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: : art on Passive and Hybrid Cooling of buildings. The existing
This paper de;‘zoxm rigflt:lta;ep?év::t thermal gains and to dissipate excess energy to environmental
xechmgucs o rcvie\‘xd Topics dealing with the control of internal heat gains and with the occupant
e o amdiscussed The state of the art on design tools is presented. Thirteen European buildings
EVILCH 8FS and hybrid cooling techniques and components are analyzed. Finally, future reseacch
e passa:;?scussed This work summarizes the findings of a Horizontal study on Passive Cooling
g:f,?:d“:u( lby the authors (1), as part of the Building 2000 research program of the European

Communities.
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1 INTRODUCTION

Proper design of buildings requires a balance of hegning, cooling and dayhg,htmgf
rformance. Achievement of the;mal co.mfort during summer'an_d reduction o
cooling loads by natural means, IS considered now a first priority for electric
atilities and consumers. The resulting peak electricity demand profiles and thc;
very high cost of conventional qoolmg systems rqake the strategic management O
air conditioning growth an important exercise for industrialized countries
plg{t}}:!: rgl)t-avelopment, in the 30s, of inexpensive, reliable Carnot cycle refrigera-
tion systems, using electrically driven compressors, has made cooling widely
feasible. During the past decades,_ air conditioning became yvxdespr_e'ad in
residential and commercial construction. Annual purchases of air conditioning
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equipment had exceeded the $20 billion mark by the end of the 80’s (2), while,
the world trade in air conditioning and industrial refrigeration equipment has
more than tripled in real terms during the decade 1976-1985 (3).

The increase of family income in Europe has made the use of air conditioning
systems highly popular. Annual purchases of air conditioners in Greece have
increased approximately 900 per cent during the last three years, while sales of air
conditioners in Italy and Spain go side by side (4).

The impact of air conditioners usage on electricity demand is a serious problem
for many developed countries. Peak electric loads oblige utilities to build
additional power plants in order to satisfy the demand, thus increasing the
average cost of electricity. This situation has become a serious problem in the
United States, where the total electric peak load induced by air conditioning is
estimated at 175 MW or 38 percent of non coincident peak demand, (5).

Important peak load problems during summer have been also experienced in
Greece during the last few years (6). Environmental problems associated with the
use of ozone depleting CFC refrigerants used on conventional air conditioners are
an additional impulse for the definition of an alternative cooling policy.

Finally, recent comparative studies on indoor air quality in air conditioned and
naturally ventilated office buildings have shown that illness indices are higher in
air conditioned buildings (7-8).

Alternative cooling strategies based on improved thermal protection of the
building envelope, and on the dissipation of building’s thermal load to a lower
temperature heat sink, appear to be very effective. These strategies and
techniques known as passive and hybrid cooling have already reached a certain
level of architectural and industrial acceptance. A survey of the European
industry has shown that there are more than 200 industrial units producing more
than 500 different products related to Passive and Hybrid cooling of buildings (9).
It is reported that imports of evaporative coolers in Greece reach values close to
23 million dollars per year (9).

Where passive techniques are being considered as alternatives to air condition-
ing the following are some of the primary benefits:

—Environmental benefits: There are important indirect environmental benefits
associated with the reduction of the CFCs, and the reduction of pollution
caused by the production electricity.

—Indoor environmental quality and occupant health.

—~Cost savings: These will include savings in capital, maintenance and running
costs.

—Energy savings: The resulting savings in primary energy can be considerable.
—Reduced strain on national grids by reducing the peak electric demand.
—Simplicity, ease of operation: These are common characteristics but may vary
between different processes and techniques.

The possible constraints and limitations to the application of passive and hybrid
cooling techniques are related with:

—Climate, microclimate or site topography problems: Insufficient wind speeds,
constraints in orientation, cloud cover, and high humidities are among the
constraints that may be encountered at different sites.
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—Conflict with other design requirements and with design measures ftorblt'tslﬁ
heating season. Such conflicts are unlikely to be serious if designers establ
their priorities from the outset. . . o

— FEconomic and institutional constraints. While t.hermalf 1n?ful;§ignaéier;(:;vblz

i important issue ot otie

mandatory requirement, the far more 1 . St A o
i iti d/or health is not. This often _
ndoor conditions for comfort an calth ‘ &
ldisincentive to developers geared toward minimising capital cost and maximiz

ing profit. N . .
—Lack of information, tools or precedents. This is a major constraint and a
disincentive both for designers and developers.

The aim of this paper is to present the state of the art on Passi\;? agg1 e[;Ilgsbr:g
i ledge and on the recent achiev ;
oling, to report on the current knowle _ . : '
Ei::ﬁne %he potgntial and the limitations-of passive and hybrid cooling te%ci:négttxsrsé
to investigate the existing scientific gaps and to propose priorities 10
ch actions. . ' .
l'es’;':li':irs paper summarises findings of a Horizontal Study on Passive Co;)lgnlg
carried out by the authors, inside the Building 2000 research program of the

European Communities (D).

