of water during a sunny summer day. The corre-
sponding energy consumption is 870 MJ, which is the cooling effect of five air
conditioners. Also, one acre of grass can transfer more than 50 GJ on a sunny day,
while evapotranspiration from wet grass can reduce the ground surface temperature
by up to 6-8°C below the average surface temperature of bare soil [4].

Current knowledge of the role of vegetation results mainly from observations and
theoretical analyses. Reported observations indicate a temperature reduction of 2—
3°C due to plant evapotranspiration [5]. It also has been found that the temperatures
at the Golden Gate Park of San Francisco were found to be about 8°C cooler than
nearby less vegetated areas [6].

Theoretical analysis of the role of plant evapotranspiration has shown that evapo-
transpiration from one tree can save 250 to 650 kWh of electricity used for air
conditioning per year [7]. Fountains, sprays, pools and ponds are particularly effec-
tive passive cooling techniques. Very well known applications are Shah Jahan’s Taj
Mahal in Agra, and the Moorish Palace and the Alhambra in Granada.

The rate of evaporation from a wetted surface depends upon the air velocity and
the difference between the water vapour pressure and the air pressure next to the
moist surface. Calculations based on mean summer weather give an evaporation rate
between 150 and 200 W m™, which is the cooling potential of this technique.
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Evaporative cooling in open spaces is particularly effective in areas that have wet-
bulb temperatures below 21°C.

Volume cooling techniques are well known from traditional architecture. The
system is based on the use of a tower where water contained in a jar or pads, or wa-
ter that is sprayed, is precipitated. Ambient air introduced into the tower is cooled by
evaporation and then transferred inside the building. On the top of the towers there
are low-pressure-drop evaporative cooler pads. The material usually used is cross-
corrugated cellulose [8]. In order to save water, the part of the water weiting the
pads and not evaporated is recirculated. In most of these applications the wind is
directed downwards by means of gravity dampers. The towers operate as a reverse
chimney: in a chimney the hot air rises; in a cooling tower the air entering the top of
the tower is cooled by evaporation and, since it becomes heavier, it falls to the bot-
tom of the tower to be directed inside the building. Measurements on such a con-
temporary construction have shown that, with a dry-bulb temperature of incoming
air of 35.6°C and a wet-bulb temperature of 22.2°C, the air temperature at the outlet
of the tower was close to 24°C.

A variation of the cooling tower application is described in [9]. In this application
a 93 m® well-insulated frame building is provided with a cooling tower on one side
and a solar chimney on the other side. The cooling tower is 7.6 m high and has a 1.8
x 1.8 m® cross-section. The purpose of the solar chimney is to further enhance venti-
lation through the building space. Figure 12.4 shows the flow path through the
building.

Figure 12.4 Building with attached evaporative cooling tower [9]
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Passive indirect systems

These systems mainly include the following techniques:

s roof sprinkling
« roof ponds and
« moving water films.

ROOF SPRINKLING SYSTEMS

Roof sprinkling is a very interesting idea, since in many buildings and mainly in
those that have a flat roof, the main part of the external indirect heat gains comes
from the roof. Roof sprinkling (or roof spray cooling) is based on evaporation of a
water mist layer created by misting sprayheads that cover the roof of the building;
when this mist evaporates, it absorbs large amounts of heat.

Monitoring of such a system installed in Chicago has shown that a 5°C average
decrease in the indoor temperature is obtained. This spraying system consists of an
all-copper network. The sprayheads can be individually adjusted to provide alterna-
tive flow rates and directional patterns. Instead of spraying uncontrolled amounts of
water on the roof, the system injects water according to the temperature and evapo-
ration rates. A controller measures the roof temperature, determines the temperature
variation and calculates the amount of water that can be evaporated at this tempera-
ture. Then the necessary amount of water is sprayed, controlled by the electric
valves of the system. The goal is to optimize cooling, while using as little water as
possible, which in hot and arid areas is in general expensive and not abundant, thus
avoiding over-spraying and runoff.

ROOF PONDS

Roof pond systems are much simpler than roof sprinkling. Water ponds are con-
structed over non-insulated flat roofs. The water surface must be shaded during day-
time to avoid excessive water heating. From the definition of the efficiency of
evaporative cooling (equation 12.1) the roof temperature must be higher than the
wet-bulb temperature of the air. According to Givoni, the necessary condition for
applying this technique efficiently, is that the wet-bulb temperature of the air should
be lower than 20°C [10].

MOVING WATER FILM

The moving water film technique is based on the flow of a water film over the roof
surface. The evaporation process is enhanced by an increase in the relative velocity
between the air and the water surface. The cooled water is stored in the basement of
the building and then circulated inside the building space, cooling it. The threshold
condition for the operation of the system is that the roof temperature should be
higher than the wet-bulb temperature of the ambient air.
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Direct hybrid air coolers

The principal element of a direct air humidifier is a porous material saturated with
water. Air circulates through this porous pad by means of a ventilator and loses part
of its heat by evaporating part of the water in the pad. This system is of low capital
and operational cost. Its main disadvantage is that it has to be used carefully since it
can easily create discomfort, mainly in spaces where latent heat gains are important,
because it increases the water content of the indoor air.

This type of equipment has been in production in the USA, Australia and Europe
for over 60 years now. Its saturation efficiency is approximately 60 to 90%. The
main elements of an evaporative cooling device are the following:

« the wetted surface on which evaporation occurs,

e a water pump,

« a ventilator,

« awater injection system,

« acollection system for the water droplets,

« abox containing the whole device,

« a water tank,

o a water valve maintaining a constant water tank level.

Direct hybrid evaporative coolers are classified according to the type of their wetted
surface. There are three main types, called drip-type cooler, spray-type cooler and
rotary pad cooler. Generally, the saturation efficiency of these devices ranges be-
tween 0.6 and 0.9. All the direct evaporative coolers can be found on the market as
room-sized units. The advantage of direct coolers is their low operating cost. Their
disadvantage is that humidity control is required and that they cannot perform in
locations having a high wet-bulb temperature.

If these systems are used in locations where the increase of relative humidity does
not create significant problems, this will have a significant impact on the energy
consumption and on the environment. Watt and Lincoln [11] report that if half of the
conventional cooling devices in the south-west USA were replaced by simple direct
evaporative coolers, this would save 18 million barrels of oil per year.

Indirect evaporative coolers

Hybrid indirect evaporative cooling systems use a heat exchanger. Air circulates
through the primary circuit, in which evaporation occurs while the air to be cooled
passes through the secondary circuit. This decreases the temperature of the air in the
secondary circuit without modifying the humidity ratio. The industrial production of
these systems is significant since there are more than ten manufacturers world-wide.
Indirect evaporative coolers can operate only if the indoor wet-bulb temperature
is lower than the outdoor dry-bulb temperature. In practice, the indoor wet-bulb
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temperature should be lower than 21°C [10]. The threshold value for the use of such
a system is that the ambient wet-bulb temperature should be lower than 24°C. The
performance of this type of system is strongly related to its saturation efficiency.
Typical saturation efficiency values for those systems range between 60 and 80%. A
sketch of such a cooler is given in Figure 12.5.

Indirect evaporative coolers came on the market after direct evaporative coolers.
Their main parts are:

« the heat exchanger in which evaporation occurs,

o two ventilators, usually centrifugal,

» two filters, one at the fresh air inlet and a second at the indoor building air
inlet,

e a water pump,

¢ a water injection system,

« a water tank.

There are three types of indirect evaporative coolers according to the type of the
heat exchanger:

 tube type cooler,
» flat plate cooler and
« rotating pad cooler.

Indirect evaporative coolers provide low-cost cooling, like direct evaporative cool-
ers. In addition, they do not require any humidity control, since they do not release
any water vapour into the cooled space.

Water sprays

Humid
exhaust air

Heat exchanger Exhaust fan

Filters

Cooled air

to room Hot dry

outside air
Retum air

Pump

Supply tan Motor

Figure 12.5 Indirect evaporative cooler

The most well known indirect evaporative cooler is the DRICON type cooler
[12].
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Two-stage evaporative coolers

The two-stage evaporative cooler is a combination of a direct and an indirect evapo-
rative cooler [13]. These systems are used when dry-bulb temperatures lower than
those achieved by a single-stage system are required. If a two-stage evaporative
system uses as a first-stage unit an indirect evaporative cooler and as a second stage
a direct evaporative cooler, the cooling process is explained on the psychrometric
chart as follows (Figure 12.6): the air to be cooled, initially at point A, is sensibly
cooled by the indirect evaporative cooler until it reaches point B. Since the water
content of the air does not change, line AB is parallel to the dry-bulb temperature
axis. This air then enters the second stage, where as a result of the direct evaporative
cooling process, it reaches point C. This is a constant wet-bulb temperature process
and therefore line BC is parallel to the wet-bulb temperature lines.

The association of a direct with an indirect evaporative cooler results in lower
threshold values, reducing thus the possible working time of the equipment and
therefore the energy consumed. Also a double-stage cooler offers lower dry-bulb
temperatures than the single stage, resulting thus in increased indoor comfort levels.
Figure 12.7 shows the percentage of possible working hours of a single- and a
double-stage cooler as a function of the period when cooling is required.
Performance statistics have been derived after extensive calculation for 14 south
European locations.

Similar data are also presented on a monthly basis in Figure 12.8 for Athens. It is
shown that a single direct cooler has to operate 5 to 20% longer than the double
stage equipment to achieve the same result.

As already mentioned, the direct cooler increases the humidity ratio of air and can
result in discomfort. In Figure 12.9 the relative humidity range at the outlet of a
direct cooler and of a double-stage cooler in Athens is shown. The use of the
double-stage cooler results in lower relative humidity values. Consequently the time
during which direct coolers can deliver enough cold air to maintain the effective
space temperature, as specified by the user, is limited.

Hurnidity Ratio

Dry-bulb Temperature

Figure 12.6 Two-stage evaporative cooling process
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Figure 12.7 Percentage of possible working
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Figure 12.11 Mean monthly comfort index
Jfor 14 south European locations [14]
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Figure 12.10 shows the mean monthly comfort index in Athens using a single-
stage and a double-stage cooler. Clearly for this particular climate, the direct evapo-
rative cooler cannot provide effective air conditioning,.

The mean summer comfort index for 14 south European locations when a direct
evaporative cooler is used, is given in Figure 12.11 as a function of 1% of the wet-
bulb temperature, where it is shown that higher wet-bulb temperatures correspond to
lower comfort indexes.

An example of a two-stage evaporative cooler is shown in Figure 12.12.

Warm moist air

—

Supply air
Hot dry air

Figure 12.12 Two-stage evaporative cooler.

PERFORMANCE OF EVAPORATIVE COOLING DEVICES
Direct evaporative coolers

The performance of a direct evaporative cooler has been evaluated by simulating the
performance of an injection-type direct evaporative cooler.

This cooler has a centrifugal ventilator having a diameter of 0.25 m, which rotates
at 1500 r.p.m. The air crosses a battery of 38 porous plates, each having dimensions
1.20 x 0.60 % 3.50 x 10~ m. The wet (effective) surface of the battery is 50 m% The
water distribution circuit works on a closed loop and has a volume flow rate of
250m’ h\.

The software developed for the calculation of the efficiency of this evaporative
cooler uses relationships produced by applying an identification technique, based on
the Marquard algorithm [15], to experimental data. This software requires as input
not only the characteristics of the cooler given in the previous paragraph, but also
the hourly values of the ambient air temperature and relative humidity. It must be
noted that this method is not universal, but can only be applied to the particular
cooler described above.

The following relations were determined for calculating:

« the inlet-outlet temperature difference:
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L-T,=C+CmP X +CymP X [N (12.2)

with 7 the inlet air temperature (°C), T the outlet air temperature (°C), m,
the water mass flow rate (kg h™), X the difference between dry-bulb and
wet-bulb air temperature at the inlet of the cooler (X = 7| — T,,,) and N the
velocity of the centrifugal ventilator (r.p.m.). The constants C;, /=1,..., 6
take the following values:

Ci=1.1,C;=023,C;=0.09, C;= 1.18 x 10°4, Cs = 2.16,Cs = —0.61.
o the air mass flow rate at the outlet of the cooler
m, =C{+C;Nm; + C;N (12.3)
where C{=-39.7, C; =146x107°, C; =02.
« the mass of water that evaporates during the process:
m,=C/mAX+CymZNG xS (12.4)
C'=00.7, Cy=014, Cy=0002x107*, Cy =14, C{=04.

