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Intro duc tion

Prob lem

Build ings in de vel op ing coun tries are of ten de signed with -
out tak ing suf fi cient ac count of the cli mate. Fac tors such as 
the ur ban sur round ings or site char ac ter is tics, ori en ta tion
and ar chi tec tural de sign of the build ing, choice of build ing
ma te ri als, etc. are not given enough im por tance. Con se -
quently build ings of ten have a poor in door cli mate, which
af fects com fort, health and ef fi ciency. The prob lem is
found in dwell ings as well as workplaces or pub lic build -
ings, such as schools and hos pi tals.

As liv ing stan dards rise peo ple want to in stall heat ing
and/or cool ing equip ment to im prove ther mal com fort. For
build ings not adapted to the cli mate, the amount of en ergy
to run the equip ment, and its cost, will be ex ces sively high, 
and it will have a neg a tive im pact on the en vi ron ment. A
good, or at least ac cept able, in door cli mate can of ten be
achieved with lit tle or no ex tra in put of en ergy.

Apart from a gen eral lack of norms and reg u la tions, one
rea son why build ings are poorly adapted to the cli mate is
lack of knowl edge among ar chi tects, plan ners and en gi -
neers. Cen tral con cepts such as ther mal ca pac ity and ther -
mal in su la tion are of ten mis un der stood. The knowl edge
from tra di tional con struc tion, which was fairly well
adapted to the cli mate, is of ten lost or dif fi cult to trans late
to mod ern tech niques and so ci ety.

The ob jec tive of this study is to pres ent in for ma tion
about the cli ma tic de sign of build ings to day, us ing pas sive
tech niques. It ex plains cen tral con cepts in cli ma tic de sign
and gives rec om men da tions on how to carry out the de sign
in dif fer ent cli mates. The fo cus is on build ing de sign, but
ur ban cli mate is also con sid ered. Ways to gain more
knowl edge are pre sented and il lus trated with a case study.

Method

This study is car ried out as a desk study. The work is based 
on:

• com pi la tion of the author’s expe ri ence as a designer and
researcher in North Africa, South-East Asia and Latin
Amer ica,

• lit er a ture sur vey on expe ri ences in other regions,

• syn the sis of per sonal and col lected infor ma tion.

Organi za tion of the Report

This re port con sists of two parts, Chap ters 1–3 and Chap -
ters 4–5. Af ter this in tro duc tion to the prob lem and the
method, Chap ter 2 de scribes the con cepts of cli mate, com -
fort and their re la tion to the hu man be ing and to build ings.
Chap ter 3 out lines some gen eral rec om men da tions. Part 2
is re search ori ented: Chap ter 4 dis cusses ways to im prove
cli ma tic de sign, and Chap ter 5 pres ents a case study.

Some ref er ences for fur ther read ing are given at the end.

Gen eral con sid er ations

Energy Con sump tion

Heating and cool ing of build ings ac count to day for high
en ergy con sump tion. Higher liv ing stan dards lead to ac tive
climatization of build ings such as of fices and ho tels, and
also res i dences. Air-conditioning plants are in stalled with -
out any ad ap ta tion of the build ings to these new ap pli ances, 
which leads to ex ces sive en ergy con sump tion and high
cost, and may also dam age the build ing (see Ad am son and
Åberg 1993). Al ter na tively, re cent build ings with out ac tive
climatization, both low-cost and lux ury, give a poor in door
cli mate, lead ing to fa tigue and health risks.

In many coun tries, es pe cially in the in dus tri al ized
world, build ings ac count di rectly for over 50% of to tal en -
ergy con sump tion, and even more when one in cludes what
it costs to man u fac ture the ma te ri als re quired for con struc -
tion.

For the build ing to be en ergy ef fi cient it is nec es sary to
con trol the in put of en ergy through reg u la tory sys tems and/
or through ‘pas sive’ tech niques. The for mer re quires so -
phis ti cated equip ment and de pends on their smooth func -
tion ing and en ergy sup ply. The lat ter, ‘pas sive’ tech niques,
nor mally re quires more in ter ac tion, mon i tor ing and knowl -
edge by the user, and is there fore more sen si tive to hu man
fac tors, though tech ni cally sim pler and more re li able.

Tra di tional build ings of ten mit i gated the ex te rior cli -
mate, even if ‘com fort’ was not al ways achieved at all
times of the day or in all sea sons. Mod ern con struc tion of -
fers the tech ni cal pos si bil i ties to reach very good com fort
though heat ing, cool ing and other kinds of air con di tion ing. 
We there fore tend to for get the old knowl edge about how
to adapt our houses to the cli mate pas sively.

Norms and Regulations

As for mer col o nies, most de vel op ing coun tries in her ited
Eu ro pean norms and reg u la tion sys tems from the last cen -
tury, be fore the en ergy is sue was ‘in vented’. Some de vel -
op ing coun tries started to write reg u la tions for en ergy sav -
ings dur ing the in ter na tional ‘en ergy cri sis’ in the 1970s
and the grow ing con cern for the en vi ron ment.

Norms, reg u la tions and by laws ap ply only to con struc -
tion within the for mal sec tor of the econ omy. Much of the
hous ing stock in de vel op ing coun tries is built out side this
le gal frame work. They may be in di rectly in flu enced by leg -
is la tion, es pe cially in ur ban ar eas, but other means must be
sought to com ple ment these le gal in stru ments to in flu ence
or con trol ‘in for mal’ con struc tion ac tiv i ties.

Econ omy is a re strict ing fac tor that af fects the per cep -
tion of com fort lim its, and also the abil ity or readi ness to
in vest in the build ing struc ture. Here it is im por tant to view 
the build ing in a life-cycle per spec tive. Pay back pe ri ods are 
dif fer ent for dif fer ent com po nents – the build ing en ve lope
it self be ing the most du ra ble.

Fi nan cial in cen tives, com bined with ed u ca tional pro -
grammes for con sum ers, build ers, real es tate agents and
oth ers can stim u late en ergy-efficient con struc tion. Build ing 
codes for low-cost hous ing, man u als and train ing may also
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be im por tant. Re search is cen tral to de velop knowl edge
and meth ods, and to feed this data into the ed u ca tion sys -
tems and suit able knowl edge-banks avail able to the mar ket.

It is there fore im por tant and ur gent to in crease our
knowl edge about pres ent con di tions con cern ing in door cli -
mate, ther mal per for mance and en ergy con sump tion in to -
day’s build ing stock, and to sug gest im prove ments in the
form of up-to-date norms and dem on stra tion pro jects.

Cli mate and com fort

When de sign ing an in di vid ual build ing the gen eral out door 
cli mate is to be re garded as a given con di tion, though there
might be cli mate change over a long time, and that it may
be pos si ble to af fect the mi cro cli mate by ur ban and build -
ing de sign. This sec tion dis cusses the cli ma tic el e ments and 
their ef fect on ther mal com fort.