2 DEFINITIONS

As with passive solar heating and passive solar de?silgn. the study a?tdi :‘;gll;:zit:ﬁr;
i ing i i d and multidisciplinary process. .
of passive cooling is a multilayered and mu : . o
i ject in conjunction with other asp
important to treat the subjec ' : : sl
i i 1l environmental design strategy. rro
design and in the context of an overa ik g
i i i i esses should not be considere
a view point, passive cooling proc 10U ateed 48 B
in close relationship to building types, occupancy p
e it i ildings in the various climatic conditions. A useful
the sources of heat gain to buildings in \ clim iy
ideri i brid cooling in the context of €
work for considering passive and hy ‘ :
:12‘:;1 design is under the following three steps: Prevention of (or protection
from) heat gains; Modulation of heat gains and heat dissipation. .
Protection from heat gains may involve the following design measures:

—landscaping and the use of outdoor and semi-outdoor spaces
—building form, layout and external finishings

—solar control and shading of building surface

—thermal insulation

—control of internal gains

Such measures tend to be generally applicable under all types of climate and site

itions and are relevant to all building types. . _
COIl:/([jclJtcllulation of heat gain has to do with thedcapacny ftgr he?:) es;(l)(;aiiec::) ltil:)z
ildi i rovide attenuation 0
building structure. This delay strategy can provic . incop o
i i th heat discharge at a later time.
and modulation of internal temperature wi )
lTot?S larger the swings in outdoor temperature are, the more important the effect

of such storage capacity is. The cycle of heat storage and discharge must be

\
i
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combined with means of heat dissipation, commonly night time ventilation and/or =

radiative Fogling; so that the discharge phase does not add to overheating: *
X Heat dissipation techniques deal with the potential for disposal of excess heat
y natural means. Dissipation of the excess heat depends on two main conditions:

a) The availabili i i i
l() e) rejectida..l ability of an appropriate environmental heat sink for the heat to
(b) The appropriate thermal coupling and sufficien i
| t temperature differences f
the transfers of heat from indoor spaces to sink. The main processes o'fe She(;:
dissipation techniques are identified in the table below.

Process Heat Sink Main Heat Transfer Mode
Radiative Cooling Sky Radiation

Evaporative Cooling  Air Evaporation

Convective Cooling Air Convection

Ground Cooling Earth Conduction

Heat dissipation processes are generally climate dependent. Heat transfer may be

assisted by mechanical devices a i
S ¢ s a means of overcoming low tem
differences or other limitations. . pereE

3 PREVENTION AND MODULATION OF THERMAL GAINS
3.1. The Role of Microclimate

Modifications of the microclimate around buildings can help to improve indoor
comfort conditions and to reduce cooling loads, while also providing protected
spaces for outdoor uses. Siting and site layout as well as landscaping represent the
two important groups of strategies to improve the microclimate around buildings

Appropriate siting of a building can provide natural solar protection and hgl.
to take advantage of local winds and breezes. Nearby mountains, valleys lakez
and sea may enhance these effects. Important information on sta’ggered l’a outs
enﬁam(:img the potential for cooling load is given in (10). i

andscaping can play an important role in microclima i i i
overheated and underheated conditions. Useful informatiz)en Toogigg?got:lsiclrrz)g?r;l}
ate using gppropri:_ate landscaping is given in (11-12).

Vegetation provides natural protection from the sun. Moreover vegetation is a
natural form of an evaporative cooler. Trees are commonly used for shading and
their characteristics are listed in (13-14). A detailed sample of landgca e
materials and the corresponding characteristics are given in (15). i

Current knowledge on the role of vegetation results mainly from observations
Temperature reductions of about 2-3°C due to evapotranspiration are reported il;
(16—19). Important information can also be gained from theoretical analyses. It is
rgported_ t_ha§ evapotranspiration from one tree can save 1-2.4 MJ of electricit in
air conditioning per year (20), while an average full sized tree evaporates 1463 k
of water per sunny day which is the equivalent of 870 MJ cooling capacity (21) I%
is also stated that the latent heat transfer from wet grass can result in temperatl:lre
6-8 C cooler than exposed soil, and that one acre of grass can transfer more than

50 GJ/day (21).
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Other landscape techniques include the use of pools or ponds, fountains or
sprays and cascades for evaporation. According to (22), under mean conditions of
wind, dry and wet bulb temperature, the energy released by a square meter of
open water surface is close to 200 Joules.

Possible limitations to the application of the above strategies and techniques
may be due to planning constraints, lack of water resources, high maintenance
costs, lack of land, lengthy required time period for plant growth and low priority
of landscaping as the last of construction process. Although the knowledge
acquired on this field is satisfactory, a better understanding of the physical
processes involved is necessary. For this purpose research should be carried out
involving field experiments and development of evaluation methods, based on
analytical techniques, while heat island effects should be examined in more
details.

3.2 Building Form

Building form and the disposition of internal or intermediate spaces can play a
role as regulators of exposure to incident solar radiation and natural light;
exposure to wind, and channelling of air movement within and around a building.