Using these relations, the temperature and the relative humidity at the outlet of the
cooler and the available cooling energy per day can be calculated.

A simplified methodology for calculating the performance of a direct evaporative
cooler is given in the Appendix at the end of this chapter. This methodology has
been developed in the form of calculation sheets. An example of completed calcula-
tion sheets is also given for the following case:

Cooler characteristics:

¢ Fan speed = 1500 r.p.m.
« Water mass flow rate in the cooler = 100 kg h™’.

Weather conditions:
» Ambient temperature = 35°C,
« Ambient relative humidity = 40%.

The calculation shows that the temperature at the outlet of the cooler equals 28.4°C.

Indirect evaporative coolers

The performance of indirect evaporative cooling has been evaluated by simulating
the performance of the DRICON cooler. This system consists of a heat exchanger
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made of plastic material, two ventilators for the air circulation in the primary and
secondary circuits respectively, a water pump and the injection nozzles.

For these calculations, it was assumed that ambient air is supplied to the primary
circuit of the cooler and therefore the saturation efficiency is defined by equation
(12.1). Experimentally it has been found that the saturation efficiency of this system
is related to the air velocity in the primary circuit of the cooler ¥, by the following
equation [12]:

Saturation efficiency = 1/(1+047V°3). (12.5)

The algorithm developed for the calculation of the efficiency of the indirect evapo-
rative cooler requires as input not only the hourly values of the dry-bulb temperature
and of the relative humidity of the ambient air, but also the air velocity at the pri-
mary circuit of the cooler.

If the air velocity is given, the saturation efficiency is calculated using equation
(12.5). Then, also taking into account the other meteorological data, the air tempera-
ture at the outlet of the cooler can be calculated by applying equation (12.1).

Simplified calculation forms, given in the Appendix, have also been prepared for
indirect evaporative coolers. The following case is given as an example:

Cooler characteristics:
« Air velocity at the inlet of the cooler =1 ms™.

Weather conditions:

« Ambient temperature = 35°C,
« Ambient relative humidity = 40%.

The calculated temperature at the outlet of the cooler is found to be 27.5°C.

Case studies

The performances of a direct and an indirect evaporative cooler have been tested by
simulating the behaviour of a typical Greek residential building [16], the floor sec-
tion of which is illustrated in Figure 12.13.

DIRECT EVAPORATIVE COOLING

The direct evaporative cooling device considered in this study is a parallel-plate pad
evaporative cooler. This cooler consists of a centrifugal fan (diameter 25 cm). The
parallel plate matrix has a 50 m wetted area and is composed of 38 plates. The di-
mensions of each plate are 1.20 x 0.60 x 0.0035 m and the gap between the plates in
the matrix is 4.4 x 10~ m. The pump of the water distribution system has a capacity
of 250 m® h™' of water under a head of 3 m.
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Figure 12.13 Floor section of the reference Greek building used for the evaluation of the
efficiency of direct and indirect evaporative coolers

In order to predict the performance of the direct evaporative system, the algo-
rithms presented in [5] were used and linked to the overall calculation program.
These algorithms, which were created by using identification procedures, are of suf-
ficient accuracy and have been compared successfully with experimental data.

Using as input data the ambient dry- and wet-bulb temperatures, the fan rate (in
r.p.m.) and the water mass flow rate, the temperature and the relative humidity at the
outlet of the cooler were calculated. In order to analyse the impact of the parameters
regulating the performance of the system for the building, a sensitivity analysis was
performed. Therefore, the influence of the fan speed, as well as of the flow rate of
the water humidifying the parallel-plate matrix, has been investigated.

The results are presented in Figure 12.14 for a typical day of each month. It is ob-
served that a maximum reduction of the peak indoor air temperature of about 4—6°C
is possible. An increase of the water flow rate has an almost negligible effect on the
indoor temperature of the reference building. In most of the cases examined, the
corresponding temperature variation curves practically coincide. Their difference
rises to about 0.5°C when the high fan rate of 3500 r.p.m. is used. It is deduced also
that the effect of the fan rate change on the indoor temperature of the reference
building is important. The mean temperature decrease is about 1.5°C when the fan
rate is increased from 800 to 1500 r.p.m.
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Figure 12.14 Influence of the direct evaporative cooler on the indoor air temperature (a)
June, 800 r.p.m., (b) July, 800 r.p.m., (c) August, 800 r.p.m., (d) July, 1500 r.p.m.

INDIRECT EVAPORATIVE COOLING

Indirect evaporative cooling systems can provide efficient cooling of buildings with-
out increasing the moisture content of the indoor air. Various types of indirect
evaporative cooling systems have been proposed [6], however plate-type indirect
evaporative coolers have given very encouraging results and have already seriously
penetrated into the market [7]. The type of cooler considered in the present research
consists of a plastic heat exchanger with dimpled sheets of a hydraulic polymer, two
fans, a water pump and simple water sprays [17].

In order to calculate the efficiency of the system, the saturation efficiency algo-
rithm for that cooler, proposed in [17], is used. The air temperature at the outlet of
the cooler is then calculated, using as inputs the outdoor dry- and wet-bulb tempera-
tures. The impact of the air velocity inside the primary circuit of the cooler on the
thermal performance of the building was investigated. Two air velocities were con-
sidered, 0.3 m s™' and 0.1 m s™". The results showing the effect of the air velocity
variation on the indoor temperature of the reference building are illustrated in Figure
12.15.

It is deduced that the increase of the air velocity is inversely proportional to the
indoor temperature. In all cases, a temperature decrease of at least 1.5°C is obtained,
compared with the indoor temperature when no cooling load is provided to the
building. During June, acceptable indoor temperature levels are obtained even with
the low air velocity. However, in order to create comfortable indoor conditions dur-
ing daytime in July and August, the high air velocity has to be chosen.
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Figure 12.15 Influence of the indirect evaporative cooler on the indoor air temperature
(a) June, (b) July (c) August. T, = indoor temperature without coolers, T,,, = ambient
temperature

Impact of evaporative cooling upon comfort

The impact of evaporative cooling on comfort has been assessed by simulating the
performance of a direct and an indirect evaporative cooler assuming a 24-hour op-
eration, for a typical day of every month of the cooling season, using the weather
data of Athens [17].

This study has shown that the ambient conditions were outside the comfort zone
during most hours of the day. When direct evaporative cooling was applied, the
condition of the air at the outlet of the cooler was inside the comfort zone, but the air
was becoming humid. When indirect evaporative cooling was used instead, with the
same inlet values, the relative humidity at the outlet had values inside the comfort
zone. This has shown that indirect evaporative coolers are more appropriate for the
climate of Athens.

CONCLUSIONS

Evaporative coolers offer an interesting alternative for cooling. They can provide
cooling, consuming just the electricity necessary for the operation of air fans and in
some cases for small water pumps. This is much less than the electricity required for
the operation of conventional air conditioners. Excessive air humidification can be
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avoided by using indirect coolers instead of direct ones, or by combining the two in
the double-stage systems. Research in this field has led to devices that, in con-
sciously designed buildings, can easily compete with conventional air conditioners.
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APPENDIX
FORMS

Form 1:  Simplified method for direct evaporative cooling calculations

1  Give the ambient air temperature (°C)

2 Give the ambient relative humidity (%)

3 Give the fan speed of the cooler (r.p.m.) (If unknown, the
default value 1500 r.p.m. can be used)

4  Give the water mass flow rate in the cooler (kg h™") (If unknown,
the default value 100 kg h™' can be used)

5 Calculate the air flow rate (kg h™") at the outlet of the cooler, as
follows: STEP 5 = -39.7 +1.46E-5 x STEP 3 x STEP 4 + 0.2 x STEP 3

6  From the psychrometric chart, calculate the wet-bulb
temperature at the inlet of the cooler

7  Calculate the following value: STEP 7 =(STEP 4)°%°

8 Calculate the following value: STEP 8 = STEP 1 - STEP 6

9  Calculate the temperature at the outlet of the cooler as follows:
STEP 9= STEP 1 - 0.23 x STEP 7 x STEP 8

~ 1.18E4 x STEP 7 x (STEP 8)%1%/(STEP 3)-6!
Form 2:  Simplified method for indirect evaporative cooling calculations

1  Give the ambient air temperature (°C)

2 Give the ambient relative humidity (%)

3 Give the air velocity at the inlet of the cooler (m s ™)
(If unknown, the default value 1 m s™' can be used)

4  Calculate the efficiency of the cooler: STEP 4 = 1/(1 +0.47 x (STEP 3)%)

5  From the psychrometric chart, calculate the wet bulb
temperature at the inlet of the cooler

6 Calculate the temperature at the outlet of the cooler as follows:

STEP 6 = STEP 1 - STEP 4 x (STEP 1 - STEP 5)
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[+-]

EXAMPLES

Form 1:  Simplified method for direct evaporative cooling calculations

Give the ambient air temperature (°C) 35
Give the ambient relative humidity (%) 40
Give the fan speed of the cooler (r.p.m.) (If unknown, the

default value 1500 r.p.m. can be used) 1500
Give the water mass flow rate in the cooler (kg hh f

unknown, the default value 100 kg h™ can be used) 100
Calculate the air flow rate (kg h™") at the outlet of the 262.49
cooler, as follows: STEP 5=-39.7 +1 46E-5 x STEP 3 x STEP 4 + 0.2 x

STEP3

From the psychrometric chart, calculate the wet-bulb

temperature at the inlet of the cooler 24
Calculate the following value: STEP 7 = (STEP 4)°%® 1.513561248
Calculate the following value: STEP 8 = STEP 1 - STEP 6 11

Calculate the temperature at the outlet of the cooler as
follows: STEP9 = STEP 1 - 0.23 x STEP 7 x STEP 8
~1.18E-4 x STEP 7 x (STEP 8)* !S4STEP 3) %! 28.42465626

Form 2: Simplified method for indirect evaporative cooling calculations

Give the ambient air temperature (°C) 35
Give the ambient relative humidity (%) 40
Give the air velocity at the inlet of the cooler (m s™")

(If unknown, the default value 1 m s™' can be used) 1
Calculate the efficiency of the cooler:

STEP 4 = 1{1 + 0.47 x (STEP 3)°) 0.680272109
From the psychrometric chart, calculate the wet bulb temperature

at the inlet of the cooler 24

Calculate the temperature at the outlet of the cooler as
follows: STEP 6 = STEP | - STEP 4 x (STEP | - STEP 5) 27.5170068
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Radiative cooling

Radiative cooling is based on the heat loss by long-wave radiation emission from a
body towards another body of lower temperature, which plays the role of the heat
sink. In the case of buildings the cooled body is the building and the heat sink is the
sky, since the sky temperature is lower than the temperatures of most of the objects
upon earth.

There are two methods of applying radiative cooling in buildings. The first
method is called direct, or passive, radiative cooling. The building envelope radiates
towards the sky and gets cooler, thus enhancing the heat loss from the interior of the
building. For physical reasons that will be explained later, the part of the building
envelope that radiates the most is a flat roof.

The second method is called hybrid radiative cooling: in this case the radiator is
not the building envelope but usually a metal plate. The operation of such a radiator
is the opposite of an air flat-plate solar collector. Air is cooled by circulating under
the metal plate before being injected into the building. Other systems are combina-
tions of these two configurations.

In this chapter the more important examples of radiative cooling systems reported
in the literature will be discussed. Some of them might be considered of reduced
application interest, because their development is still at an experimental stage, but
their description has been included since they reflect the state of the art in this
subject.

PHYSICAL PRINCIPLES OF RADIATIVE COOLING

Understanding the physics of radiative cooling requires a knowledge of the basic
definitions and principles of radiative heat transfer, a summary of which is given in
this section.