Climatic elements

Temperature
The DBT, dry bulb tem per a ture (°C, °F or K), is prob a bly
the most com monly used unit to de scribe cli mate. Air tem -
per a ture is mea sured with a dry bulb ther mom e ter pro -
tected from so lar and heat ra di a tion. This data is gen er ally
avail able in me te o ro log i cal re cords as monthly means,
max i mum and min i mum val ues (both nor mal and ex treme). 
The wet bulb tem per a ture (WBT) is the tem per a ture at
which vapour sat u ra tion oc curs (see be low).

Table 1 Rela tion between °C, °F and K

°C °F K

– 273.15 – 457.67 0 Abso lute zero

– 17.7778 0 255.3722

0 32 273.15 Melting point of ice

100 212 373.15 Boiling point of water (at 1 atm)

1 1.8 1 Equivalents

Humid ity
Air con tains a cer tain amount of vapour, which is called air 
hu mid ity. It can be spec i fied as ab so lute hu mid ity in grams
per kg or m3, or as par tial vapour pres sure (kPa). More
com mon is how ever the ex pres sion rel a tive hu mid ity –
RH (%) which de scribes the por tion of vapour in re la tion
to sat u ra tion. Hot ter air can con tain more vapour than
colder, and when cooled to the limit – the dew point – the
sur plus con denses. Rel a tive hu mid ity can be mea sured with 
elec tronic hy grom e ters or with a sim ple sling hy grom e ter
in clud ing a dry bulb and a wet bulb ther mom e ter. Me te o ro -
log i cal data on hu mid ity is com monly avail able, of ten as
max i mum and min i mum mean monthly val ues or at cer tain
hours of the day.

Wind
At lo cal level wind is the most ir reg u lar and vary ing com -
po nent of the cli mate. It is af fected by to pog ra phy, veg e ta -
tion and sur round ing build ings; close ness to the sea may
cre ate on and off shore winds. Wind is de scribed by its
speed and di rec tion and is mea sured with an an e mom e ter.
Fre quency di a grams, wind roses, are of ten drawn for each
month of the year or for the main sea sons.

Precipitation
Pre cip i ta tion may vary con sid er ably be tween sea sons. Data 
on monthly means, ex treme val ues and max i mum pre cip i -
ta tion dur ing 24 hours are com monly found. Snow is most
of ten mea sured in melted form, but data on snow depth
may be avail able. Com bi na tions with other el e ments could
be in ter est ing in re la tion to build ing de sign, e.g. at strong
winds it rains ‘hor i zon tally’ (driv ing rain).

Solar radiation and sky conditions
The sun may be de scribed as the ‘en gine’ of the cli mate
since it sup plies a large amount of en ergy to the earth. The
sun’s path is reg u lar and de pends on the lat i tude and the
time of the year. The sea son also de ter mines the to tal
amount of ir ra di a tion through the length of the day. High
al ti tudes give more in tense so lar ra di a tion, be cause there is
less ab sorp tion in the rel a tively thin ner layer of at mo -
sphere.

The po si tion of the sun may be de ter mined with the help 
of so lar di a grams, avail able in most stan dard books on cli -
ma tic de sign (see Fig ure 8). There is one di a gram for each
lat i tude, mak ing it pos si ble to read the al ti tude (ver ti cal an -
gle) and the az i muth (hor i zon tal an gle) of the sun at ev ery
hour of ev ery day of the year.
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Fig. 2 A wind fre quency di a gram, a ‘wind rose’. The length of the
lines de scribes fre quen cies from dif fer ent di rec tions, and
the thick ness de scribes wind speed in ter vals, ac cord ing to
a scale and a leg end. The fig ure in the mid dle is the per-
centage of calm.
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Fig. 1 The psychrometric chart plots the com bi na tion of 
tem per a ture and hu mid ity



Short-wave so lar ra di a tion is di vided into di rect (ID) and
dif fuse (Id) and the sum of these is global ra di a tion (IGL).
These are of ten mea sured on a hor i zon tal sur face (W/m2),
but nor mal (IN) ra di a tion, fac ing the sun, is com monly
used. Also val ues for ver ti cal sur faces in var i ous di rec tions
may be found. The re la tion be tween di rect and dif fuse ra di -
a tion var ies with the sky con di tions. Hu mid air or over cast
skies in crease the dif fuse part. Over lays to the so lar di a -
gram may give data on so lar ra di a tion on hor i zon tal or
other sur faces, but cor rec tions for cloud i ness and hu mid ity
must al ways be con sid ered. Re flec tions from the ground
and ad ja cent build ings, and shad ing from ad ja cent build -
ings and veg e ta tion, af fect the to tal so lar ra di a tion.

En ergy is also dis si pated from the earth to the sky by
long-wave heat ra di a tion. This is af fected by air and sky
con di tions, such as cloud i ness and pol lu tion. The sky vault
acts as a cold, black body: a heat sink, which may re ceive a 
con sid er able amount of heat dur ing clear nights, but also
dur ing the day. An equiv a lent sky tem per a ture can be de -
fined for the sky vault, some times as low as 25 K be low the 
air tem per a ture.

Other phenomena
There are other phe nom ena re lated to the cli mate, such as
hail, frost, thun der, fog, smog, rain, dust and sand storms,
hur ri canes and earth quakes. These are more oc ca sional, 
ex treme con di tions and are not ad dressed here, but where
they might oc cur, they must be con sid ered, since they may
strongly af fect the de sign of build ings.

Cli mate types
One of most com monly used clas si fi ca tion sys tem for de -
scrib ing the cli mate is Köppen’s (de scribed in Ev ans,
1980). The clas si fi ca tion be low mainly fol lows Köppen,
with main groups given in pa ren the ses if they de vi ate.

Cold climate (Cold Temperate, Sub-arctic and Arctic)
The av er age tem per a ture of the cold est month is be low
0°C; some sub groups have dry sea sons. In arc tic ar eas all
months may have av er age tem per a tures be low zero; else -
where sum mer av er ages may reach 22°C.

A cold cli mate has av er age out door tem per a tures be low
com fort through out the en tire year. The po ten tial for so lar
heat ing may be lim ited.

Temperate climate
Tem per ate cli mates have av er age tem per a tures rang ing
from 0–18°C for the cold est, and 10–22°C for the hot test
month. Sub groups are de fined by dif fer ences in rain fall
dis tri bu tion.

A tem per ate cli mate has av er age out door tem per a tures
above the com fort zone part of the year and be low dur ing
an other part. So lar heat ing po ten tial may be high, but over -
heat ing prob lems may be im por tant dur ing the hot sea son.

Hot-arid climate (Desert and Steppe)
Deserts have av er age tem per a tures above 0°C in win ter and 
above 18°C in sum mer. Sub groups are de fined by dif fer -
ences in rain fall dis tri bu tion over the year. There are also
cold dry ar eas, such as in cen tral Rus sia and USA.