Where choice of form exists, the inherent compactness of different building
forms may be exploited to advantage, perhaps especially so when reinforcing or
facilitating specific heat dissipation processes as well. For example, the open
courtyard form, maximisation of roof surfaces for radiative cooling, construction
on pilotis, and use of wing walls are some of the ways in which building form may
be manipulated to support heat dissipation processes.

Building shape may be used as a means for reducing or increasing the ratio of
exposed surface to volume. Low surface to volume ratios suggest a compact form
with a comparatively low exposed surface offering advantages for controlling both
heat losses and heat gains. However, the effects of form on wind channelling and
air flow patterns are important and have not yet been studied adequately.
Similarly, the possibility for enhancing daylight by manipulation of building form
deserves more attention.

Planning regulations, site conditions and the position of adjacent buildings:
architectural styles, client preferences and cost constraints tend to limit the
degree of freedom available for manipulating building form and shape. Multi-
storey blocks arranged in rows of varying length are very common in Southern
Europe. Such configurations, which are characterized by low surface to volume
ratios and comparatively low exposure do not allow designers to control aspects
such as orientation, siting and building form.

Thermal zoning is commonly recommended as a thermal buffering strategy and
design guidelines are often given in the literature regarding zoning and the
disposition of rooms in plan and section. Also, the disposition of rooms, and a
building’s general layout, will have an important effect on indoor air movement
and on the potential for cross ventilation (23). Unglazed intermediate spaces such
as verandas, arcades, or courtyards may act as tempered microclimates in their
own right, as well as have a role in terms of wind channelling and solar protection
for adjacent openings and surfaces (24).

Intermediate spaces such as conservatories which may be incorporated into a
design as part of passive heating strategy can add to the cooling loads of the
parent building.
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3.3. The Role of Solar Control and Shading

Solar control is one of the most important strategies for heat gain prevention. Its
role focuses on:

_(a) The prevention of solar gains on buildings or landscape surfaces, occupant
clothing or skin and

(b) The regulation of daylight and the protection of occupants and room
contents from glare and ultraviolet radiation.

Effective design of solar control in a building should aim to balance cooling,
heating and daylighting in the building. Reduction of the cooling load during
summer, maximum utilization of the solar radiation during winter, and achieve-
ment of optimal daylight levels are among the basic objectives of the solar control
techniques.

A complete review of solar control techniques as well as design considerations
and solar control objectives are given in (25).

Design procedures have been proposed by various authors. The most important
ones are reported in (26-29). However, the work of Aladar and Victor Olgyay’s
(26), published some twenty five years ago, is still the most comprehensive and
most widely quoted work on the subject. Modelling of shading devices and their
impact on ventilation, lighting and occupant comfort remains the major weakness
of most building performance evaluation models. This weakness in knowledge is
reflected in practice, leading to a number of non technically satisfactory
applications.

Considerable developments have been achieved in glazing technology, both
through improvements in thermal properties and through applications of optically
controllable materials. Optical switching films, multilayer low-emissivity coatings

and transparent insulation materials are some of the more important expected
products.

3.4. The Role of Thermal Mass

Internal walls, partitions, and floors, as well as furniture, can provide thermal
storage capacity. This is often referred as thermal mass. Thermal mass can play
the role of a regulator, smoothing temperature swings, delaying peak tempera-
ture, decreasing mean radiant temperature and providing better comfort
conditions.

Optimisation of the thermal mass levels inside a building depends on various
parameters. Climatic conditions, occupancy patterns, building orientation, and
the use of auxiliary heating and cooling system are among the more important.

Classification of buildings according to thermal mass and the related thermal
performance is given in (30-31). Methods to optimize the thermal mass of a
building have been proposed in (32-39). An evaluating discussion on some of
these methods is given in (40-41).

Repertories of many wall compositions has been developed and proposed in
(42), and the attenuation and time delay of a temperature wave is calculated.

Thermophysical characteristics. of local materials used for building construc-
tions are also reported in (43). Experiments using variable levels of thermal mass
in similar buildings are reported in (44). It is found-that increase of the internal
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i i ilated

m 21 Kg per square meter of floor to 201 kg, in close and in venti
g:ﬁifgs, reducgsghe pcelaak indoor temperature by about 1.0and 2C resp&tn;le;zé
Theoretical analysis based on intensive monitonng of office buxléimgs ( t?’e v
shown that important reductions in peak heating and cooling loads wgg obs x;:v :
for high thermal mass designs. Energy savings varied from 18 to 20 per cen

compared to a base case. . o .
ngever optimization of thermal mass in buildings requires further research.