Definitions

ELECTROMAGNETIC RADIATION

Any object at a temperature higher than 0 K emits energy by electromagnetic radia-
tion. This radiation is due to the molecular and atomic agitation associated with the
internal energy of the material, which in the equilibrium state is proportional to the
temperature of the material. This radiation is called thermal radiation. The major
part of it is emitted within a narrow band of the electromagnetic spectrum, between
0.1 um and 100 um.

424
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BLACK BODY

All surfaces emit thermal radiation and how the laws of radiation operate depends on
the surface itself. It is possible, however, using thermodynamics, to evaluate the
maximum thermal energy that can be emitted by radiation at any temperature and at
any wavelength. The ideal radiator that would radiate this energy is called a black
body and is used as the reference for radiation considerations.

A black body is defined as an ideal body that absorbs all the incident radiation
impinging on it, for all wavelengths and all angles of incidence of the radiation.
From this definition it can be derived that the black body also emits the maximum
radiant energy at every wavelength.

The physical laws describe the emission from the black body. The emission from
real bodies is therefore evaluated relative to the emission of the black body under
the same conditions, using coefficients called emissivities. Knowing the radiation
laws for a real body is a synonym for knowing its emissivities, total (over all wave-
lengths) or spectral (for each wavelength).

PLANCK’S LAW

Planck’s Law gives the spectral emittance of the black body, M,(T) (W m™~ pym™),
at temperature 7 (Kelvin) for the wavelength A and is given by the following rela-
tion:

o C’IA“.5
Mg (T) = SO /AT

where
C,=3.741 x 10* W um* m? and C, = 14 388 um K.

STEFAN-BOLTZMANN LAW
This law gives the total hemispherical (i.e. towards all directions) emissive power

(W m™) of a black body:
M°=oT* (13.1)

where 0= 5.67 x 10°® W m™ K™ is the Stefan-Boltzmann constant. The tempera-

ture is expressed in K.
The total hemispherical emissive power of a real body can be calculated by the

Stefan—Boltzmann law, taking into account its total hemispherical emissivity, &

M =eoT*. (13.2)

Given that the black body is an ideal radiator, which for a given temperature has the
maximum total hemispherical emissive power, it is concluded that the total hemi-
spherical emissivity of a real body is always less than one, since one is the black-
body emissivity.
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INTERACTION BETWEEN RADIATION AND A BODY: REFLECTION, ABSORPTION AND
TRANSMISSION

The radiation incident on a body is partially absorbed, partially reflected and par-
tially transmitted through the body. The fractions of the absorbed, reflected and
transmitted radiation are respectively called absorptivity (a), reflectivity (p) and
transmissivity (7). These parameters are related as follows:

a+p+1=1 (13.3)

These values are total hemispherical values and characterize globally the interaction
between a body and the radiation impinging on it. It must be noted that this expres-
sion is accurate for monochromatic radiation, but for the applications examined here
the formalism involving total values can be used.

KIRCHHOFF’S LAW

Kirchhoff’s Law describes the relation between the emitting and absorbing proper-
ties of a body. According to this law, for every wavelength and for every direction of
propagation of the radiation, the directional spectral emissivity of a body is equal to
its directional spectral absorptivity:

o, (T,9,0)=¢,(T,0,0) (13.4)

where A is the wavelength, ¢ and 6 the angular coordinates defining the direction of
propagation and 7T is the temperature of the body. This relationship is also valid for
hemispherical properties:

a,(T) = €,(). (13.5)

SIMPLIFICATIONS IN PRACTICE

In building physics and in solar-energy engineering it is principally necessary to
know the optical properties of the materials involved for two zones of the electro-
magnetic spectrum. Absorptivities are required for the wavelengths of the solar
spectrum to to be able to estimate solar gains. Emissivities are required in the long-
wave range of the electromagnetic spectrum, in order to be able to estimate radiative
heat losses. Therefore the solar absorptivity and thermal emissivity of various mate-
rials can be defined as follows [1]:

e Solar absorptivity:

25

um
o, (7)1, dA
03
o, (T)= —
| da
4]

3 um
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where T is the temperature of the absorbing surface and /, is the solar irradiance.
¢ Thermal emissivity:

100 pum
[, eDmn
e(T)= Ty

1

M2 (T)dA

where T is the temperature of the emitting surface and M,°(7) is the spectral hemi-
spherical emissive power of the black body at temperature 7, given by Planck’s Law.

RADIATIVE HEAT EXCHANGE

Until now only the radiative properties and laws of one surface have been consid-
ered. This subsection will examine radiative heat exchange between two surfaces.
There are two main characteristics that differentiate radiative heat exchange from the
other two heat transfer mechanisms, conduction and convection:

« The first is that, because of the electromagnetic nature of thermal radiation,
radiative heat exchange occurs even without the presence of a physical
medium.

« The second is that, although conduction and convection stop when the
thermodynamic systems between which the transfer takes place arrive at the
same temperature, radiative heat exchange occurs even between identical
surfaces at the same temperature. This means that radiative equilibrium is a
dynamic phenomenon.

The net radiative power between two infinite, black parallel plates (see Figure 13.1)
is calculated by applying the Stefan—Boltzmann Law.
The emissive power of the plate at temperature 7 is

M|°=07;4

Figure 13.1 Radiative heat exchange
between two infinite, black parallel
plates
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and the emissive power of the plate at temperature T) is:
M,°=0T,*.
If T) > T, then the net radiative flux equals:
r2=o(T" =T,

The index of the net emissive power indicates the sense of the net radiative flow;
this is from the hotter surface to the colder one. In this example this is from surface
1 to surface 2.

[f the plates are not black, but their total hemispherical emissivities are g and £,
respectively, then the net radiative flux will be:

M, =°'(€1T14 _52T24)-

In reality the surfaces exchanging radiation are not infinite but have finite dimen-
sions. [t is clear then that the radiative heat exchange between them depends strongly
upon their geometry. To calculate the net radiative flux in this case, it is necessary to
introduce the concept of the configuration factor. This is defined as the fraction of
radiated energy leaving one surface and impinging on the second surface directly, if
the two surfaces are diffuse in emission. The term ‘directly’ means that the energy
impinging on the second surface does not come from reflection or re-radiation by
other surfaces. Two important points can be made with reference to this definition:

» The configuration factor is a parameter without dimensions.
+ Configuration factors depend only upon the geometry of the involved sur-
faces and not on any other physical property.

As an example we will give the configuration factor between two infinitesimal areas
dA4, and dA4, (see Figure 13.2). The configuration factor between surface and surface
is given by the following relation:

Figure 13.2 Radiative heat exchange
between two infinitesimal surfaces
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_ €Os, cos , d4,
FdAl—’dAz - rl :

Calculation formulae or tabulated values of the configuration factor for other com-
mon configurations can be found in all books concerning radiative heat transfer. For
more complicated problems, the reader can refer to radiative heat transfer hand-
books.

The configuration factor can also be found in the literature under the names
‘radiation shape factor’, ‘shape factor’, ‘view factor’ and ‘angle factor’ [2].

Principles of radiative cooling

If two elements at different temperatures are facing one another, a net radiant heat
flux from the hotter element will occur, even without any medium between them. If
the colder element is kept at a fixed temperature, the other element will cool down to
reach equilibrium with the colder element. This physical principle forms the basis of
radiative cooling. The element at high temperature is the building envelope, or an-
other radiator — attached to it or not — and the colder element is the sky vault.

Radiative cooling commonly occurs on the surface of the earth and it is the only
mechanism that allows to the planet to dissipate the heat received from the sun, in
order to maintain its thermal equilibrium.

Radiative cooling of a body, called a radiator, is based on the radiation exchange
between it and the sky vault. Given that this radiator is a real body and not a black
body, it is characterized by its emissivity.

SKY EMISSIVITY

Every object on the surface of the earth exchanges thermal radiation with all sur-
rounding objects and therefore with the atmosphere. The atmosphere emits thermal
radiation, except in the spectral region 8-13 um, with a spectral distribution very
close to that of a black body at a temperature equal to the dry-bulb temperature of
the air close to the ground. The observed deviations from black-body radiation are
attributed to the sky having its own wavelength-dependent emissivity, known as the
sky emissivity, &x/(A). In practice, it is assumed that the sky emissivity does not de-
pend upon wavelength for the long-wave part of the spectrum.

Atmospheric thermal emission is mainly due to the vibrational and rotational
transitions of the asymmetrical molecules of the various constituents. These mole-
cules are mainly water vapour, carbon dioxide and ozone. The symmetrical mole-
cules O, and N,, which compose 99% of the atmosphere, are transparent to infrared
radiation (beyond 3 pm) and water vapour and carbon dioxide have few transitions
in the spectral region of 8—13 um. Consequently, in practice, the atmosphere can be
considered transparent in this spectral region, which therefore is called the
‘atmospheric window’.
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The influence of the various atmospheric components on the atmospheric thermal
radiation differs depending on the component:

e More than 90% of the total emitted radiation comes from the first 5 km in
altitude. The contribution of each constituent to the total flux is 95.7% for
H,O + continuum, 2.8% for CO, (including CH, and N,O) and 1.5% for O;
(ozone).

« Ozone has a nearly constant peak of emission at 9.6 um (near the centre of
the atmospheric window), as it comes from absorption in the stratosphere,
where its concentration is predominant.

» The atmospheric window is limited at about 14 um because of the emission
of CO,. The carbon dioxide concentration is practically constant and no
significant variation of the emitted thermal energy has been observed as a
result of its variation, because the emission spectrum of CO, is superim-
posed on the emission spectrum of water vapour.

e The contribution of all other elements in the atmosphere is very small.

The emission spectrum of a clear-sky atmosphere during summer (dry-bulb tempera-
ture 21°C, wet-bulb temperature 16°C) is illustrated in Figure 13.3 [3]. The spec-
trum is given for the following zenith angles: 0°, 60°, 75° and 90°. The absorption
band near the centre of the atmospheric window is due to ozone, independent of
everyday weather. The relatively low emission within the range of the window at
low zenith angles increases as the optical path through the low-altitude warm atmos-
pheric layers also increases. When the zenith angle approaches 90°, then the emis-
sion spectrum of the atmosphere tends asymptotically to the black-body spectrum.
This explains why the best position for placing a radiator is horizontal, since for low
zenith angles the opening of the atmospheric window is higher.

The low emission within the atmospheric window is due to the continuum emis-
sion of water molecules. Therefore, the depth of the atmospheric window depends
on the weather and thus it varies from day to day and even between two different
periods of the same day, as well as varying from one geographical location to an-
other. The effect of the water content of the atmosphere upon its spectral emission is
illustrated in Figure 13.4 [3].

Since the water vapour content of the atmosphere is closely correlated with the
absolute humidity or the dew-point temperature of the air close to the ground, these
two physical quantities will be used later to estimate atmospheric emission.

Among the other atmospheric constituents that affect atmospheric thermal radia-
tion are ozone and aerosols, but it has been shown that their effect is less important
than that of water. Their emission spectra are illustrated in Figures 13.5 and 13.6
respectively [3]. From these figures it can be observed that only maritime aerosol
significantly affects emission rates, while the effect of urban pollution is minor.
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If an object on the earth’s surface emits thermal radiation within the atmospheric
window and the atmospheric conditions are such that the atmospheric window is
‘open’, (i.e. low relative humidity and clear sky), then the object’s temperature de-
creases. A radiator performs better under clear-sky conditions than under partly
cloudy or average sky conditions. This was only to be expected since under clear-
sky conditions sky thermal radiation is low, enabling the radiator to emit more
energy towards the low-temperature heat sink than under average sky conditions.
Increased amounts of clouds absorb and re-emit the infrared radiation. As a result,
this slows the rate of radiative cooling from the radiating surface to the night sky.

The determinant parameter in evaluating the radiative cooling potential of a cer-
tain location is the sky temperature depression (DT.,). This is defined as the differ-
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ence between the ambient air temperature and the ‘sky temperature’ (i.e. the tem-
perature of the black body having the same spectral distribution as the sky), which
can be calculated as follows:

DTy, =(1-£4)7, (13.6)

where 7, is the ambient temperature and &, is the sky emissivity.
Many correlations have been reported in the literature for calculating the sky
emissivity (). Here the Berdahl and Martin relation has been used [4]:

£.. = 0.711+056(T, /100)+0.73(T, /100)* (13.7)
s dp dp

where Ty, is dew-point temperature, defined as [5]
Ty, = Gi[In(RH) + C, ]/ {C, ~[In(RH) + | ]} (13.8)

with C; = CyT 4o (Cs + Tary), C2 = 17.08085, C; = 234,175, where Ty is the ambient
dry-bulb temperature (°C) and RH is the relative humidity (ranging from 0 to 1).