A hot-arid cli mate has a strong sun shine with a large
por tion of di rect ra di a tion. The clear night sky can cause
great dif fer ences be tween day and night tem per a tures, and
the po ten tial for ra di a tive cool ing is high. Win ter nights are 
cold in cer tain re gions.

Warm-humid climate (Equatorial)
Min i mum av er age monthly tem per a ture is above 18°C and
sub classes are de fined by dif fer ences in sea sonal rain fall
dis tri bu tion.

A warm-humid cli mate has a fairly con stant tem per a -
ture, both over the day and over the year. Hu mid ity and
cloud i ness make dif fuse so lar ra di a tion im por tant, and the
po ten tial for ra di a tive sky cool ing is lower. Sea sons are of -
ten de ter mined by rain fall and winds.

Sub groups and sea sonal vari a tions
The di vi sion into main cli mate types above is rough. There
is a range of sub groups, such as moun tain and mar i time
desert cli mates. On the lo cal scale the mi cro cli mate may
dif fer much from the ‘of fi cial’ one. To pog ra phy, veg e ta -
tion, lakes and sur round ing con struc tions may al ter tem per -
a tures, so lar char ac ter is tics, wind pat terns and hu mid ity. In
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Fig. 3 Main cli ma tic zones (af ter Köppen).



cit ies the ur ban cli mate, af fected by heat pro duc tion but
also by changed sur face prop er ties, shad ing, wind pro tec -
tion, pol lu tion, etc, is of ten dif fer ent from that of the hin ter -
land.

Most cli mates also in clude sea sonal vari a tions as in di -
cated above. Hot/cold or dry/hu mid sea sons have to be
con sid ered in all cli ma tic de sign. How ever, it is also im por -
tant to take ac count of in ter me di ate sea sons, when both
heat ing and cool ing may be re quired, or when the so lar
path re quires spe cial ar range ments for shad ing or so lar ac -
cess.

Comfort
The hu man be ing, like other bod ies, ex changes heat with
its en vi ron ment through con duc tion (by di rect con tact),
con vec tion (trans ported by air), ra di a tion (mainly short-
wave vi sual light and long-wave heat) and evap o ra tion/
con den sa tion (heat re leased through change of state of wa -
ter, also called la tent heat). Fac tors in flu enc ing the heat
bal ance are en vi ron men tal, such as air and mean ra di ant
tem per a tures, vapour pres sure and air mo tion, but also in di -
vid ual, such as met a bolic rate (Ta ble 2) and cloth ing (Ta ble 
3). The ther mal equi lib rium must be main tained within nar -
row lim its for sur vival, and the range of com fort is even
nar rower.

Table 2
Met a bolic rate of dif fer ent activ i ties (aver age for adults).

The unit met is equal to 58.2 W/m2.

Activ ity met Met a bolic rate (W)

Sleeping 0.7  75

Reclining 0.8  85

Sit ting 1.0 105

Stand ing, relaxed 1.2 125

Typing 1.2–1.4 125–145

Cooking 1.6–2.0 170–210

Housecleaning 2.0–3.4 210–350

Walking (level, 3–6 km/h) 2.0–3.8 210–400

Dancing, gym nas tics 2.4–4.4 250–460

Heavy machine work 3.5–4.5 370–470

Pick and shovel work 4.0–4.8 420–500

Table 3
Approx i mate val ues of clo for var i ous cloth ing.

The unit clo is equal to 0.155 m²K/W.

Cloth ing clo

Nude 0.7

Shorts 0.1

Walking shorts + short-sleeve shirt 0.4

Knee-length skirt + short-sleeve shirt + panty hose 0.5

Trou sers + shirt 0.6

Sweat pants + sweat shirt 0.7

Trou sers + shirt + jacket 1.0

Knee-length skirt + long-sleeve shirt + half slip + 
panty hose + long-sleeve sweater or jacket 1.0–1.1

Men’s heavy three-piece busi ness suit 1.5

Men’s heavy suit + wool len over coat 2.0–2.5

Com fort is a sub jec tive ex pe ri ence, and not all peo ple
agree about op ti mal com fort. To han dle com fort, it was
nec es sary to de fine some kind of in dex, or a ‘com fort zone’ 

where the ma jor ity of peo ple ex pe ri ence well-being. This is 
nor mally done by the votes of a pop u la tion in an ex per i -
men tal sit u a tion. A num ber of scales were de vel oped, and
some are shown in Ta ble 4.

Gagge’s DISC in dex ex presses de grees of dis com fort
rather than com fort. The most com mon def i ni tion of the
‘com fort zone’ is DISC ±0,5, which means that 80% of the
pop u la tion is sat is fied, though ex tend ing lim its to DISC ±1, 
where 70% are sat is fied, could be pro posed when re sources 
are lim ited.

Table 4 Ther mal sen sa tion scales.
(based in part on Markus and Mor ris 1980)

ASHRAE Fanger Rohles & Gagge’s SET
(PMV) Nevins DISC (°C)

Pain ful +5 +5

Very hot +4 +4 37,5–

Hot 7 +3 +3 +3 34,5–37,5

Warm 6 +2 +2 +2 30,0–34,5

Slightly warm 5 +1 +1 +1 25,6–30,0

Neu tral 4 +0 +0 ±0.5 22,2–25,6

Slightly cool 3 –1 –1 –1 17,5–22,2

Cool 2 –2 –2 –2 14,5–17,5

Cold 1 –3 –3 –3 10,0–14,5

Very cold –4 –4

The Stan dard Ef fec tive Tem per a ture (SET) de vel oped by
Gagge et al. (Markus and Mor ris 1980) de scribes a uni form 
en vi ron ment with:

• 50% rel a tive humid ity,

• air speed of 0.125 m/s,

• activ ity level of 1 met (sit ting) and

• cloth ing of 0.6 clo (‘in door clothes’).

An air tem per a ture of 20°C in these con di tions re sults in a
SET of 20°C. A change in any of the pa ram e ters will re sult
in a change of the SET.
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Fig. 4 The four modes of heat ex change: con duc tion, 
con vec tion, ra di a tion and evap o ra tion.



For in door con di tions the Op er a tive Tem per a ture mainly 
de fin ing an av er age tem per a ture be tween air and sur round -
ing sur faces could be used for com fort as sess ments.

The Comfort Diagram
Plotting the SET in dex in com fort di a grams, based on the
psy chro met ric chart, gives a mod ern in dex that is easy to
un der stand and ap pli ca ble for hot cli mates.

One can con struct an in di vid ual com fort di a gram ac -
cord ing to ac tiv ity types, lo cal cloth ing hab its, etc. The di a -
gram in com prises a com fort zone of:

• DISC ±0.5, where 80% of the pop u la tion is sat is fied,
accept ing the nor mal stan dard for com fort. (70% sat is -
fac tion would extend the tem per a ture lim its to 16–17°C
and 31–38°C.)