4 USE OF ENVIRONMENTAL HEAT SINKS

4.1. Ventilation

Ventilation provides cooling by using air to carry heat awaydf{)om ttnuerat;uflcl)c:::r;%
and/or from the human body. Air movement may be create Dy na e
(wind and stack effect) or by gse fof mecttxamcl:a:,l pct)i\;;%r'oga_n). iverse g

ted to obtain benefits from natural ven ; '
Ca{"}‘tt\’: sicsl?r?bution and shape of the qper_lings is a key element for Zﬁicgen‘t nal'tclil;‘aé
ventilation. Quantitative and qualitative aspects of cross an gl_ng is es& =
ventilation techniques as well as ropf opening techniques are u:,cuin e
(45-46). Selection of the appropriate window type a'nd shape 1ts; nece*ls'sarg e
to optimize Cross ventilation. However, a compromise has to be rea ‘:fion g
daylighting, weatherproofing, structura:l itr?g:ér sglazﬂgag‘g) og;; sho\:vn =

t and air movement control. rch, (47-48), |
Leonr?:gst,aﬁgsshaped windows create greater interior air yelocxm:s :,l;zri‘rtx“;;x;‘l\c?;
windows. A typology of various window styles and their impact to
gw\?\;;r:g Ei?w?er techniques have been gsegi in traditjoqal architecture tck)1 .;::([:)t:lurr;
wind and generate air movement within the building. Yanqufs a:rr;tilon i
integrations of the system e;lre presenged in ((5409).51;)e51gn infor

nce calculation procedures are given in (OU=24)-
Pegcﬁgihimneys are COFl"lStI'LlC{iOHS used to promote air movemer(xjt stihdr;)uogfhct)k\llé
the building using the solar gains. Are posatnoned'at the fsunwar 4ot
building to make the bestduse (g; tlslz) solar heat gains. Performanc y
e performed in (52-34). .

Su?h:ys::gl So?r wEi’ngwalls, proposed in (551, can considerably enhanc:e ﬁgs:
ventilation (56). It is found that for oblique winds, the average _rogrn zrx:‘rsz}:re(i e
room with wingwalls was about the 40 percent of the outside win coﬁf 2(5 e
about 15 percent for the room without the \:vmgwall._Vegeltlanc:g a [v?ore,over .
flow pattern in the same way asdouts_slde bxgldﬁgginc;r wingwalls (37). ;

air filtering, noise reduction and S o '
alstc\)li(g)ga%e ventilati%)n offers a high potential for building cool618g bc;,lcz:’ss& :[E ttg:
lower outside temperature. Performance data reporteq in (58— 'l )t,' sho hoer o
is a powerful technique. A method to estimate the night venti :1 10? F::ould .4
proposed in (61). Nighttime vznnlatlon :ech's:l%t;es‘ when natural,

uilding security and occupant pri 5 _

prflgg;lchgrf“ban osc%llating fgn or a ceiling fan can spppleme_n; the eigecnvene:ts_ cc))rf
natural ventilation by increasing the interior air ve.locmefj :;n c:oanb\?i:i : 1°f
exchange (62-63). Recent research, _(645—65), has demonstrate ht e c_acgl com);on
fans to extend the summer comfort within the building outside the typi

e e B—T

e ———— S
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zones. Oscillating fans present high potential at the local level to reduce the
cooling load of the building. More research is needed to present guidelines on the:
use and potential of fans in hot climates.

4.2. Evaporative Cooling

Evaporation occurs whenever the vapour pressure of water, in the form of
droplets or a wetted surface, is higher than the partial pressure of the water
vapour in the adjacent atmosphere. When the decrease in the dry bulb
temperature of the air is accompanied by an increase in its moisture content, the
process is known as ‘‘direct evaporative cooling” and is characterized by a
displacement along a constant wet bulb line. When the evaporation taking place
inside a tube or on a surface results in a decrease of surface temperature, the

temperature of the adjacent air is decreased without increase of its moisture__ .

content. In this case the process is known as indirect evaporative cooling and is

characterized by a displacement along a constant moisture content line.
Evaporative cooling techniques are classified also as passive or hybrid.

Therefore, four major categories of systems and techniques can be identified:

—Passive direct systems and techniques
—Passive indirect systems and techniques
—Hybrid direct systems and

—Hybrid indirect systems.

Passive direct systems and techniques include the use of vegetation for evapo-
transpiration; the use of fountains; sprays and pools; volume and tower cooling
techniques.

Volume cooling techniques are known from traditional architecture. A
contemporary version of this technique was presented in (66). Here a wet
cellulose pad is installed at the top of a downdraft tower, below the roof, where
the air is humidified. Measurements reported in (67), show a very good
performance of the system.

Passive indirect evaporative techniques include the roof spray, open water
pond and moving water film techniques. In the roof spray technique, the exterior
surface of the roof is kept wet using sprinklers. Cooling of the building is
achieved by conversion of the sensible heat of the roof surface into latent heat of
vaporization. Experience acquired through many commercial applications in the
United States, (68) shows that reduction in cooling load close to 25 per cent is
possible. However, important operational problems, reported in (68), are
associated with this system which has been abolished from any further
developments.

In an open roof water pond, evaporation of the water to the dry atmosphere
occurs during night time. Thus, indoor and radiant temperatures can be lowered
without elevating indoor humidity levels. Knowledge on this technique is
developed through experiments described in (69-71), and simulations given in
(72). A decrease of the ceiling temperature between 2 to 13 C has been reported.
However, important limitations associated with this technique have not permitted
its wide application.

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

i
!