The instantaneous clear sky emissivity was estimated using the following expres-
sion, which takes into account the diurnal variation [4]:

Ag,; = 0013 cos(2mt/24) (13.9)

with ¢ the hour of the day.

The values of sky emissivity obtained from equations (13.7) and (13.9) are valid
for clear-sky conditions. Under cloudy sky the sky emissivity (g;) can be calculated
from the following relationship [4]:

g, = £,,(1+0.0224n - 0.00352% +0.00028n" ) (13.10)

where 7 is the total opaque cloud amount (0 for clear sky and 1 for overcast sky).

Measurements have shown that the long-wave radiation coming from the zenith
of the sky vault is less than the radiation coming from the horizon. This is because
the optical thickness of the atmosphere is smaller towards zenith than close to the
horizon. Therefore the optimum position for a flat-plate radiative cooler is horizon-
tal and does not depend, as in the case of the flat-plate solar collector, upon the lati-
tude of the site.

RADIATIVE COOLING SYSTEMS

The simplest passive radiative cooling technique is to paint the roof white. White
paint does not significantly affect the radiation rate at night, since white and black
paints have almost the same emissivity in the long-wave range. The advantage of a
white-painted roof is that as the roof absorbs less solar radiation during daytime, its
temperature remains lower and therefore it can be easily cooled by radiation at night.
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This technique has been applied in the traditional architecture of the Mediterranean
basin, for example in the islands of the Cyclades in Greece. Measurements of this
technique gave a cooling potential of 0.014 kWh m™ day™' [6]. This is a simple
technique of rather poor performance and therefore applicable mainly in very hot
countries.

Movable insulation

Movable insulation systems are applied on the roofs of buildings. They consist of an
insulating material that can be moved over the roof of the building (Figure 13.7).
These systems allow the exposure of the thermal mass of the roof (or of an addi-
tional sensible heat storage material placed on the roof) to the sky during the night.
During the day the same mass is covered by an insulating layer to minimize heat
storage in the thermal mass due to solar radiation. This layer can be operated
manually or automatically. The advantage of such a system is that during winter its
operation can be inverted: the mass is exposed to the sun and insulated at night to
reduce radiative heat losses and channel the excess heat inside the building. There
are two disadvantages: one is the additional cost of such a device, which is even
higher if the option of automatic operation is chosen. The second is that, since the
method is completely passive and no working fluids are involved, it is of minor in-
terest for multi-storey buildings, since only the spaces directly under the roof will
benefit from it.

Movable thermal mass

This technique is a variation of the previous one. Its cost is even higher, since it re-
quires the construction of a thermally insulated pond on the roof of the building
(Figure 13.8). It consists of a movable insulation device, underneath which there is a
water pond. Between the pond and the roof of the building there is a gap in which
the water from the pond can be canalized. This system is operated as follows: the
pond is filled with water at night and exposed to the sky to be cooled by radiation. In

SCREEN e

e

MOVING PANEL

Figure 13.7 Principle of a moving insulation Figure 13.8 Principle of a movable thermal
radiative system mass radiative system
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the morning the pond is covered and the cooled water is drained from the pond and
circulates between the insulation and the thermal mass of the roof, dissipating heat
from the space below. The additional cost over that of the previous technique is re-
lated to the necessary reinforcements of the building structure to support the addi-
tional mass of water, to the extra attention required to avoid water absorption from
the building elements and to the devices necessary for circulating the water. The
advantage of this system, compared to movable insulation, is that it can cool other
spaces and not only those directly in contact with the roof. This is because the cool-
ing medium is water and it can be channelled to other spaces as well.

The flat-plate air cooler

This system has already been used for cooling water in a loop similar to that of a
solar collector linked to a storage tank. This is a very simple device, looking almost
like a flat-plate air solar collector without glazing. It consists of a horizontal rectan-
gular duct. The top of the duct is the radiator, which is a metal plate. An example of
such a cooler is illustrated in Figure 13.9 [7].

Attention should be paid to covering the metal plate with a material highly emis-
sive in the long-wave part of the electromagnetic spectrum, since the emittance of
metals decreases with wavelength. This is shown in Figure 13.10 [7], where the
variation of the reflectivity of various metals is shown as a function of the wave-
length.

The simplest solution is ordinary matt black paint. It is obvious that with such a
coating, having almost opposite optical properties in the long-wave and in the visible
ranges, there will be a higher efficiency, since the radiation losses of the cooler in
the long-wave spectrum are higher. A radiator provided with a surface coating that
approximates this behaviour is called a selective long-wave radiator. A survey of
materials of high emissivity within the range of 8—14 um has shown that the oxides
and carbonates of titanium, aluminium, calcium and zinc are appropriate coatings,
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Figure 13.9 Example of flat-plate radiative
cooler [7]
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Figure 13.10 Reflectivity of various metals as a function of
the wavelength [7]

since their reflectivity in the solar range of the spectrum is also high. White paints
fabricated with the above substances have a long-wave emissivity (within the 8-14
um part of the spectrum) ranging from 0.90 to 0.95 and an emissivity in the visible
part of 0.05. Another type of selective radiator that could be used is evaporated
aluminium covered by 12.5 um of Tedlar (a polyvinyl-fluoride plastic) [7]. However
a study of various experimental data obtained using selective coatings has demon-
strated that the use of selective surfaces did not show any distinct advantage regard-
ing their efficiency, compared to radiators with ordinary coatings [8].

The problems related to selective coatings are their cost and their reduced life-
times. Therefore, in the current state of technology, the use of selective coatings is
not always worth considering. However, a detailed discussion of the conditions
(which rarely occur) under which the use of selective coatings for radiative cooling
might be interesting is presented in [8].

The remaining part of the duct of the radiative cooler is insulated in the same way
as the casing of flat-plate solar collectors.

The flat-plate cooler operates as follows: The radiator is cooled because of the
night exposure to the sky vault. Air that circulates underneath the radiator by means
of ventilators is cooled convectively and then injected into the space to be cooled.
Such a system can be connected to the conventional air-conditioning system, in the
same way as other hybrid cooling systems (see Chapter 11 on ground cooling; the
reader should refer to that chapter for further information regarding linking and
control problems).

What mainly differentiates the flat-plate air cooler from the solar air heater, ex-
cept of course the different operating period during the day, is the absence of glaz-
ing, since ordinary glazing used in solar systems is not transparent to long-wave ra-
diation. However some air coolers are covered with a so-called wind screen. The
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role of this wind screen is: When the operation of a radiator starts, its temperature is
higher than or equal to the ambient temperature. In this case the radiator loses heat
not only by radiation, but also convectively. The convective heat losses can be
natural if there is no wind or forced convection. After some time the temperature of
the radiator will become lower than the ambient temperature. At this moment, con-
vection, up to now facilitating the operation of the cooler, will start opposing it. The
wind screen is then applied, to reduce these convective heat gains from the warmer
ambient air to the radiator, thus improving the efficiency of the system. Since wind-
screens must be transparent to infrared radiation, thin polyethylene films (60-100
um), usually without ultraviolet inhibitors, can be used for this purpose. This is a
commonly available material, which is not very expensive, and it has a long-wave
transmittance of 70% [9]. It is reported however [8], that even a single layer of
polyethylene reduces the emission of the radiator by 25%, because of its imperfect
transmittance. Nonetheless, if the temperature of the radiator is below the ambient
temperature, the convective heat gains are reduced to a much greater extent,
especially if the wind velocity is high. Therefore the net cooling energy balance
supports the use of the windscreen.

When a wind-screened radiator is used, attention should be paid to avoiding dew
formation, since this will negatively affect the performance of the cooler. Experi-
mental data have shown that dew formation raises the temperature of the radiator at
night [9]. The temperature of the radiator rises from the moment that water droplets
of dew start to form on the windscreen, which then starts to become opaque to long-
wave radiation, since water is not transparent to this range of the electromagnetic
spectrum. It is possible that after a certain time, which can be as much as several
hours, the temperature of the radiator with a wind screen will approach the tempera-
ture of an exposed radiator, since the wind screen will become the radiating element.
These observations indicate that the use of a wind screen is not effective in humid
climates. To avoid dew formation, the difference between the air temperature and
the dew-point temperature must be higher than the difference between the tempera-
ture of the radiator surface and the ambient temperature. When a wind screen is
applied to a radiator, the film should be as tight as possible to avoid fluttering due to
the wind. Such a fluttering creates convective currents in the still air between the
wind screen and the radiator, thus reducing its insulating properties. Shading during
daytime increases the lifetime of the wind screen by reducing the deterioration due
to ultraviolet radiation. Wind screens also require also frequent cleaning since they
attract dust particles which reduce their transparency. Experiments have shown that
the use of a single windscreen gives a higher cooling load than the use of a double
windscreen. The colour of the polyethylene was not found to influence the efficiency
of the radiator [9]. In view of all the problems related to wind screens discussed
above, serious consideration of all the parameters of a particular radiative system
should be undertaken before they are used.
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MODELLING THE FLAT-PLATE RADIATIVE COOLER

The useful cooling energy and the outlet temperature of the air provided by the ra-
diator are calculated according to the methodology of Ito and Miura [10].

Cooling power of a radiator

The net heat flux (g,) of a non-selective radiator at temperature (7,) is calculated as a
linear function of an effective heat transfer coefficient (4.) and a minimum threshold
temperature (7y,) (also referred to as stagnation temperature), as follows:

g, =h (T, - Ty) (13.11)
where A, is defined by 4, = h+40T; and Ty is the minimum temperature that the

radiator can attain, defined by T, =T, —¢,/h,. The convective heat transfer coef-
ficient A is a function of the wind velocity ¥ and is calculated from the following

expressions [9].
« Radiator with no wind screen:
h=57+38V V<4ms™ (13.12)
h=173v0 V>4ms™. (13.13)
« Radiator with wind screen:
h=05+12r°%. (13.14)
The net radiative power of a black body (go) at the ambient temperature (7;) is given
by:
q0 =0T, —q; (13.15)

where g, is the sky irradiance, g, = o, T

Fluid temperature

The problem of calculating the temperature of the heat transfer fluid flowing through
a one-dimensional path in a radiator has been solved by Ito and Miura [10] in the
same way as the case of a solar collector [11]:

Tfo~Tm=(Tﬂ—Tm)exp(—UpA/mcp) (13.16)

with Ty the inlet temperature of the heat transfer fluid, 7%, the outlet temperature of
the heat transfer fluid and A4 the surface of the radiator. U, is the overall heat transfer
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coefficient between the air circulating under the radiator and the ambient air and can
be calculated from the following expression:

U = 1
? (l/he)+(l/h)+(drad/krad)

with h, the effective heat transfer coefficient previously defined, 4 the convective
heat transfer coefficient between the radiator surface and the ambient air, calculated
from equations (13.12)(13.14), d the thickness and 4,4 the thermal conductivity
of the radiator plate.

Equation (13.16) can be used to calculate the outlet temperature of the heat trans-
fer fluid, given that the minimum threshold temperature Ty, is known. One should
note that the dependence of the thermal properties of the radiator and of the heat
transfer fluid on temperature are taken into account in the numerical model.

(13.17)

POTENTIAL OF RADIATIVE COOLING

To estimate the potential of radiative cooling in various locations, the behaviour of a
flat-plate cooler has been simulated. An open-loop radiative cooling system with an
uncovered air collector, whose surface is exposed to the atmosphere at night, cools
the air that circulates through the system. The air cooler was assumed to be a hori-
zontal 2 m long rectangular air duct. The dimensions of the flow section were 1 m
by 0.20 m. The radiator was considered to be a 0.003 m stainless steel plate, having
an emittance of 0.90 in the infrared bandwidth. It was assumed that the cooler was
functioning only during the night time with an air velocity through the radiator set at
2.5 m s™'. The radiator was assumed to be horizontal. Simulations have been also
carried out for the same system covered with a single wind screen.