• light sum mer cloth ing (0.6 clo) as an upper limit, and
‘nor mal’ cloth ing (1.0 clo) set ting the lower level. A cer -
tain adap ta tion in cloth ing to the indoor cli mate is thus
assumed.

• sed en tary activ ity (1 met) that includes sleep ing, reclin -
ing and sit ting, where the body dis si pates about 100 W.
More demand ing tasks, such as house clean ing (2–
4 met), are not included, since they would prob a bly not
occur at the hot test time of the day.

• low air move ments: 0.1 m/s is con sid ered still indoor air,
but the pos si bil ity of using a fan to increase air speed up
to 0.5 m/s is included and shown as an addi tional com -
fort zone to the right of the dashed line in the dia gram.

Relation to other factors
Other fac tors than those of cli mate men tioned above may
also in flu ence the feel ing of com fort. Age, sex, and ad ap ta -
tion have lit tle or no in flu ence ac cord ing to most re search -
ers. Psychosocial con di tions, health, air qual ity and acous -

ti cal and op ti cal in flu ences may also be men tioned, but are
dif fi cult to quan tify.

Ther mal con di tions for good per for mance may not co in -
cide com pletely with the com fort zone, but are more re lated 
to the level of arousal, see Fig ure 6.

Large tem per a ture swings may in crease rates of work -
ing, though they cause ther mal dis com fort. The con di tions
for op ti mal per for mance in phys i cal and men tal work are
nor mally dif fer ent. In cold con di tions the brain has a high
pri or ity, and men tal per for mance is there fore less af fected
than in a hot en vi ron ment. Ther mal im bal ance in the sur -
round ing en vi ron ment can also af fect men tal per for mance.
A hot ceil ing or a large, cold win dow may cause dis com -
fort, though the mean ra di ant and op er a tive tem per a tures
are within the com fort zone.

Finally eco nomic sta tus also in flu ences the ex pec ta tions
of com fort, and this could be con sid ered a psy cho log i cal
fac tor. What is out of reach may be re garded as op ti mal or
per fect, but in stead of go ing for com fort one has to set tle
for the en dur able.

Design

A main pur pose of build ings is to give shel ter – for pri vacy
and for ther mal com fort. Pri vacy in cludes el e ments of so -
cial, psy cho log i cal and re li gious char ac ter, but is phys i cally 
cre ated by en clos ing a space by an en ve lope, siz ing and po -
si tion ing the open ings to wards the sur round ings, and pro -
vid ing acous tic in su la tion. For ther mal com fort, the build -
ing must act as a bar rier, trans form ing the out door cli mate
to con di tions suit able for in door ac tiv i ties. How ever the
bor der be tween out side and in side is not al ways clear: in -
ter ac tion takes place through many kinds of semi-closed
spaces, such as ur ban spaces, streets and court yards, which
make the cli ma tic tran si tion suc ces sive rather than abrupt.

The typ i cal de sign pro cess is a weigh ing of con flict ing
de mands, such as be tween pas sive and ac tive climatization, 
be tween pri vacy and so lar ac cess, be tween cross-ventila -
tion and noise re duc tion, etc., to reach a sat is fac tory com -
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Fig. 6 Tem per a ture and arousal. An ad e quate arousal level does 
not al ways co in cide with the com fort zone. It may oc cur 
when it is too cold or too hot, and it may not oc cur within 
the ther mal com fort zone, as shown in the fig ure. 
(Af ter Markus & Mor ris 1980).

Fig. 5 The com fort di a gram for: 
DISC ±0,5; 0,6–1,0 clo (up per and lower lim its re spec tively);
1 met; v=0,1–0,5 m/s (the higher value to the right of the 
dashed line). 
Af ter Markus and Mor ris 1980, where 55 com bi na tions of 
pa ram e ters can be found.



pro mise. Ap plying a sys tems ap proach means to op ti mize
the whole sys tem (a build ing with its sur round ings and
com po nents) not sub-optimizing its parts. In a pro cess of
mod ern iza tion there are a lot of con tra dic tions, most clearly 
seen in the ‘grey zone’ of build ings be tween ac tive and
pas sive climatization, be tween tra di tional and mod ern
forms, and be tween for mal and in for mal sec tors of the
econ omy.

The de signer’s role be comes that of a cre ative enabler
of la tent so lu tions. As such the de signer needs pow er ful
tools and tech niques for sim u la tion, pre dic tion and visu ali -
sa tion.

Climatic design
The cli ma tic de sign pro cess re quires spe cial at ten tion. Al -
ready in 1974 the Build ing Re search Es tab lish ment in the
UK ap plied a sys tems ap proach by stat ing:

It is not prac ti ca ble to plan a build ing ex clu sively on
eco nomic, func tional or for mal grounds and ex pect a 
few mi nor ad just ments to give a good in door cli mate. 
Un less the de sign is fun da men tally cor rect in all as -
pects, no spe cial ist can make it func tion sat is fac to -
rily. Cli mate must be taken into ac count when de cid -
ing on the over all con cept of a pro ject, on the lay out
and ori en ta tion of build ings, on the shape and char -
ac ter of struc tures, on the spaces to be en closed and,
last but by no means least, the spaces be tween build -
ings. In other words cli mate must be con sid ered at
the early de sign stage.

Koenigsberger et al. (1974) dis tin guished be tween three
stages in cli ma tic de sign:

1 For ward anal y sis, which in cludes data col lec tion and
ends with a sketch de sign.

2 Plan de vel op ment, which in cludes the de sign of so lar
con trols, over all in su la tion prop er ties, ven ti la tion prin ci -
ples and ac tiv ity ad ap ta tion.

3 El e ment de sign com prises closer ex am i na tion and op ti -
mi za tion of all in di vid ual build ing el e ments within the
frames of the agreed over all de sign con cept.

This con sec u tive ap proach is typ i cal for the time be fore the 
in tro duc tion of pow er ful com put ers in the build ing de sign
pro cess. Rather sim ple tools used in the for ward anal y sis
gave some over all prin ci ples. In the last stage it was prac ti -
cally im pos si ble to go back and cor rect sys tem atic er rors;
only mi nor changes in ther mal per for mance could be ob -
tained by a dif fer ent el e ment de sign.

To rem edy this it is nec es sary to give the ar chi tect a set
of meth ods and pow er ful tools to use for a better in te gra -
tion of cli mate ad ap ta tion into the de sign pro cess of build -
ings. In te grated data and knowl edge bases, and case-sen si -
tive de faults, can help the de signer. De veloping ap pro pri ate 
and pow er ful tools, and in clu sion of eval u a tion and feed -
back in the sys tem is there fore cru cial to better in te grate
cli ma tic is sues in a ‘nor mal’ de sign pro cess.