(1
4
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. speed between air and water surface. The cooled water is stored in-the basement

and is then circulated within the room to cool it. Knowledge on this tc;.chnﬁquett];z:lsé
been developed through limited experiments described in (73). Results show
the application of this system is more suitable for humid chmatesa here the air
Hybrid direct evaporative systems involve the use of fibrous pa ?bwt ek
is drawn and cooled by evaporation of flowing water. Thus, dry bulb temp e
is reduced while its moisture content is increased. In order to mcreasc:) e
efficiency of the system various type of tez:%tl)ologxes have been prop ’
i cription of the systems is given 1n A
Di;?éﬁiddc?ﬁ'ecg gvaporative )éoolers are in use for more than SO'yesrg. Itrnpovl;t;irllet
industrial experience is achieved mainly in Australia and in Unite ftz:he:,s vhile
last figures show an important marlget in Europe (9). The efficiency of l )i(table
is seriously affected by local climatic conditions. The coolers are mainly dsut .
for places characterized by low wet bulb .ter(rzg)Jerature. Performance da
iterranean locations are given in (4). . .
fo%ze:lxle‘:;:oblem associated with direct evaporative coolers is the mﬁreeizle lc));
the moisture content of the indoor air. Humidity control systems shou
bined with the system.
alﬁ;tsnggnilndirect evaporative cooling systems are based on the %sehof a h:at
exchanger where the indoor or outdoor ventilated air passes throug_ L € prll1mt }I;Z
circuit where evaporation occurs while the outdoor air passe?1 t 'rt(;ugt .
secondary circuit. Thus the temperature of the air is decreased withou y
i increase. _ .
mo[iflt;orft:mt industrial development of the system has been‘achne.ve(li dur;ngb tlt;
past few years. Three main type of mdm;ct coolers are aval.lab!e. P_ate%4;1 u
and rotary type coolers. Detailed description of the systems is gwenl'm gl - A
Performance data on plate coolers developed at CSIRO, Aus(tjra ia (75), i
that energy savings of up to 60 per cent can be achieved compared to lco‘mﬂp\rja o
refrigeration systems. However, the efficiency of the system 1s stror;g y in i
by the wet bulb temperature of the ambient axr.‘P?gf)ormance evaluations
various European locations are given in (7).
syst\;tr:%rf: rthce ambient aigei’s too high, a two stage evaporative system can be us:[(li.
This consists of an indirect cooler coupled with a direct one. There faresgz: ; Z
applications of these systems, especially in California. Energy savings (l)rnt e
system have been reported at close to 50 per cent com_pared to an eque; )e
system (74). Performance data for 14 European locations are given in (4).

4.3. Ground Cooling

Ground or earth cooling is based on the temperature difference between :,22 r?:i?l
.the atmospheric environment. During the summer, the soil temp:rat?re a ceo
depth is considerably lower than the ambient temperature and there (—}r: orelative
important source for the dissipation of the building excess heat. lhe gy
ranges of the soil temperature as function of depth- for various types O
gw’l?l?elr% (Zri) two main strategies for the dissipation of heat to the grpund: dl:?ctl
ground contact cooling and indirect or bu.ned pipes :gct!mque. Dl\rect_ r%?irect
contact cooling involves partial or gotal placing of the buildings ergv;. opeftom e
contact with the soil. This technique based on the transfer of heat Ir
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building to the ground through the walls, floor and possibly the ceiling has been
used at different times in history and in different parts of the globe. Important
underground dwellings, villages and communities have been also developed in the
Mediterranean region, (77-80). A classification of the earth sheltered buildings is
given in (81).

Important advantages and disadvantages of earth contact buildings are reported
in the literature (81). Estimates of the number of earth sheltered houses in USA
in 1982 range from 4000 to 8000, (81).

Knowledge on the performance of earth sheltered buildings comes mainly from
measurements of traditional buildings, (82), from monitoring of new construc-
tions, (83-84), as well as from theoretical analysis, (81). Energy gains of about 50
to 90 percent are reported for various monitored earth sheltered buildings
(83-84). ~

Underground cooling tunnels is a concept that can be traced back several
centuries. Applications of these techniques at different times and in different
parts of the world are described in (85-87). The concept invoives the use of a
metallic, PVC, or concrete pipe buried at 1 to 3 m depth. Ambient or indoor air
is delivered inside the tubes where it is precooled and then delivered to the
building.

Knowledge on the topic is coming mainly from single pipe experiments
(88-95), multi-pipe installations, (96), as well as from theoretical analysis.
Techniques to estimate the efficiency of such systems have been developed and
proposed in (88, 90, 91, 92). An evaluating revue of the proposed algorithms is
given in-(97).

Results reported on the performance of buried pipes, show that for a 30 m long
PVC pipe buried under shaded soil at 1.5m depth, the maximum temperature
drop was 18°C. However the temperature reduction is time dependent. Results
for 120 hours of continuous operation are given in (96).

Special problems related to this technique is the limited potential for
dehumidification, reducing thus the possibility for latent heat cooling. Condensa-
tion inside the tubes can occur only with low air flow and high ambient dew point
temperatures. Also in the event of damaged tubes, water, could enter into the
tubes. Moisture accumulation can lead to biological growth and cause odour
problems. However, no such problems have been reported.