The model presented in the previous section has been used to calculate the sky
temperature depression and the air temperature at the outlet of the radiator. The use-
ful cooling energy provided by the flat-plate radiative air cooler for various loca-
tions of southern Europe has been determined. This calculation was based on the
temperature difference between the inlet and the outlet of the radiator. Two series of
simulations have been performed for each location; one for optimum (clear) and one
for average sky conditions.

Tables 13.1 to 13.5 give the total number of hours for a typical day in each month
of the cooling season (May—September) for which the sky temperature depression
reaches a given value. These data can also be presented in the form of histograms,
which can be very useful for determining the feasibility of radiative cooling applica-
tions at a given location.
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Table 13.1 Number of events for a given sky temperature depression in May [12]

Location ‘Weather Sky temperature depression (°C)
conditions 1 23 4567 8 9 10111213141516171819202122

Ajaccio, Italy Optimum 1 2222

(Lat=41, 93n) Average 221 22

Almeria, Spain Optimum 322 31

(Lat=36, 85n) Average 4 2 2 3

Ancona, ltaly Optimum 3321

(Lat=43, 62n) Average 1323

Athens, Greece Optimum 4 2 3

(Lat=37, 9n) Average 3222

Atlanta, USA Optimum 1 21 1111

(Lat=33, 65n) Average 21 111 1121

Barcelona, Spain Optimum 4 32

(Lat=41, 38n) Average 4 2 3

Brindisi, Italy Optimum 3222

(Lat=40, 65n) Average 222 21

Cagliari, Italy Optimum 2 32

(Lat=39, 23n) Average 2 322

Catania, Spain Optimum 4 2

(Lat=37, 47n) Average 2 2 2

Charleston, USA Optimum 11 1 1 11 1112

(Lat=32, 9n) Average I 1111 111 21

Dubrowvnic, Croatia  Optimum 4 32

(Lat=42, 63n) Average 2 322

Genoa, Italy Optimum 6 3

(Lat=44, 40n) Average 531

Gibraltar Optimum 3323

(Lat=36, 15n) Average 4 2 2 3

lerapetra, Greece Optimum 3 32

(Lat=35, 00) Average 4 3 2 3

Leghorn, Italy Optimum 323

(Lat=43, 55) Average 1 3221

Marseilles, France ~ Optimum 2 21

(Lat=43, 30n) Average 1221 21

Miami, USA Optimum 12121121

(Lat=25, 8n) Average 12111122

Milos, Greece Optimum 4 3 2 2

(Lat=36, 44n) Average 4 3 2 2

Naples, Italy Optimum 4 2 3

(Lat=40, 68) Average 322

Nice, France Optimum 33 21

(Lat=43, 68n) Average 4 2 21

Nicosia, Cyprus Optimum 1 312

(Lat=35, 15n) Average 1312121

Palma, Spain Optimum 3122

(Lat=39, 57n) Average 22212

Parnos, Cyprus Optimum 321 2 2

(Lat=34, 75n) Average 4 1 21 21

Perpignan, France ~ Optimum 2 32

(Lat=42, 73n) Average 1 3212

Raleigh, USA Optimum 211 11 11

(Lat=35, 87n) Average 21 11 11 121

Rome, Italy Optimum 132

(Lat=41, 9n) Average 3 222

Split, Croatia Optimum 333

(Lat=43, 52n) Average 333

Thesaloniki, Greece  Optimum 3222

(Lat=40, 33n) Average 1 31 22

Trieste, Italy Optimum 2 33

(Lat=45, 65n) Average 4 2 3

Valletta, Malta Optimum 9 2

(Lat=35, 90n) Average 9 2

Valencia, Spain Optimum 1 32 3

(Lat=39, 47n) Average 2322

Venice, Italy Optimum 2 3 22

(Lat=45, 43n) Average 3231
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Table 13.2 Number of events for a given sky temperature depression in June [12]

Location Weather Sky temperature depression (°C)
conditions 123456789 10111213141516171819202122

Ajaccio, Italy Optimum 321 21

(Lat=41, 93n) Average 122121

Almeria, Spain Optimum 3222

(Lat=36, 85n) Average 3222

Ancona, Italy Optimum 4 2

{Lat=43, 62n) Average 3321

Athens, Greece Optimum 4 2 21

(Lat=37, 9n) Average 2322

Atlanta, USA Optimum 111112

(Lat=33, 65n) Average 11 111111

Barcelona, Spain Optimum 4 2 3

(Lat=41, 38n) Average 3321

Brindisi, Italy Optimum 3222

(Lat=40, 65n) Average 3222

Cagliari, Italy Optimum 22221

(Lat=39, 23n) Average 32211

Catania, Spain Optimum 2223

(Lat=37, 47n) Average 4 212

Charleston, USA Optimum 211 11111

(Lat=32, 9n) Average 1111 11111

Dubrovnic, Croatia  Optimum 3231

(Lat=42, 63n) Average 4 3 2

Genoa, Italy Optimum 3321

(Lat=44, 40n) Average 4 23

Gibraltar Optimum 3222

(Lat=36, 15n) Average 2 322

lerapetra, Greece Optimum 522

(Lat=35, 00) Average 522

Leghorn, Ttaly Optimum 4 3 2

(Lat=43, 55) Average 4 2 21

Marseilles, France ~ Optimum 22122

(Lat=43, 30n) Average 1221 21

Miami, USA Optimum 21211121

(Lat=25, 8n) Average 12111212

Milos, Greece Optimum 1 4 31

(Lat=36, 44n) Average 4 32

Naples, Italy Optimum 2 322

(Lat=40, 68) Average 1 422

Nice, France Optimum 3321

(Lat=43, 68n) Average 2 322

Nicosia, Cyprus Optimum 2212111

(Lat=35, 15n) Average 121212

Palma, Spain Optimum 32211

(Lat=39, 57n) Average 31221

Pamos, Cyprus Optimum 122121

(Lat=34, 75n) Average 122121

Perpignan, France ~ Optimum 32122

(Lat=42, 73n) Average 3222

Raleigh, USA Optimum 111 111 12

(Lat=35, 87n) Average 11 111 1111

Rome, haly Optimum 13 212

(Lat=41, 9n) Average 122 2 2

Split, Croatia Optimum 4 2 3

(Lat=43, 52n) Average 423

Thesaloniki, Greece Optimum 3222

{Lat=40, 33n) Average 3222

Trieste, Italy Optimum 4 3 2

(Lat=45, 65n) Average 4 3 2

Valletta, Malta Optimum 72

(Lat=35, 90n) Average 4 41

Valencia, Spain Optimum 2322

(Lat=39, 47n) Average 13221

Venice, ltaly Optimum 32 31

(Lar=45, 43n) Average 2 322
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Table 13.3 Number of events for a given sky temperature depression in July [12]

Location Weather Sky temperature depression (°C)
conditions 1234546789 1011121314151617 18192021 22

Ajaccio, Italy Optimum 321 21
(Lat=41, 93n) Average 321 21

Almeria, Spain Optimum 3222

(Lat=36, 85n) Average 3 222

Ancona, Italy Optimum 4 2 21
(Lat=43, 62n) Average 4 2 2 1

Athens, Greece Optimum 4 2 21
(Lat=37, 9n) Average 4 2 2 1
Atlanta, USA Optimum 11111112

(Lat=33, 65n) Average 11111112

Barcelona, Spain Optimum 2 3 31
(Lat=41, 38n) Average 4 32

Brindisi, Italy Optimum 3222

(Lat=40, 65n) Average 3 222

Cagliari, Italy Optimum 132 21
(Lat=39, 23n) Average 1 3221
Catania, Spain Optimum 4 2 3
(Lat=37, 47n) Average 2 22
Charleston, USA Optimum 211111112

(Lat=32, 9n) Average 1 211 111 21

Dubrovnic, Croatia  Optimum 33 21
(Lat=42, 63n) Average 4 2 3

Genoa, Ttaly Optimum 5 31
(Lat=44, 40n) Average 3 33

Gibraltar Optimum 2 322

(Lat=36, 15n) Average 1 3221

Terapetra, Greece Optimum 5 22
(Lat=35, 00) Average 4 2 3

Leghom, Italy Optimum 4 2 3
(Lat=43, 55) Average 2 322

Marseilles, France ~ Optimum 12 21 21
(Lat=43, 30n) Average 31212

Miami, USA Optimum 2211122

(Lat=25, 8n) Average 3111 21 2

Milos, Greece Optimum 5 31
(Lat=36, 44n} Average 4 3 2

Naples, Italy Optimum 1 4 22
(Lat=40, 68) Average 1 4 2 2

Nice, France Optimum 32 31

(Lat=43, 68n) Average 4 2 21

Nicosia, Cyprus Optimum 221121
(Lat=35, 15n) Average 122112
Palma, Spain Optimum 31221
(Lat=39, 57n) Average 221 22

Parnos, Cyprus Optimum 2212 2

(Lat=34, 75n) Average 221 211

Perpignan, France Optimum 3201 21
(Lat=42, 73n) Average 12222

Raleigh, USA Optimum 21 11 11 11
(Lat=35, 87n) Average 2 P11 1 1 2

Rome, Italy Optimum 3222
(Lat=41, 9n) Average 3222

Split, Croatia Optimum 3321
(Lat=43, 52n) Average 33 21

Thesaloniki, Greece Optimum 22221
(Lat=40, 33n) Average 22221

Trieste, Italy Optimum 5 31
(Lat=45, 65n) Average 1 4 3 1

Valletta, Malta Optimum 6 3

(Lat=35, 90n) Average 45

Valencia, Spain Optimum 33 21
(Lat=39, 47n) Average 2322

Venice, Italy Optimum 3222
(Lat=45, 43n) Average 2 3 22
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Table 13.4 Number of events for a given sky temperature depression in August [12]

Location Weather Sky temperature depression (°C)
conditions 123 456789 1011121314151617 18192021 22

Ajaccio, Italy Optimum 222122

(Lat=41, 93n) Average 2221 22

Almeria, Spain Optimum 32222

(Lat=36, 85n) Average 322 22

Ancona, Italy Optimum 323 21

(Lat=43, 62n) Average 5222

Athens, Greece Optimum 322 31

(Lat=37, 9n) Average 332 21

Atlanta, USA Optimum 211111112

(Lat=33, 65n) Average 2 T T I O 2 1 1

Barcelona, Spain Optimum 62 3

(Lat=41, 38n) Average 52 31

Brindisi, Italy Optimum 52 31

(Lat=40, 65n) Average 52 2 2

Cagliari, [taly Optimum 4 22 21

(Lat=39, 23n) Average 33122

Catania, Spain Optimum 52 31

(Lat=37, 47n) Average S 2 31

Charleston, USA Optimum 211111112

(Lat=32, 9n) Average | 2 U N A D (N S U )

Dubrownic, Croatia ~ Optimum 4 2 32

(Lat=42, 63n) Average 4 3 22

Genoa, Italy Optimum 4 4 2 1

(Lat=44, 40n) Average 72 2

Gibraltar Optimum 32222

(Lat=36, 15n) Average 23123

[erapetra, Greece Optimum 4 3 22

(Lat=35, 00) Average 4 3 2 2

Leghomn, Italy Optimum 5321

(Lat=43, 55) Avérage 3323

Marseilles, France ~ Optimum 3210221

(Lat=43, 30n) Average 322121

Miami, USA Optimum 2211122

(Lat=23, 8n) Average 3111122

Milos, Greece Optimum 3332

(Lat=36, 44n) Average 3 332

Naples, Italy Optimum 332 21

(Lat=40, 68) Average 33221

Nice, France Optimum s 22 2

(Lat=43, 68n) Average S 2 22

Nicosia, Cyprus Optimum 3211 22

(Lat=35, 15n) Average 312122

Palma, Spain Optimum 32222

(Lat=39, 57n) Average 4 2122

Pamos, Cyprus Optimum 222141 22

(Lat=34, 75n) Average 312212

Perpignan, France ~ Optimum 23222

(Lat=42, 73n) Average 222 23

Raleigh, USA Optimum 12 ) S T T U A B B

(Lat=35, 87n) Average L S T D T 1y 2

Rome, ltaly Optimum 32223

(Lat=41, 9n) Average 13 22 21

Split, Croatia Optimum 4 2 3 2

(Lat=43, 52n) Average 4 3 2 2

Thesaloniki, Greece Optimum 321 2 1 2

(Lat=40, 33n) Average I 3121 21

Trieste, Italy Optimum 3422

(Lat=45, 65n) Average 6 2 3

Valletta, Malta Optimum 8 3

(Lat=35, 90n) Average 6 4 1

Valencia, Spain Optimum 4 3 22

(Lat=39, 47n) Average 3323

Venice, Italy Optimum 33221

(Lat=45, 43n) Average 32222
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Table 13.5 Number of events for a given sky temperature depression in September [12]