Tomorrow’s design?
A newly awak ened in ter est for pas sive climatization should 
have a great deal to learn from the past, but purely tra di -
tional so lu tions as sum ing con ti nu ity of life styles and kinds
of work seem rather un likely. Com bining tra di tional

knowl edge and ad vanced tech nol ogy is there fore nec es -
sary.

The case study pre sented in this re port fo cuses on grey
zones. In one grey zone, be tween for mal and in for mal sec -
tors of the econ omy, the first can in flu ence the sec ond
through dem on stra tion ob jects. In an other grey zone, be -
tween pas sive and ac tive climatization, there are a great
num ber of small pub lic build ings, such as pri vate and lo cal
au thor i ties of fices, schools and health clin ics. In these
build ings air-conditioning is in creas ingly used. Im proved
cli ma tic de sign of these for mal, pub lic build ings would af -
fect the in for mal, mainly hous ing sec tor, by pro vid ing good 
ex am ples and ideas, since they of ten have about the same
size, and use sim i lar build ing ma te ri als and tech niques.

To day’s pas sive build ings should last for at least 20–50
years. They must there fore meet the de mands for fu ture ac -
tive climatization as far as pos si ble. Ad di tional heat ing and 
cool ing should rep re sent only a mar ginal en ergy use, while
the build ing it self must ac count for the main part of the
climatization through its ma te ri als, struc ture and de sign. In
any case, better cli mate-adapted build ings raise the limit at
which the non-consumer, even if eco nom i cally ca pa ble,
gets fed-up with a bad in door cli mate and be comes an en -
ergy con sumer.

Sur round ings
The sur round ings of a build ing have great in flu ence on its
in door cli mate, whether it is in a city or in the coun try side.
Pro viding for or pro tect ing from cer tain winds, cre at ing so -
lar ac cess or shad ing, etc, must be con sid ered in each in di -
vid ual case. To pog ra phy, sur round ing build ings, veg e ta tion 
and wa ter are el e ments that trans form the re gional cli mate
into a spe cific mi cro cli mate, which is the in put for the in -
door cli mate of the in di vid ual build ing. The lim its be tween
re gional, mi cro- and in door cli mate are not abrupt, but de -
scribe a con tin u ous change.

Ur ban cli mate has been stud ied in re cent years. The

struc ture of the city cre ates an ur ban ‘air dome’ above and
around the city. In side the city, up to roof level, the ‘ur ban
can opy’ fil ters the out side cli mate grad u ally down to the
street level, like the can opy of a tree.

The phe nom e non of the ‘ur ban heat is land’ in creases ur -
ban air tem per a tures, cre at ing dif fer ences of 1–2 K dur ing
day time and nor mally 3–5 K at night, but there can be ex -
tremes of up to 10 K, ac cord ing to Givoni (1998). The
main fac tors gen er at ing the heat is land are:

• Lower heat radi a tion loss dur ing the night, due to the
geom e try of the city.

• Heat stor age in the build ing mass.

• Heat gen er at ing activ i ties (trans por ta tion, indus try, etc).
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Fig. 7 Trans for ma tion of the cli mate by the sur round ings of a 
build ing.



• Lower evap o ra tion due to less veg e ta tion and dif fer ent
sur face struc tures.

• Heating and cool ing of build ings both of which gen er ate
heat to the urban envi ron ment.

The mi cro cli mate will not be fur ther dis cussed in this pub -
li ca tion. For more in for ma tion, see the ref er ences.

Passive techniques
His torically, pas sive tech niques were the only way to cool
build ings, while heat ing could be ob tained by burn ing
wood or coal. There are now tech ni cal means that would
al low build ing de sign to ig nore the cli mate; but while this
is tech ni cally pos si ble, there are still good rea sons to adopt
pas sive tech niques, not only eco nomic, but also to pro mote
en vi ron men tal sustainability at both lo cal and global lev els.

‘Pas sive’ has changed its mean ing to in clude what are
called hy brid tech niques, i e the lim ited use of low-energy
equip ment such as pumps and ceil ing or ta ble fans if their
COP (co ef fi cient of per for mance: the re la tion be tween en -
ergy out put and in put) is high. Sim ple me chan i cal de vices
and lo cally avail able parts and skills char ac ter ize pas sive
sys tems. Usually the pas sive sys tem is an in te gral part of
the struc ture and has mul ti ple uses. One ex am ple is an or di -
nary win dow, which can pro vide view, light, ven ti la tion
and so lar gain.

Pas sive and low en ergy de sign helps the build ing take
ad van tage of the cli mate when it is ad van ta geous, and pro -
tects the build ing from the cli mate when it is not. This re -
quires good knowl edge of lo cal cli mate and a greater so -
phis ti ca tion on the part of the de signer. The de signer must
there fore have ad e quate tools for this so phis ti cated task of
pas sive de sign.

Heating and cooling
While pas sive heat ing, mainly based on so lar en ergy, has
re sulted in a wide range of tech ni cal so lu tions such as so lar 
heat ers and pho to vol taic cells, the evo lu tion of pas sive
cool ing has been much slower. The prob lem is more dif fi -
cult to ana lyse, and there are many de vices, such as roof
ponds and earth cool ing tun nels that seem to work best in
the ory.

Pas sive cool ing sources are the sky, the at mo sphere, and 
the earth – all nat u ral heat sinks. The sky acts ex clu sively
by ra di a tion, the earth and the at mo sphere by con vec tion
and la tent en ergy pro cesses (evap o ra tion).

Prin ci ples of pas sive cool ing are: shad ing, re flec tion, in -
su la tion, re duc tion of in ter nal gains, ven ti la tion, fans, and
tight ness of build ings. Heat re duc tion is best achieved by
ex clud ing un wanted heat rather than re mov ing it later, of -
ten by air con di tion ing.

Form
The form of the build ing in cludes its main pro por tions,
scale/vol ume, at tach ment etc.

Ta ble 5 shows dif fer ences in en ergy con sump tion for a
num ber of mod i fi ca tions to an air-conditioned, 3-apartment 
house in a given cli mate. It should also be in dic a tive for in -
door cli mate in non-conditioned build ings. Di viding the
build ing into sin gle houses in creases the en ergy con sump -
tion as much as a 5-fold change of roof in su la tion. Air in -
fil tra tion and ef fi ciency of the equip ment also play a large
role for air-conditioned build ings.

Table 5
Change in energy con sump tion as a func tion of change in

air-conditioned, 3-apartment house in a given cli mate.
(after Ekwall 1991)

Action Change %

Divi sion into sin gle-family build ings +22

U-value of roof increased from 0,18 to 1,0 W/m2K +22

U-value of walls increased from 0,23 to 2,2 W/m2K +175

Absorp tivity decreased from 0,7 to 0,3 for roof, –3

Absorp tivity decreased from 0,7 to 0,3 for walls ±0

SCOP1 increased from 3,5 to 4,4 –20

SCOP1 increased from 3,5 to 7,0 –50

Air changes from 0,6 to 1,0 +27

Air changes from 0,6 to 0,4 –13

1 The Seasonal Coefficient Of Performance (SCOP) de pends on
the load and is typ i cally 5–10% less than the Coefficient Of
Performance (COP).