4.4. Radiative Cooling

Radiative cooling is based on the effect of heat loss by a body due to its long
wavelength radiation to the night sky. The net energy loss from a body is the
balance between the net radiative loss and the convective heat exchange between
the radiator and the ambient air. As net radiative loss we define the difference
between the emitted energy flux and the absorbed incoming atmospheric
radiation. S
Existing radiative cooling techniques are classified as Passive or Hybrid. Passive
systems, mainly involve the use of the building roof as the radiative component,
while hybrid systems involve the use of special metallic surfaces characterized by
high emissivity in the longwave range.

Painting the roof white increases the reflectivity of the roof to solar radiation

|
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thus reducing its temperature. Measurements pf the performance of this
technique reported in (98) give a cooling potential of 0.014 KWH per équare%
meter per day. Similar results are also reported in _(99). However, tl)e effect ol
color is more important with light structures than with structures of high therma
ca%?;lg;ing the cold mass to the sky during the night wh'ilev protecting it d;l_rmg
the day by a movable insulation is another passive radiative cooling tec 1q§e
which tries to optimise the potential of radiative cooling. Measurements of the
performance of this technique r(cj:ported in (98) give a cooling potential of
WH per square meter per day.
0.2'r6l?eKSk;t{h[;nn gystem whichpis proposed by ‘H. Hay iqvolves the use of water
bags which are placed on the roof. A movable insulation is placed above (hzai bags
during the day to keep the solar heat away from the water and is removed unnzgl
night when the water losses heat by convection, radiation and evaporation- an
thus the water cools the living spaces. Various other types pt’ architectural
integration of this system are reported in (100). Knowledge on this system comes
from monitoring of the Hay’s house at Atascadero in California, (101). It was
observed that on a typical summer day, the variation in outdoor temperature was
from 13 to 34°C, while the corresponding indoor temperature ranged from 21 to
o
23”[‘?12 [rlrll)z/lin limitation associated with passive radiative techniques is that they are
more effective only in single storey buildings or the upper floor of multxstorgy
buildings. Specific problems with the above presented techniques are discussed in
(4)I:berid radiative cooling systems involve the use of specn}hzed metalillc
longwave radiators which can reach temperatures below those achieved when the
roof is cooled directly. The operation of the systqm'mvolves the flow of a transfer
medium, water or air, flowing above, under or within the radiator which is cooled
is used to cool the building. . .
an_cll_}:gecr:);“ng potential of the metallic radiators for some European locations is
discussed in (4,102). It is found that under stagnation and for mean chmz:itlc
conditions, the expected temperature depression rarely excegds 3°C. Under
optimum climatic conditions, the calculated maximum depression temperature
S 1o 7°C. .
ralg:efrg?l sDeltective surfaces as well as windscreens transparent to infrared
radiation can, under certain conditions, improve the performance of the metallic
ors.
ra%i:)erimems with selective surfaces described in (103—_107), r:;port
temperature’s depression from 5 to 17°C. Comparisons with .oydnnary surfaces
have shown however that the difference between them is negligible. Also wheg
the temperature depression is important.‘condensan_on occurs on the surface an
thus the surface losses its selective radiative properties. .
Experiments using windscreens, described in (108), report that a radxatoz
covered by a windscreen was 3—-4°C lower than the corresponding temperatur% lo
an ordinary radiator. However when the temperature of the polyethylene rg
drops below the ambient dew point, dew is formatted over the'w!ndsc':reen, an
thus the transmissivity of the polyethylene to the infrared radiation is reduced
significantly.
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5 INHABITANT ACTIVITIES

Seasonal and diurnal migration as well as appropriate clothing and meta-
bol‘is_m. control are the most important cooling strategies related to inhabitant
activities.

Migration is the most elementary cooling strategy. Humans move away
physically from discomfort towards comfort. Migration can be seasonal or diurnal
(109). Seasonal migration involving moving to summer cottages, where cluster is
more favourable. Diurnal migration is related to the domestic flexibility which
permits moving to the most comfortable building zone or outside the building.
This practice that implies redundancy in architectural accommodation and a
certain varety of quality for similar activities, is a prevalent strategy in
overheated climates.

Clothing in warm climates is light and should cover more skin area in order to
reduce, by shielding, the incoming solar radiation. Also clothing should en-
courage vapour permeability in order to enhance evaporative benefits from sweat
and perspiration.

Control of the metabolic rate using lighter food, less animal fats and more
fluids, can be useful as the deep temperature and the heat production of the body
is modified to some degree.

Finally reduction of the metabolic rate is achieved by reducing the physical
activity or by scheduling the high activities at cooler times of the day.

6 DESIGN TOOLS FOR PASSIVE AND HYBRID COOLING

Usc of passive and hybrid techniques and components for space cooling requires
appropriate sizing of the systems. Design or computational tools for passive solar
buildings are widely developed, distributed and used, however most of those tools

are designed for passive heating purposes and cannot be used to simulate the
summer performance of the buildings.

In order to identify the design and computational tools available for passive

and hybrid cooling purposes, an extensive survey of the existing tools has been
performed.