Location Weather Sky temperature depression (°C)
conditions 1 2 3 456 7 89 1011121314151617 18 192021 22

Ajaccio, Italy Optimum 32222
(Lat=41, 93n) Average 4 1 2 22

Almeria, Spain Optimum 322 31
(Lat=36, 85n) Average 4 2 2 21

Ancona, [taly Optimum 6 2 3
(Lat=43, 62n) Average S 33

Athens, Greece Optimum 4 3 2 2
(Lat=37, 9n) Average 52 3 1
Atlanta, USA Optimum 2 21 112 1 1
(Lat=33, 65n) Average 211 b2

Barcelona, Spain Optimum 6 2 3
(Lat=41, 38n) Average 53 21

Brindisi, Italy Optimum 4 2 32

(Lat=40, 65n) Average 2 32 31

Cagliari, Italy Optimum 332 21
(Lat=39, 23n) Average 5222

Catania, Spain Optimum 3323
(Lat=37, 47n) Average 2 33 21
Charleston, USA Optimum 2111 1 1112
(Lat=32, 9n) Average 21 1 11 11 2 1

Dubrownic, Croatia  Optimum 6 3 2
(Lat=42, 63n) Average 6 2 3

Genoa, Italy Optimum 6 3 1
(Lat=44, 40n) Average 2 531

Gibraltar Optimum 23222
(Lat=36, 15n) Average 232 22

lerapetra, Greece Optimum 3332
(Lat=35, 00) Average 4 3 2 2

Leghom, Italy Optimum 52 3 1
(Lat=43, 55) Average 4 3 2 2

Marseilles, France ~ Optimum 32213
(Lat=43, 30n) Average 2221 22

Miami, USA Optimum 2211212

(Lat=25, 8n) Average 12121121

Milos, Greece Optimum 4 3 3 1
(Lat=36, 44n) Average 52 3 1

Naples, Italy Optimum 4 3 31
(Lat=40, 68) Average 4 3 3 1

Nice, France Optimum 5222
(Lat=43, 68n) Average 4 3 2 2

Nicosia, Cyprus Optimum 312101 21
{Lat=35, 15n) Average 1221122
Palma, Spain Optimum 32222
(Lat=39, 57n) Average 321 2 21

Pamos, Cyprus Optimum I3 22 21
(Lat=34, 75n) Average 1 32 2 21
Perpignan, France Optimum 4 21 2 2
(Lat=42, 73n) Average 2 31 2 21

Raleigh, USA Optimum 2 1 11 1111t
(Lat=35, 87n) Average 1 2 111 I 11 2

Rome, Italy Optimum 4 22 21
(Lat=41, 9n) Average 331 2 2

Split, Croatia Optimum 6 3 2
(Lat=43, 52n) Average 6 2 3

Thesaloniki, Greece Optimum 32222
(Lat=40, 33n) Average 4 2 21 2

Trieste, Italy Optimum 4 3 22
(Lat=45, 65n) Average 6 2 3

Valletta, Malta Optimum 7 4

(Lat=35, 90n) Average 2 8 1

Valencia, Spain Optimum 3323
(Lat=39, 47n) Average 52 31

Venice, Italy Optimum 3323

(Lat=45, 43n) Average 233 21
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An example is given in Figure 13.11, where the corresponding monthly values
(May-September) of the distribution of the sky temperature depression is illustrated
for Ajaccio (France), Raleigh (USA), Athens (Greece) and Nicosia (Cyprus). Athens
is the most appropriate site for radiative cooling applications among the ones pre-
sented in this figure, because the sky temperature depression seldom drops below
14°C. It is important to note here the differences among the four cities regarding the
number of continuous hours during which high temperature-depression values are
obtained.

For Athens and Nicosia, the sky temperature depression values are at the same
levels but Athens exhibits a longer number of continuous hours for a given tempera-
ture depresston. The highest sky temperature depression values for Ajaccio are ob-
served for almost the same number of hours as for Nicosia, but these values are
lower than the values of sky temperature depression obtained in Nicosia. Finally
Raleigh, which has the highest relative humidity during the cooling season among
the four sites, has sky temperature depression values of less than 10°C for a signifi-
cant number of hours.

Table 13.6 gives the mean daily useful cooling energy provided per square metre
of radiating surface for each of the 28 southern European cities in Table 13.1 and
Figure 13.12. The values given are those obtained for optimum (clear) sky condi-
tions and average sky conditions. For each one of these conditions, there are two
values. The first column corresponds to the case of an uncovered radiator and the
second column to the case of a radiator covered with a wind screen. Each figure pre-
sents the results obtained for a typical day of each month in the cooling season, May
through September.
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Figure 13.11 Variation of sky temperature depression at (a) Ajaccio (France), (b) Nicosia
(Cyprus), (c) Athens (Greece) and (d) Raleigh, NC (USA)
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Figure 13.12 Map showing the positions of the 28 locations for which data is given in Tables
[13.11013.6

The mean daily useful cooling energy delivered by the flat-plate radiative cooler
at the various southern European cities, ranges from 55 to 208 Wh m* for average
sky conditions, and from 68 to 220 Wh m™ for clear sky conditions. For the US cit-
ies the corresponding values range between 41 and 136 Wh m™ for average sky
conditions and between 69 and 182 Wh.m™? for clear-sky conditions.

The influence of the wind screen can play an important role at some locations
which are dominated by high wind speeds. For example, at Brindisi during the
month of May under clear skies, the useful cooling energy of a covered radiator is
95% higher than the corresponding value of the uncovered radiator. A similar
increase is also observed in August and September on the island of Milos, Greece,
located in the Aegean Sea. During these months the area is dominated by strong
northern winds that influence greatly the performance of the system. On the other
hand, at some locations where the wind speed is relatively low, a wind screen is less
effective. For example, at Ajaccio the corresponding values differ only by 33%.

The mathematical analysis presented above has been used for the development of
a simplified methodology for radiative cooling calculations. The simplified calcula-
tion forms together with data necessary for these calculations are given in the Ap-
pendix at the end of this chapter. In the Appendix the reader can also find the calcu-
lation forms completed for a typical example.

PROBLEMS RELATED TO RADIATIVE COOLING

The main problem of radiative cooling techniques is that they cannot be applied in
humid areas, since humidity absorbs long-wave radiation. An additional problem is
related to the cost of these systems. Systems other than the simple radiator, incorpo-
rated into the structural elements of the building, increase the cost of the building,
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since sophisticated mechanisms for the movable parts are required, the structure of
the building needs to be reinforced to support the weight of the additional thermal
mass of the roof and additional treatment against humidity is required when a mov-
able water mass is involved. For these reasons use of radiative cooling is not yet
widespread and further research on practical applications is required.

CONCLUSIONS

Radiative cooling is an alternative natural cooling technique, based on radiative heat
exchange. Because of the physics on which radiative cooling is based, it cannot be
applied in areas having a significant relative humidity. An assessment of the radia-
tive cooling potential for the northern Mediterranean countries gave satisfactory
results. However, the related technology, not always simple, is expensive and there-
fore such systems cannot be applied massively in new constructions.
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APPENDIX A
SIMPLIFIED METHOD FOR EVALUATING
THE PERFORMANCE OF A RADIATIVE COOLER

Table 13.A1 Thermophysical properties of metals that can be used as radiator plates
(necessary for calculations at STEP 2)

Metal type Density (kg m™) Specific heat (J kg™! K) Conductivity (W m! K
Copper 8 940 380 389
Aluminium 2700 860 200

Stainless Steel 7 900 510 16
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Table 13.42 Heat transfer coefficient (W m™ K™') between the cooled air and the radiator
plate (necessary for calculations at STEP 6)

Hydraulic diameter (m)

Air
velocity 0.020 0.139 0.058 0.077 0.095 0.113 0.131 0.148 0.165 0.182
(ms™)

1 6.764 3.416 2299 1.741 1.406 1.183 1.024  0.904 0.811 3.845
2 6.764 3416 2299 1.741 7.614 7.337 7.113 6.927 6.767 6.629
3 6.764 3416 11.634 10961 10.471 10.090 9.782 9526 9307 9.117
4 6.764 3416 14585 13.741 13.127 12.650 12.264 11942 11.668 11.430
5 6.764 18.197 17.380 16.375 15.643 15.075 14.615 14231 13904 13.620
6 6.764 21.831 20.057 18.898 18.053 17.397 16.866 16423 16.046 15.718
7 6.764 24643 22640 21.332 20378 19.637 19.038 18.538 18.112 17.743
8 6.764 27.369 25,145 23.692 22632 21810 21.144 20.589 20.116 19.706
9 34754 30.023 27.584 25989 24.827 23.925 23.195 22586 22.067 21.617
10 37.754 32615 29965 28233 26970 25990 25.197 24.535 23972 23.483
11 40.691 35.151 32295 30.428 29.068 28.012 27.157 26444 25.836 25.309
12 43570 37.639 34581 32582 31.125 29994 29.078 28315 27.664 27.100
13 46.399 40.083 36.826 34.697 33.146 31941 30.966 30.153 29.460 28.859
14 49.181 42486 39.034 36.778 35.133 33.857 32.823 31961 31.227 30.590
15 51.921 44.853 41.209 38827 37.091 35743 34652 33742 32967 32.294
16 54.623 47.187 43353 40847 39.020 37.603 36.455 35498 34.682 33974
17 57.822 49489 45468 42.840 40924 39437 38233 37.230 36374 35.632
18 59.920 51.673 47.557 44808 42.805 41.249 39990 38940 38045 37.269
19 65.520 54.009 49.621 46.753 44.662 43.039 41.726 40.630 39.696 38.887
20 65.092 56.231 51.662 48.676 46500 44810 43.442 42301 41.329 40.486

Table 13.43 Heat transfer coefficient (W m™ K™') due 1o the wind,

Jor a radiator without and with windscreen (necessary for the

calculations at STEP 9)

Wind speed (m s

No wind screen

With wind screen

VOO B W -

5.70

9.50
13.30
17.10
20.90
26.45
30.61
34.63
38.53
42.34
46.06
49.71
53.29
56.82
60.29
63.71

0.50
1.70
220
258
290
3.18
3.44
3.67
3.89
4.10
4.29
4.48
4.66
483
499
5.15
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Table 13.44 Correction factor that gives the sky emissivity from
the clear-sky emissivity as a function of cloudiness (necessary for
the calculations at STEP 20)

Cloudiness factor Correction factor

1.000
1.010
1.019
1.027
1.033
1.038
1.043
1.047
1.051
1.055
1.059
1.063
1.068
1.074
1.081
1.089
1.098
1.109
1.121

9.5 1.136
10 1.153

W

wh

(Y Y Y )

VXX ANNAA NN BDRLWWNN — =00
n W ¢

Form 1. Simplified method for radiative cooling calculations

Radiator input data

Give the thickness of the radiator plate & (m):

Give the length (=dimension parallel to the air flow) of the radiator
L (m):

Give the width of the radiator plate # (m): (Width = the dimension
of the plate perpendicular to the flow; default value 1 m)

Give the height of the duct under the plate Z (m):

(If unknown, a default value of 0.010 m can be used.)

Give the thermal conductivity of the radiator plate £ (W m™ K™):
(Values are given in Table 13.A1)

Give the infrared emissivity of the radiator plate, &

(If unknown, a default value of 0.9 can be assumed.)