Roof form is of ten dis cussed. Where wood was scarce,
vaults and domes were nor mal in tra di tional ar chi tec ture.
Cy lin dri cal and dome roofs have a higher heat trans fer co -
ef fi cient and larger area than flat roofs of the same base.
The so lar en ergy ab sorb ing area is nearly the same, where -
as the con vec tion heat trans fer area is higher for the curved 
types. There are thus no big dif fer ences be tween the con -
struc tions as such.

The ceil ing height is an other is sue re lated to roof form.
Tra di tional build ings in hot cli mates of ten have high
rooms, es pe cially those with domes or vaults which add to
the room height, and thus also to the vol ume.

Givoni (1976) found that in a hot cli mate, a re duc tion of 
the height from 3.6 to 2.4 m only cor re sponds to about 2%
in crease in the over all cool ing re quire ments of the body. If
in su la tion is in cluded in the roof con struc tion, the ceil ing
tem per a tures are also re duced, and the re duc tion in height
thus has lit tle, if any, sig nif i cance in terms of ra di a tion.

The strat i fi ca tion of air re quires a cer tain room height to 
cre ate a cooler, lower oc cu pa tion zone. Hot air pock ets
above the level of door and win dow lin tels can how ever
trans fer heat by con vec tion to the oc cu pa tion zone.

Lower ceil ing heights also re duce con struc tion costs,
and in com bi na tion with in su la tion, give better in door cli -
mate in colder sea sons. At ten tion should be given to the
qual ity of the air if room vol umes and ven ti la tion rates are
re duced. (See the sec tion on Ven ti la tion be low.)

Orientation
In ar eas where com fort is ac quired mainly by air move -
ment, it is im por tant to ori ent the build ing ac cord ing to pre -
vail ing winds.

In re gions where am bi ent tem per a ture has greater in flu -
ence on com fort than ven ti la tion, ori en ta tion with re spect
to the sun is im por tant. A north-south ori en ta tion of the
main fa cades is pref er a ble, since the sum mer sun pen e trates 
fa cades and open ings only mar gin ally in these di rec tions,
while in win ter when the path of the sun is lower, there is
pos si bil ity of so lar ac cess.

So lar ra di a tion on fa cades and through open ings can
eas ily be cal cu lated by so lar di a grams, see Fig ure 8. Di -
men sioning of shad ing de vices and the ef fect of sur round -
ing build ings and veg e ta tion can also be stud ied. Sets of di -
a grams and in struc tions are found in many ref er ence
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books, such as Markus and Mor ris (1980) or
Koenigsberger et al. (1974). Lippsmeier (1980) of fers good 
in struc tions on how to use so lar di a grams.

Ventilation
There are many pur poses of ven ti la tion: ther mal com fort
and struc tural heat ing/cool ing, but also health, and mois -
ture re moval.

Ther mal com fort can be cre ated by in creas ing air speed
through cross ven ti la tion, which pro motes evap o ra tive
cool ing of moist skin. Place ment of open ings for in let and
out let of air is es sen tial for di rect ing the air cur rent to the
oc cu pa tion zone. Ven ti lated at tic spaces, pref er a bly with
some ceil ing in su la tion, re duce ra di a tive heat trans fer from
the roof sheet ing. Also ex ter nal con di tions, such as sur -

round ing build ings and veg e ta tion may af fect the ven ti la -
tion flow, see Fig ure 9.

Wind an gles up to 45° to the open ings are ac cept able
and may even give better ven ti la tion rates than in a per pen -
dic u lar di rec tion. In sect meshes may have a largely neg a -
tive ef fect on ven ti la tion, but this can be im proved if they
are not placed in line with the fa cade, or pro vided with
wind-catching de vices.

Cal cu la tion of ven ti la tion rates is dif fi cult. Wind tun nels 
and ad vanced com puter sim u la tion pro grams (CFD – Com -
pu ta tional Fluid Dy nam ics) may give fairly ac cu rate re -
sults, but are com pli cated to use. Sim ple sim u la tions of
fluid flow may give some gen eral ideas, and so could this
ASHRAE for mula:

Q = E × A × v

Where:
Q = Air flow (m3/s)
E = Effec tive ness of the open ing,

0.25–0.35 for diag o nal winds
0.50–0.60 for per pen dic u lar winds

A = Area of the open ing (m2)
v = Wind speed (m/s)

Struc tural cool ing by night ven ti la tion has long been
com mon in hot and arid re gions. Dur ing the day time, a suf -
fi cient amount of in ter nal build ing mass can serve as a heat 
sink to ab sorb, by ra di a tion and nat u ral con vec tion, the
heat pen e trat ing into and gen er ated in side the build ing. To
en hance this ef fect, the build ing should in most cases be
un ven ti lated dur ing the day time to pre vent heat ing the in te -
rior by the hot ter out door air. Not ven ti lat ing could con flict 
with ther mal com fort, but com fort can be im proved by in -
creas ing the in door air speed with a fan, while min i miz ing
ven ti la tion with out door air.

As a rule of thumb, night ven ti la tion can cre ate an in -
door max i mum tem per a ture of 7–8 K be low the out door
max i mum. Dur ing day time, when the build ing is closed,
the ther mal mass is cooler than the in door air, mak ing the
op er a tive tem per a ture lower, fur ther en hanc ing the com -
fort. See Fig ure 10.

The ef fect of fans is con trol la ble by force and di rec tion.
Ceil ing fans cover wide ar eas, but re quire high ceil ings,
about 3 m.

Ex tra ceil ing height or so lar chim neys cre ate air move -
ment by stack ef fect. Wind tow ers are par tic u larly ef fec -
tive; they cre ate a breeze and pro mote cool ing by evap o ra -
tion. Wind tow ers are fre quent in the Mid dle East in re -
gions with suit able pre vail ing winds dur ing the hot sea son.
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Fig. 8 So lar di a gram for lat i tude 20°N.

Fig. 9 Cross ven ti la tion air flow in re la tion to wall open ings and 
sur round ing veg e ta tion (af ter Ev ans 1980).
A High in let and out let do not pro duce good air move-

ment at body level.
B Low in let and out let pro duce a good pat tern of air 

move ment, when it is re quired for cool ing.
C Low in let and high out let also pro duce a low level 

wind pat tern.
D The air flow at ceil ing heigh pro duced by a high in let 

is hardly af fected by an out let at low level.
E Pro jec tion shad ing de vices pro duce an up ward 

air flow in the room.
F A slot be tween wall and shade re sults in a more di rect 

flow of air.
Fig. 10 Ef fect of night ven ti la tion in high-mass, well-insulated and 

shaded build ings. Sche matic, ac cord ing to Givoni (1991).