The information collected is classified in a data base, (1). The applicability and

El;eol)xsefulness of the tools is examined using seven groups of criteria as below
10): ’

—Capabilities of the tool regarding the various aspects of the building cooling.
—Required computer system.

—Required professional background.

—Phase of the building design for which the tool is suitable.

—Completeness of the buildings performance description.

—Building type applicability and

—Calculation method used.

HYBRID COOLING OF- BUILDINGS 263

The calculation capabilities of the tools regarding the various aspects of the
cooling are analyzed according to the following parameters:

—Evaluation of the building cooling load.

—Calculation of the internal air temperature.

—~alculation of the impact of thermal mass to the building.
—Calculation of the impact of shading to the building.
—Calculation of the performance of ventilation techniques and

—Calculation of the performance of the environmental heat sinks based
systems, (Evaporative, Ground, Radiative)

It is found that one hundred twenty eight, 128, programs have some capabilities

- to-calculate the cooling load of a building. However only 54 among them can also

calculate the variation of the internal air temperature and only 45 can also take
into account the impact of mass and shading. Finally, there are only 23 programs
which can also simulate the natural ventilation strategies.

From the above programs, 8 of them are designed for mainframe computers
and are used especially for research purposes. Nine programs are designed for
personal computers, and four tools are suitable for various type of
microcomputers.

Regarding the design tools available to simulate the use of environmental heat
sink techniques, 22 tools managing the convective cooling techniques have been
identified. Also there are 3 tools which are capable to simulate evaporative
techniques, 2 for radiative cooling and 19 for ground cooling.

Most of the programs are written for architects and engineers. There are 113
programs suitable for architects, 123 programs for engineers, 55 programs for
technicians, 28 programs for researchers and 42 programs for builders. The
majority of the programs can be used for residential and small commercial
buildings. Fifty five of the tools are suitable for the predesign phase, fifty five for
the schematic design phase, fifty two for the design development, twenty one for
post design services and sixteen tools can be used for research purposes.

For the large commercial buildings there are 26 programs suitable for the
predesign phase, 39 for the schematic design phase, 47 for the design develop-
ment, 16 for post design and 11 for research purposes.

Almost all the programs which can treat cooling problems, 123, can be used
also for heating purposes, however only 48 tools include daylighting subroutines.
From these 41 are suitable for architects, 44 for engineers, 13 for technicians and
14 for builders. Also 24 are written for mainframe computers, 34 for microcom-
puters and 2 are manual methods.

In conclusion there is a number of design tool available for calculating the
cooling energy requirements. However there are a few tools available for
calculating the cooling load modulation due to mass and shading. There is a
number of tools available for calculating the effects of ventilation in buildings.
Most of these tools consider cross ventilation and few of them consider chimney
effect ventilation techniques. However, there is a lack of tools for calculating the
performance of components and techniques based on the use of environmental
heat sinks.
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Finally, it should be pointed that, very little information is available on the - 3
validation of the tools except for some international and national sponsored =7 NE P 2 2
. o~~~ D o~ —~ S
design tools. § §§%'§§ 2 _-;%%%% %%g
S 3 3
7 EXAMPLES OF PROJECTS 3 %ﬁﬁzﬁ ) zggz §38
Q —
Climatic conditions in Southern Europe require the consideration of basic passive g
cooling techniques, during the overall architectural design. Shading techniques g ‘5 —
and components, massive constructions and natural ventilation techniques are § 28od@ o o090 @ @aad
traditionally found in Mediterranean architecture (111-112). = ekl s EEAR FE
_ Progressive in passive and hybrid cooling during the last years, and increased
electricity cost, have promoted integration of the new cooling systems in building | Touse 5 2999
design. Consequently, a number of demonstration buildings, using modern g . g LR R R
passive and hybrid cooling techniques and components have been designed and fad 2% '§‘§§ 3 ggﬁé
constructed. SES|ea<aes £ Saad
Thirteen of these buildings covering all the South region of Europe have been §§ ;‘i 82382 3z 2a8% 88 |
extensively analyzed and presented in separate brochures (1). Five of the
buildings are educational centers, four are hotels and holiday complexes and the 3
rest are for residential and commercial use. The location of each project as well $ A e
as the basic climatological data for each site are given in Table 1. Also < anmfa =~ 2522 oo
architectural and operational information is given in Table 2. = S R
All the buildings have been designed taking into account the basic principles of g NE
passive cooling. Therefore all the buildings are highly insulated, are characterized b 3 3
by increased thermal mass and very efficient shading devices are used. 215 é 8t 4894% = Xg==I <
For all the educational buildings, the main design principle was to use the 2153 [32I1B% ¢ 9392 | I
courtyard as a buffer space, functionally utilized as corridors, resting and living 8
areas. The design and the control of this courtyard depends on the microclimate =N
and, the building in Ioannina and Guillena, which are located in continental 2 3 0ol¥8 B wown ood&
zones, have this buffer space closed and very well protected against sun in s 3 Sdod F dadd A9
summer and cold in winter, whilst the building in Almeria and Los Molinos, %
located near the sea, have an open courtyard which only protects from the sun in 3 - ==
summer, taking into account the mild winter temperatures. 2| E ca28. 3 3883 ¥¥.
For most of the thirteen buildings, ventilation is the most important heat %3 S8E83 2 veeR 553
dissipation technique, using wind and stack effect techniques. Also, almost all of 3 S S&L0H O CUOQO aan
them use cooling systems based on environmental heat sinks like, evaporative, 2 4
radiative and ground coupling techniques. More information on each building can = -
be found in (1) or in the corresponding references given in Table 1. 3 332 2 g 32 s
Regarding the thermal performance of the buildings we should point out that 20 88 22% 5 Tx3 g8 3
only 8 projects are monitored or are under monitoring. The measured and 3 E% 2853 Sy g,?Eng 282
predicted performance of the building shows that the passive and hybrid cooling % <658 §E 2823 % 332
systems cover a high percentage of the needs, which varies from 40 to 100 £ |3 s5585£35588 208ag
percent, Table 1. ‘ 3|2 §§§§§§§~§n§_§g§;§§g§
Finally the cost of the buildings, given also in Table 1, is very close to the i Y S833E3335<EE SAL0a
cost of conventional buildings, showing that applications of passive and hybrid { o |3 NRE RS o g e
cooling techniques and components does not affect- considerably the cost of the 3 % - 0T
buildings.
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Table 2. Buildings using passive and hybrid cooling techniques. Geometrical and occupany data.