Give the infrared transmittance of the wind screen 7.

(1 if there is no wind screen; if unknown 0.75 can be used as a
default value.)

Give the air velocity under the radiator plate u (m s™):

(Default value 2.5 ms™)
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10
11
12

13

14

15

16

19

20

21

22
23

24

25
26

27

28
29

Weather input data

Give the ambient temperature 7, (°C):

Give the ambient relative humidity RH (%):

Give the wind velocity v (m s™):

Give the average cloudiness c:

(0 for clear sky, maximum 10 for overcast sky).

Give the air temperature at the inlet of the radiator 7; (°C):
(If equal to the ambient temperature, repeat value of STEP9.)

Calculations

Calculate the resistance of the radiator plate,

R, = d/k [STEPI/STEPS]

Calculate the hydraulic diameter D, = 2W[Z/(W + Z)]

[2 % STEP 3 x [(STEP 4)(STEP 3 + STEP 4)]

Determine the heat transfer coefficient value between the
circulated air and the radiator 4 (this value is given in Table 13.A2,
as a function of D,, (STEP 15) and u (STEP 8)

Determine the heat loss coefficient due to wind A,

(From Table 13.A3, as a function of the value of sTEP 11).
Calculate the absolute ambient temperature. 7,,=T,+ 273,

[STEP 9+273]

Calculate the third power of the absolute ambient temperature 7,,*:
[STEP 18]*

Calculate the radiative heat transfer coefficient A, from:
h,=0.000000227 x Tx £x T,

[0,000000227 x STEP 7 x STEP 6 x STEP 19]

Calculate the effective heat transfer coefficient: A, = A, + A,
[STEP 17+STEP20]

Calculate the effective resistance, R, = 1/ h, [1ASTEP 21)]

Calculate the resistance between the circulating air and the
radiator: R, = 1/h [1(STEP 16)]

Calculate the overall thermal resistance, R: R=R,+ R, + R,
(STEP 14 + STEP 22 + STEP 23]

Calculate the overall heat transfer coefficient I: I/ =1/R [1/(STEP 24)]
Calculate the clear sky emissivity, &:

£,=0.71988 + 0.0041614 7T, [0.71988 + 0.0041614 x STEP 9|

Determine the correction factor for the sky emissivity ¢ from the
average cloudiness factor (STep 12) and Table 13.A4

Calculate the sky emissivity, &: & = & X ¢ [STEP 26 x STEP 27]
Calculate the fourth power of the absolute ambient temperature:
Taps' ((STEP 17)]
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30 Calculate the parameter P, = T, s /He [(STEP 29)/(STEP 21
31 Calculate the parameter P, =1 — & [1 - STEP 28]
32 Calculate the parameter P; = £x 0.000000057 x P,
[STEP 6 x 0,000000057 x STEP 31}
33 Calculate the threshold temperature: 7y,=7, — P; X P;
[STEP 9 - STEP32 x STEP 30]
34 Calculate the parameter: P, = U X W [STEP 25 x STEP 3]
35 Calculate the parameter: Ps=2Zx u X 1173 [STEP 4 x STEP 8 x 1173]
36 Calculate the parameter: Ps = P4/ Ps [(STEP 34)/(STEP 35)]
37 Calculate the parameter: P; = exp(—Ps) {exp(-STEP 36)]

Final result
38 Calculate the air temperature at the outlet of the radiator:
Tow= T + (T - T) X P7 [STEP 33 - (STEP 13 - STEP 33) x P3]

APPENDIX B
EXAMPLE OF APPLYING THE SIMPLIFIED METHODOLOGY
OF RADIATIVE COOLING

A radiator is given having the following characteristics:

Thickness of the metal plate: 2 mm
Length: 5m
Width: Im
Height of the duct under the plate: I cm

Infrared emissivity of the radiator plate: 0.9
No wind screen
Air velocity under the radiator plate: 2.5ms™

The following weather data are also given:

Ambient temperature: 27°C
Relative humidity: 40%
Wind velocity: Om.s™
Clear sky

The temperature at the inlet of the radiator is 27°C. By applying the proposed meth-
odology, the calculated outlet temperature is 26.2°C.
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10
11
12

15

16

17

Form 2:  Simplified method for radiative cooling calculations

Radiator input data

Give the thickness of the radiator plate & (m): 0.002
Give the length (=dimension parallel to the air flow) of the
radiator L (m): 10

Give the width of the radiator plate /' (m): (Width = the
dimension of the plate perpendicular to the flow;

default value 1 m) 1
Give the height of the duct under the plate Z (m):

(If unknown, a default value of 0.010 m can be used.) 0.01
Give the thermal conductivity of the radiator plate £ (W m™

K™"): (Values are given in Table 13.A1) 16
Give the infrared emissivity of the radiator plate, &:

(If unknown, a default value of 0.9 can be assumed.) 0.9

Give the infrared transmittance of the wind screen 7.
(1 if there is no wind screen; if unknown 0.75 can be used as

a default value.) 1
Give the air velocity under the radiator plate u (m s '):

(Default value 2.5 ms™) 2.5
Weather input data

Give the ambient temperature 7, (°C): 27
Give the ambient relative humidity RH (%): 40
Give the wind velocity v (m s™'): 0
Give the average cloudiness c¢:

(0 for clear sky, maximum 10 for overcast sky). 0

Give the air temperature at the inlet of the radiator 7; (°C):
(If equal to the ambient temperature, repeat value of sTEP9.) 27

Calculations
Calculate the resistance of the radiator plate,

R, = d/k [STEPI/STEPS) 0.000125

Calculate the hydraulic diameter D, = 2W[Z/(W + Z)]

[2x STEP 3 x [(STEP 4)(STEP 3 + STEP 4)] 0.01980198

Determine the heat transfer coefficient value between the
circulated air and the radiator 4 (this value is given in Table
13.A2, as a function of D,, (sTEP 15) and u (STEP 8) 6.764
Determine the heat loss coefficient due to wind 4,
(From Table 13.A3, as a function of the value of sTEP 11). 5.7
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18

19

20

21

22
23

24

25

26

27

28
29

30
31
32
33

34
35

36
37

38

Calculate the absolute ambient temperature, Ty,=T,+ 273,
[STEP 9+273]

Calculate the third power of the absolute ambient
temperature T

[STEP 18]

Calculate the radiative heat transfer coefficient 4, from:

h, = 0.000000227 x Tx X T,

[0,000000227 x STEP 7 x STEP 6 x STEP 19]

Calculate the effective heat transfer coefficient: s, = A, + A,
[STEP 17+STEP20]

Calculate the effective resistance, R, = 1/ A, [1(STEP 21)]
Calculate the resistance between the circulating air and the
radiator: R, = 1/h [1ASTEP 16)]

Calculate the overall thermal resistance, R: R =R, + R, + R,
[STEP 14 + STEP 22 + STEP 23]

Calculate the overall heat transfer coefficient I. U/ =1/R
[\(STEP 24)]

Calculate the clear sky emissivity, &;:

£,=0.71988 + 0.0041614T4 [0.71988 + 0.0041614 x STEP 9]
Determine the correction factor for the sky emissivity ¢ from
the average cloudiness factor (sTep 12) and Table 13.A4
Calculate the sky emissivity, &: & = £ X ¢ [STEP 26 x STEP 27]
Calculate the fourth power of the absolute ambient
temperature: Tops' [(STEP17)]

Calculate the parameter P, = T,"/h, [(STEP 20)(STEP 21)]
Calculate the parameter P, = 1 — & {1 - STEP 28]

Calculate the parameter P; = £ x 0.000000057 x P,

[STEP 6 x 0.000000057 x STEP 31}

Calculate the threshold temperature: 7y,=74 — P; X P,

[STEP 9 — STEP32 x STEP 30}

Calculate the parameter: P, = U X W [STEP 25 x STEP 3]
Calculate the parameter: Ps=Z X u X 1173 [STEP 4 x STEP 8 x
1173]

Calculate the parameter: Py = P,/ Ps [(STEP 34)(STEP 35)]
Calculate the parameter: P; = exp(—Pg) [exp(-STEP 36)]

Final result
Calculate the air temperature at the outlet of the radiator:
Ton=Tu+ (T' - Tin) X P [STEP 33 + (STEP 13 - STEP 33) x Py]

300

27000000

5.5161

11.2161

0.08915755
0.147841514
0.237124064

4.217201672

0.8322378
1

0.8322378

8100000000
722176157.5

0.1677622

8.6062E-09

20.78480693

4.217201672

29.325

0.1438090%4
_0.866053067

26.16749395
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Simplified methods for passive cooling
applications

Calculation of the thermal performance of buildings using passive cooling systems
and techniques requires the use of exact simulation codes such as TRNSYS [1], ESP
[2], etc. Sometimes, also, calculation routines dealing with the performance of spe-
cific passive cooling components are not available, for example routines for buried
pipes, and therefore it is impossible to perform calculations.

Various simplified manual calculation methods have been proposed in this book.
All the methods deal with the performance of specific components and techniques
like earth-to-air heat exchangers, radiative coolers, natural ventilation, etc. To calcu-
late the impact of these systems and techniques on the global thermal performance of
a building it is necessary to couple them thermally with the building operation.

NORMA is a simplified method developed to calculate the performance of build-
ings using passive cooling and techniques. The method is based on the well known
principle of ‘Balance Point Temperature’ and it is validated against extensive and
detailed simulation data obtained using TRNSYS. The basic elements of the method
are given in the following sections.

COOLING REQUIREMENTS OF AIR-CONDITIONED (A/C) BUILDINGS

A full description of the calculation procedure to obtain the cooling load of an A/C
building has been presented in Chapter 7 of the present book. Some basic principles
are repeated in this section.

The instantaneous cooling load Q., for an A/C building can be written as :

O, =[k(T,~-T)+ 0, + O]’ (14.1)

where £ is the building load coefficient, (W °C™"), T, is the ambient (outdoor) tem-
perature (°C), 7, is the indoor temperature (°C), Q; are the solar ‘gains’ entering the
building through transparent and opaque elements (W) and Q;, are the internal gains
(W).

If Or = Qs+ Qin then

Q. =[k(T,-T)+ 01" (14.2)
If a balance temperature 7, is used, where

T,=T -0k (14.3)
455
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the instantaneous cooling load can be calculated as a linear function of the outdoor
temperature 7,

0, =[kT,-T)I". (14.4)

The monthly cooling load Q. can be calculated by integration of equation (14.4).
Therefore

0, =3600kCDD(T,,) (14.5)

where CDD(7},,) are the cooling degree hours based on the hourly value of the bal-
ance temperature 7.

In order to verify the accuracy of the algorithms previously proposed to calculate
the cooling load of A/C buildings, simulations of the monthly cooling load were per-
formed for an extensive number of buildings. Calculations were performed using the
TRNSYS computer programme. The results obtained for both monthly and annual
cooling loads, as calculated by TRNSYS and the present method, are given in Figure
14.1. As shown, there is a very good agreement between the two sets of data. Regard-
ing the annual cooling load, the absolute difference between the two sets of values is
between 0.0 to 15%, with a mean value close to 6.3%. The absolute difference be-
tween the monthly predicted values is between 0.0 and 25%. Higher percentage dif-
ferences are observed for months with a very low cooling load.