The choice of ven ti la tion sys tem thus strongly af fects
the form of the build ing.

Min i mum health ven ti la tion must be se cured. Only
0.14 l/s per per son (rest ing) is needed to sup ply ox y gen,
but 2 l/s is needed to bal ance the vapour added by breath -
ing. A good in di ca tor for air qual ity is CO2 con cen tra tion.
To keep odours and emis sions away, CO2 should not ex -
ceed 1,000 ppm, which cor re sponds to an air sup ply of
about 7–10 l/s and per son, or about 0,35 l/s and m3, or 0,5
air changes per hour, which could be rec om mended for
hous ing. 

Mois ture re moval from wet ar eas such as kitch ens and
bath rooms, re quires higher rates of ven ti la tion. Dou ble
rates are rec om mended. For more de tails, re fer to
ASHRAE 1997.

Evaporative systems
Evap o ra tive sys tems can be used suc cess fully where there
is a great dif fer ence be tween dry-bulb (DBT) and wet bulb
(WBT) tem per a tures. Me chan i cal sys tems (re garded as ac -
tive), e.g. out door air sucked through wet pads by a fan,
can re duce the air tem per a ture by 70–80% of the
DBT–WBT dif fer ence.

Pas sive di rect evap o ra tive sys tems in volve very high
rates of out door air flow. Pads in wind-facing large win -
dows 50–100 mm thick can pro vide tem per a ture re duc tions 
of 40–50% of the DBT–WBT dif fer ence. A downdraft
cool ing tower com bined with a so lar chim ney at the op po -
site side of the build ing can give 88% DBT–WBT re duc -
tion.

In di rect evap o ra tive cool ing is by roof or ground ponds. 
These sys tems are gen er ally less suit able for re gions with
lim ited wa ter sup ply. They are also far too com pli cated for
low-cost build ings, and roof ponds may cause leak age.

Radiative cooling
Low equiv a lent sky tem per a tures in arid re gions have been
used for ra di a tive cool ing of heavy roofs in tra di tional ar -
chi tec ture. The gain of in su lat ing the roofs for so lar pro tec -
tion dur ing the day, or for re duced heat losses in cold sea -
sons, is how ever of ten greater. There are pro to types for
‘sky cool ers’, but they are far too com pli cated or ex pen sive 
for prac ti cal and low-cost use.

Heat capacity systems
Earth cool ing has high in vest ment costs and pas sages could 
be dif fi cult to keep free of harm ful bac te ria. Ef fi ciency is
of ten low. An in ter me di ate be tween struc tural mass stor age 
and earth cool ing is the rock bed. There are pas sive, ac tive
and hy brid sys tems. Rock beds are suit able for hous ing and 
other small build ings. How ever, the in vest ment costs are
high. Us able base ment rooms could give this ef fect to some 
ex tent.

The Trombe wall, a well-known sys tem among ar chi -
tects and re search ers, is a mass wall be hind a glass pane. It
has some ef fect in the ory, but is too com pli cated to man age 
for nor mal us ers. The use is there fore not wide spread.
Glazed spaces are more use able.

Materials
Too much at ten tion is of ten given only to the choice of one
main build ing ma te rial for the con struc tion. Seen in a sys -
tems ap proach the build ing ma te ri als may be dif fer ent for

dif fer ent build ing el e ments. They also in ter act with the de -
sign of the build ing, which may play a greater role for the
over all ther mal per for mance.

A stan dard rec om men da tion is that ‘lo cal’ ma te ri als
should be used as far as pos si ble. How ever, the choice of
ma te ri als should take into ac count, not only the pro duc tion, 
trans por ta tion and con struc tion costs and en ergy, but the
life-cycle cost of the build ing, in clud ing the op er a tion and
the de mo li tion and pos si ble re cy cling of the ma te rial. A
more ‘in ter me di ate’ or ‘ex pen sive’ ma te rial may in that
per spec tive save re sources com pared to a ‘lo cal’ or ‘cheap’
ma te rial.

Ther mal prop er ties
Ther mal re sis tance and ther mal ca pac ity are more or less
ant onyms, but all build ing ma te ri als pos sess both of them
in dif fer ent pro por tions. There are three fac tors in flu enc ing 
these prop er ties:

The den sity (ρ, kg/m3) plays a great role for the ther mal
prop er ties: the lighter the ma te rial the more in su lat ing and
the heavier the more heat stor ing.

The con duc tiv ity (λ, W/mK) de scribes the abil ity to con -
duct heat. In su lating ma te ri als have low con duc tiv ity.

The spe cific heat (cp , Wh/kgK) in di cates how much en -
ergy can be stored in the ma te rial. High spe cific heat means 
good ther mal, that is heat stor ing, ca pac ity.

Den sity, con duc tiv ity and spe cific heat for some com -
mon build ing ma te ri als are shown in Ta ble 6. Lo cal vari a -
tions may oc cur, es pe cially in re la tion to mois ture con tent.

Table 6 Ther mal prop er ties for some com mon
build ing mate ri als (based on var i ous sources).

Mate rial Den sity Con duc tiv ity Spe cific Heat
kg/m3 W/mK Wh/kgK

Adobe blocks 1 000–1 700 0.3–0.8 0.28–0.30

Alu minium 2 700–2 800 160–200 0.25

Bricks 1 200–2 000 0.42–0.96 0.25–0.30

Clay 1 600–2 000 0.45–0.9 0.22–0.24

Con crete 2 200–2 400 1.2–2.0 0.23–0.30

Cork, expanded 115–200 0.043–0.052 0.47–0.58

Light weight con crete 200–1 600 0.08–0.80 0.27–0.31

Min eral wool 20–300 0.034–0.049 0.18–0.21

Sand 1 500–1 700 0.40–0.50 0.23

Steel 7 800 50–60 0.13

Stone 2 000–2 800 1.3–3.5 0.20–0.25

Wood 500–900 0.14–0.16 0.66–0.76

The com bi na tion of ther mal prop er ties has in flu ence on
the time lag and the at ten u a tion of build ing el e ments. The
time lag is the time from out side to in side max i mum sur -
face tem per a ture, and the at ten u a tion is the pro por tion of
in side to out side tem per a ture am pli tude (swing). These
prop er ties strongly af fect the in door cli mate.

Sur face prop er ties of build ing ma te ri als are ab sorp -
tance, which is the abil ity to ab sorb short-wave, vis i ble
light, and emit tance, cor re spond ingly to long-wave, heat
ra di a tion. Ab sorp tance, re lates to col our, and val ues be -
tween 20% for white paint and 95% for black sur faces are
nor mal. Emit tance re lates more to sur face struc ture, and is
nor mally about 85–95% for build ing ma te ri als, ex cept
shiny metal sur faces, which may have 10–30% emit tance.
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Con se quently, a white-painted ren der ing re flects most of
the so lar ra di a tion but may emit a great deal of heat, e.g. to
a clear night sky.