Operating hours Operating period

Number of Occupants

Occupancy date

Volume
(m?)

Floor Area
(m?)

Building

9-1.30, 15-17.30
9-1.30, 15-17.30

8.30-17.30

8.00-19.00

ANTINUCCI ET AL.

Sept-June
Sept—June
Sept—June
All year
Sept—June
Summer
Summer
Summer
Summer
All year
All year
All year
All year

= =s=a=a==

9-1.30, 15-17.30

>100

>50
600
30

4

2

400
400
420

Undr. Construction

Undr. Construction
1979
1988

Undr. Construction
Undr. Construction

1987
1987
1988
1990
1985

4200
2920

100514
1200
1437

498

3452
6668
1253

2071
1832
3200
4800
330
1200
1005
21859
400
362
103

9. Holiday Complex Gournes

10. Residential Building
11. Residential House

8. Hellas Holiday Hotels
12. Office Building

1. School in Almeria
2. School in Guillena
4. Philosophical School
5. Los Molinos School
6. Archilohos Complex
7. Fragiadakis Apprts

3. School in Crato

100 persons/h

3-8

1985
1988

518
9600

123
1600

13. Bioclimatic Rotunda
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8. RESEARCH NEEDS

It is widely accepted that overheating of buildings is the most important enery
and comfort problem in the Southern Countries. Also the systems used for
cooling of buildings led to unnecessary high energy consumption and sometimes

to inferior air quality (113).
Research, Development and Demonstration projects for better cooling of

buildings must therefore have as prime goals to:

(a) Decrease electrical use for A/C and increase energy efficiency.

(b) Increase thermal comfort and indoor air quality.

(c) Protect environment.
The technology areas where research should be concentrated in order to meet the
above goals are

(a) Cooling load estimation methods and A/C sizing techniques.

(b) Passive and Hybrid cooling techniques and components.

(c) Load shifting technologies.

(d) CFC's substitution technologies and

(e) High efficiency heat pump technologies.
Comparison of predicted and measured cooling load of buildings, (114), have
shown that the predicted cooling loads are significantly higher than the actual
measured cooling loads. This lead to an important oversizing of the used A/C
system and considerably increase the energy consumption. Therefore, as a first

step the quality of the climatic input needs should be more realistic alike new
accurate computer tools, for the calculation of the cooling load should be

developed and validated.
To improve knowledge and possibilities for application of Passive and Hybrid

Cooling technologies, scientific research should be developed primarily on the
three following areas:

(a) Solar Control and heat attenuation.
(b) Passive heat removal techniques and use of environmeantal heat sinks.

(c) Interaction between building and environment.

Research should be directed towards:
(a) The better knowledge of the effects of mass, ventilation, building shape,
shading and microclimate, for free floating and air conditioned buildings.
(b) The development of new efficient cooling components like evaporative
coolers, radiative collectors etc.
(c) The development of new products for the building envelope like the
thermochromic and electrochromic glasses, transparent insulation etc.
(d) The collection and classification of the relevant climatological data.
(¢) The development of validated tools for the calculation of the performance
of passive cooling techniques and components.
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CONCLUSIONS

Demand for indoor cooling has increased rapidly over the past few years, creating

important environmental, health, capital and mainly peak electricity load
problems.

Passive and Hybrid cooling techniques and components can minimize the use of

mechanical energy and its impact on the environment and on occupant health,
while they can decrease significantly peak electric demand.

Important knowledge on the topic has been produced during the last years and

demonstration buildings designed using passive and hybrid cooling systems,
present a significant energy performance and excellent indoor comfort conditions.
However the impact on professional building design practice has been modest.

Important future research actions are necessary--in order to increase our

knowledge base on the topic. Also an important effort should be made in order to
increase the accessibility of the existing and new information.
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