PREDICTION QF COOLING LOAD
CCMMON BUILDINGS

220
200
180 |
160 |
140 |
120 |
100
80
60
40
20

PRESENT METHOD, (GJ)

LIS B B B S |

N { 1 I

o 20 40 60 BO 100 120 140 160 180 200 220
TRNSYS , (GJ)

Figure 14.1 Calculated values of the cooling load using the present method
and TRNSYS
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COOLING REQUIREMENTS OF NATURALLY
VENTILATED (N/V) BUILDINGS

The balance temperature for buildings employing natural ventilation is different from
standard air-conditioned buildings. If the mass of the air intake due to natural venti-
lation is denoted as m, the new balance temperature 7y,, under natural ventilation
conditions can be computed from the following equation:

T,.,=T+0; /K (14.6)

bnv
where
K =k+me. (14.7)

Therefore, the cooling load is given by
Q. =[K(T, - T, )" (14.8)

The monthly cooling load Q. can be calculated by integration of equation (14.8).
Therefore

0, =3600K’CDD(T;,,) (14.9)

where CDD(Ty,,) are the modified cooling degree hours for natural ventilation calcu-
lated from the following expression:

CDD(T,,) = 3 (T, - T;)S, (14.10)
=1 T, > Ty,
§;=0if I, <T,,
where 7} is defined in equation (14.3).
COOLING REQUIREMENTS OF BUILDINGS EQUIPPED WITH
EARTH-TO-AIR HEAT EXCHANGERS (BURIED PIPES)

The instantaneous cooling load Q. of a building equipped with buried pipes can be
written as follows:

Q. =[k(T,-T)+Qr —Qgp” (14.11)

where Qgp is the rate of energy produced from the buried pipes and & is the building
load coefficient. Also

T =T, —(Qr — Qnp)/k (14.12)

where Ty, is the balance temperature for buildings equipped with buried pipes.
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Therefore, the cooling load is given by
Q. =[k(T,-T,,)I" (14.13)

The daily or monthly cooling load (., can be calculated by integration of equation
(14.13). Therefore
Q.vp = 3600k CDD(T,) (14.14)

where CDD(T,) are the modified cooling degree hours for buildings equipped with
buried pipes, calculated from the following expression :

CDD(T) = 3 (T, - TS, (14.15)
S =1 if T, > T
S, =0if T, < T,
For the calculation of the rate of energy offered by the buried pipes Ogp we use the

following expression;

Qnp = mc DDBP/t (14.16)

where m and c are the mass rate and the specific heat of the circulated air. ¢ is the
daytime period in hours and DDBP are the degree hours for buried pipes defined as
follows:

DDBP = Y (7, - T;,,)S, (14.17)
S, =1ifT,>T,,and T, > T,
S, =0if T,<T,,
S;=0if T, > Ty, and T, < Ty,

where Ty is the exit temperature of the air from the pipes. The buried-pipes degree
hours are calculated for the entire daytime period.

The methodology to calculate the exit air temperature from the buried pipes Ty, is
given in Chapter 11. In order to validate the algorithms previously presented, a series
of simulations was performed using the TRNSYS program coupled with routines
which simulate dynamically the performance of earth-to-air heat exchangers. The
routines are presented in [3]; they have been validated against extensive experimental
data and found to be accurate. At the same time calculations were performed with the
previously presented methodology.
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PREDICTION OF COOLING LOAD
BUILDINGS WITH BURIED PIPES
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Figure 14.2 Comparison of the cooling load of buildings equipped
with earth-to-air heat exchangers, as calculated using TRNSYS and
the present method

The results obtained for the monthly and annual cooling loads, both from dynamic
simulation and from the present method, are plotted in Figure 14.2. As shown, there
is a very good agreement. For the estimated annual cooling loads, the differences
obtained are between 1.0 and 8%. Higher values are presented for low cooling loads.
For the monthly cooling load predictions, the differences are between 0.0 and 15%.

COOLING REQUIREMENTS OF BUILDINGS USING
NIGHT-VENTILATION TECHNIQUES

The instantaneous cooling load Q. for a building, where night-ventilation techniques
are used, can be written as following :

Q. =T, -T)+Qr - Ol (14.18)

where Onv is the energy reduction due to the use of night ventilation and & is the
building load coefficient of the daytime period. Ty, is defined as

Tom =T, —Qr/k+0Onv/k (14.19)

where Ty, is the balance temperature for A/C buildings using night-ventilation tech-
niques. Therefore, the cooling load is given by the following expression:

0, =[k(T, - Ty)I" (14.20)
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The monthly cooling load Q. can be calculated by integration of equation (14.20).
Therefore,

Q... =3600kCDD(T;,,) (14.21)

where CDD(Ty,) are the modified cooling degree hours for A/C buildings using
night-ventilation techniques, calculated from the following expression:

CDD(%,) = D (T, — TS, (14.22)
S, =1if T, >T,,
S, =0ifT, <T,.
The energy reduction due to the night ventilation Qyy, as introduced in equation
(14.18), is calculated from the following algorithm:
Oyy = (mc NDD)/ DAY (14.23)

where m is the mean air mass flow rate during the night period, ¢ is the air specific
heat, and DAY is the daytime period in hours. NDD are the night degree days calcu-
lated on a temperature base T, defined as follows:

NDD =Y (T,;, - T,)S, (14.24)

S, =1if Ty >T,

S; =0if Ty, <T,

where T, is the mean night-time indoor temperature of the building without night
ventilation. It can be calculated from the following expression:

Togn = (B AT, +mcT, ) [(hA+ m,c) (14.25)

where
T, = f5(T + T,). (14.26)

h;, is the internal heat transfer coefficient, 4 is the total internal surface area of the
building, m, is the night air flow rate of the building when no night-ventilation tech-
niques are used, 7,, is the mean night-time ambient temperature and f; is a coefficient
defining the mean temperature of the mass.

In order to check if the total energy losses due to night ventilation, mc NDD x
3600, are higher than the maximum possible stored energy, we define a parameter,
MCMAX, given by
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MCMAX = ¥ (M,C, (T — To) > 0 (14.27)

where 2( M.C)) is the effective thermal capacitance of the building. The index i

indicates a material used in the building’s structure. In the case where mc NDD x
3600 > MCMAX, the cooling degree hours should be appropriately adjusted and
should be taken as equal to

NDD = £, MCMAX / (3600mc). (14.28)

where f] is a coefficient expressing the efficiency of heat transfer from the wall to the
air and the degree to which the night-ventilation air is coupled to the thermal mass.
This parameter is mainly a function of air-flow patterns inside the building and of the
possible cover of the mass. A suggested value is f; = 0.8.

A second check should compare the energy losses due to night ventilation, mc
NDD, with the cooling load of the building when no night-ventilation techniques are
applied, Q.nm, where Q. is defined in equation (14.5). In the case when mc NDD >

QOem then
NDD = f, Q.. / (3600mc) (14.29)

where f, is a coefficient expressing the ability of the building to carry over the
‘coolth’ into the occupied period on the following day. This coefficient is a function
of the occupancy pattern and the thermal mass of the building. For heavyweight
buildings f; can vary between 0.8 and 1 as a function of the occupancy pattern for
buildings occupied at least ten hours a day.

In order to verify the accuracy of the algorithms previously proposed to calculate
the cooling load of night-ventilated A/C buildings, simulations of the monthly cool-
ing load were performed for various buildings. Calculations were performed using
the TRNSYS computer program.

The results obtained for both monthly and annual cooling loads, as calculated with
TRNSYS and the present method, are given in Figure 14.3. As shown, there is very
good agreement between the two sets of data. For the annual cooling load, the abso-
lute difference between the two sets of values is between 0.0 and 10%, with a mean
value close to 4.6%. The absolute difference between the monthly predicted values is
between 0.0 and 28%. Higher percentage differences are observed for months with a
very low cooling load.

COOLING REQUIREMENTS OF BUILDINGS USING NIGHT-
VENTILATION TECHNIQUES AND BURIED PIPES

The instantaneous cooling load Q. for a building where night-ventilation techniques
are used and earth-to-air heat exchangers operate can be written as follows:
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Figure 14.3 Comparison of the results obtained using TRNSYS and the
present method

Q. =T, - T)+Or — Qv — O " (14.30)

where Onvy is the energy reduction due to the use of night ventilation in buildings
with buried pipes, £ is the building load coefficient, as defined above and QOgp is the
rate of heat gain from the buried pipes defined in equation (14.16).

Thwpn is defined as

Tovon =T — Or [k +(Ouvv + P ) /% (14.31)

where T is the balance temperature for buildings using night-ventilation tech-
niques and equipped with buried pipes. Therefore, the cooling load is given by

Q. =[XT,-T,,.)I". (14.32)

The monthly cooling load Q.. can be calculated by integration of equation (14.32).
Therefore

O =3600k CDD(T,,,.,,) (14.33)
where CDD(Ts,,,) are the modified cooling degree hours for buildings using night-

ventilation techniques and equipped with buried pipes, calculated from the following
expression:
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CDD(T,,) = D (T, - Ty)S, (14.34)
S, =1if T, > T,

S;=0if T, < T .
The energy reduction due to the night ventilation, Qnyy, as introduced in equation
(14.30), is calculated from the following algorithm:

Owvv =(mc NDD)/DAY. (14.35)

In order to check if the total energy losses due to night ventilation me¢ NDD x 3600,
are higher than the maximum possible stored energy, we define a parameter,
MCMAX, as in equation (14.27). In the case when mc NDD X 3600 > MCMAX the
cooling degree hours should be appropriately adjusted and should be taken as equal
to

NDD = f; MCMAX/ (3600mc). (14.36)

A second check should compare the energy losses due to night ventilation, m¢ NDD,
with the cooling load of the building when no night-ventilation techniques are ap-
plied, Qcm, Where O, is defined in equation (14.5). When mc NDD > Q.

NDD = £, 0, / (3600mc). (14.37)

In order to validate the algorithms previously presented, a series of simulations were
performed using the TRNSYS program coupled with routines dynamically simulating
the performance of earth-to-air heat exchangers. The routines are presented in 3] and
they have been validated against extensive experimental data and found to be accu-
rate. At the same time, calculations were performed with the previously presented
methodology.

The results obtained for both monthly and annual cooling loads, as calculated by
TRNSYS and the present method, are given in Figure 14.4. As shown, there is very
good agreement between the two sets of data. For the annual cooling load, the abso-
lute difference between the two sets of values is between 0.0 and 16%, with a mean
value close to 8.3%. The absolute difference between the monthly predicted values is
between 0.0 and 24%. Higher percentage differences are observed for months with a
very low cooling load.

HOW TO CALCULATE THE COOLING DEGREE HOURS

Various methods have been proposed to estimate the cooling degree days or degree
hours [4—6]. The simplest method is that proposed in [5], where the cooling degree
days can be calculated with the following expression:
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Figure 14.4 Calculated values of the cooling load using TRNSYS and the
present method

D.(T,)=0,,(N/24)°[h/2+ (In(cos h(1.698h))) / 3396 +0.20441] (14.38)

where T, is the base temperature, g, is the standard deviation of the monthly average
temperature T,, NV is the total number of hours in a month and the parameter 4 is cal-
culated from the formula:

h=(T,-T,)/(N/24)5,)". (14.39)
The following equation was fitted to calculate values of G,
0, =145-0.02907, +0.06640 (14.40)

where oy, is the standard deviation of the monthly average temperatures from the
annual average temperature.

Equation (14.39) can be used to calculate the monthly cooling degree days for any
base when o, and the mean monthly temperature are known.

If o, is not known, a more simple method is proposed. The monthly cooling de-
gree hours in a temperature base 7 are calculated from the expression:

24
D.(T)=NY(T,(D-T,)" (14.41)
1
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where 7,(¢) are the mean monthly hourly values of the ambient temperature and N is
the number of days in a month.

When the mean monthly hourly values of the ambient temperature are not known,
the following expression, developed in [5}, is proposed :

(T.(t)—T,)/ A= 04632cos(t’ — 3805) + 0.0984 cos(2¢’ - 0.36)
+0.0168cos(3t’ —0.822) +0.0138cos(4t’ —3513) (14.42)

where A is the long-term monthly average amplitude of ambient temperature (°C) and
t'=2(t-1)/24. (14.43)

The parameter ¢ is the hour of the day defined such that r =1 at 1.00 a.m. and ¢ = 24
at midnight. When the amplitude 4 is not known, the following expression is pro-
posed:

A=258K;-521 (14.44)

where K7 is the ratio of the total solar radiation striking a horizontal surface in a
month to the monthly extraterrestrial radiation on a horizontal surface.
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ventilation, 6
loads, 175
ventilation rates
empirical/simplified methods for
estimating, 236
PHAFF method for calculating, 246
vertical shading devices, 319
volume cooling techniques, 409

wake at leeward side of buildings, 222
water surfaces, 111
water vapour, 431
wet-bulb temperature, 138, 406
wind
characteristics of, 68
enhancement, 95
wind profile
logarithmic, 227
power law, 227
wind screen, 436
wind-screened radiator, 436
wing walls, 223
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