Table 7 Absorp tance and emit tance of
some build ing mate ri als (based on var i ous sources).

Mate rial Absorp - Emit -
tance tance
(a)% (e)%

Alu minium sheet New 20–40 10

Oxi dized 30–50 20–30

Burnt clay bricks Cream 30–50 85–95

Yel low 55 90

Red 65–80 85–95

Con crete Light 45–70 85–95

Dark 90 90

Earth 80 90

Grass, leaves 75–80 85–95

Paint White 20–30 85–95

Light grey 30 90

Light green 50–60 90

Medium grey, yel low, orange 55 90

Light brown, grey, red 65–70 90

Dark brown/ red/green 80–90 90

Black 85–95 85–95

Steel sheet Gal va nized, new 30–65 15–30

Gal va nized, oxi dized 80 20–40

Rusty 60–85 60–90

Stone White mar ble 50 85–95

Lime stone 60 85–95

Yel low 50–70 85–95

Red 65–80 85–95

Thatch 60–70 85–95

White wash New 10–15 20–30

Weathered 20–30 20–40

Wood Pine 60 90–95

The ther mal re sis tance (R-value) of a ma te rial layer is
cal cu lated, for steady-state con di tions, as the thick ness di -

vided by the con duc tiv ity (d/λ). The over all ther mal re sis -
tance of a build ing el e ment is the sum of the R-values of
each layer of the el e ment, in clud ing the so-called film 
re sis t ance of the air lay ers close to the el e ment’s outer

(0.03–0.04 m2K/W de pend ing on wind) and in ner
(0.11–0.16 m2K/W for non-reflective ma te ri als, de pend ing
on po si tion and heat flow di rec tion) sur faces. The ther mal
trans mit tance (U-value) is the re cip ro cal of the ther mal re -
sis tance. For com plex el e ments, such as stud walls, the av -
er age U-value may be cal cu lated as the pro por tional av er -
age of the U-values for each part (Ex am ple: 20% studs

with U=0.6 and 80% in su la tion with U=0.3 gives U = 0.2 ×
0.6 + 0.8 × 0.3 = 0.36 W/ m2/ K).

Structure
Tra di tional build ing ma te ri als were heavy in many re gions,
and there fore old build ings were con fined to the same tech -
nique. To day there are light weight, in su lat ing ma te ri als,
and tech ni cally we can choose to ar range the struc ture of a
build ing with sep a rate func tions for ther mal ac cu mu la tion
and in su la tion.

In cli mates that re quire high ther mal mass, this is most
ef fi cient if put in side the build ing. How ever, in su la tion out -
side the heavy struc tural layer re duces the amount of heat
pen e trat ing dur ing the day. High tem per a ture fluc tu a tions,
when noc tur nal ra di a tion may cool the outer sur faces far
be low air tem per a ture, cause rapid ex pan sion and con trac -
tion, es pe cially on a roof, mak ing it im por tant to find du ra -
ble clad ding and wa ter proof ing ma te ri als that can en dure
these tem per a ture changes. Even ex ter nal ren der ing of in -
su lated walls needs spe cial at ten tion.

Prob lems with mould can be avoided by rain pro tec tion
on the ex ter nal side and ad e quate ven ti la tion in doors. Some 
ma te ri als need to be pro tected against ul tra vi o let ra di a tion
from the sun.

User influence
Mea sure ments and com puter sim u la tions with the aim of
de vel op ing new de signs are of ten car ried out in lab o ra -
tory-like en vi ron ments. The ther mal per for mance of the
build ing can be eval u ated, but these ex per i ments do not
take the user into ac count. The user might be cal cu lated in
as an in ter nal heat load, but it is dif fi cult to fore see how
he/she will re act to a new pas sive climatization de vice or
de sign con cept. The be hav iour of oc cu pants in flu ences the
ef fec tive ness of the de sign in use. Users’ de mands must
there fore be taken into ac count.

User pat terns and the time of oc cu pa tion may also af fect 
the de sign of in di vid ual rooms. In a bed room that is not oc -
cu pied dur ing the day the in door cli mate dur ing day time is
of no in ter est, and the de sign should be op ti mized for night
com fort. An of fice should nor mally be op ti mized for com -
fort dur ing work ing hours.

One pas sive ap proach is mi gra tion. In the past daily and
sea sonal mi gra tions were re sponses to cli mate changes.
They oc curred, for ex am ple, in tra di tional Arabic court yard 
houses, but smaller mod ern dwell ings do not ac com mo date 
this kind of cli mate ad ap ta tion
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Fig. 11 The con cepts of time lag and at ten u a tion. The chart could 
de scribe the out side and in side tem per a tures of a construc-
tion el e ment. Time lag (T) is the du ra tion be tween out side 
and in side max i mum. At ten u a tion is the re la tion be tween 
in side and out side am pli tude, a/A. The con cept can also be
ap plied to a whole build ing, re lat ing out door and in door 
tem per a tures.



Rec om men da tions

Each build ing site of fers its own con di tions for a good cli -
ma tic de sign, and it is the task of the de signer to ex ploit the 
pos i tive and avoid the neg a tive. Even if it is difficult to
give any gen eral rules, some rec om men da tions are sum ma -
rized be low for each main cli mate type. The rec om men da -
tions are in the form of a check list re fer ring back to the
sec tions of the pre vi ous chap ter.

General

Gen erally, build ing de sign should be pas sive as far as pos -
si ble to min i mize the need for en ergy in put. If this so lu tion
is not fully sat is fac tory, com ple men tary hy brid or ac tive
sys tems may be used. How ever, these sys tems should be
sim ple and cheap to build, op er ate and main tain, in te grated
as far as pos si ble in the build ing struc ture, and they should
meet any user re quire ments.

Climate types

The def i ni tions be low com ply with those in the chap ter on
page 6.

Cold climate

Surroundings
The ur ban fab ric, site lay out and build ing ori en ta tion
should pro tect from cold winds. So lar ac cess is im por tant
dur ing the long, cold sea son when the sun is low. Glazed-
over or cov ered ur ban spaces may be ad e quate, but risks of
oc ca sional over heat ing must be con sid ered. Drifting snow
may cause prob lems in some ar eas.

Heating and cooling
In door heat ing of build ings is of ten re quired all year
around. In ter nal heat loads from light ing and equip ment in
of fices or work shops may call for oc ca sional cool ing.

Form
A min i mized and well-insulated build ing en ve lope that re -
duces heat losses is most ad e quate. Pitched roofs are suit -
able for rain pro tec tion. Snow loads may have to be con sid -
ered.

Orientation
Ori en ta tion for so lar ac cess is im por tant, es pe cially in the
win ter. Dou ble or tri ple glaz ing is re quired. Large glazed
ar eas may re quire shad ing in some di rec tions if the sum mer 
is hot. Win dows in di rec tion op po site from the equa tor
should be min i mized.

Ventilation
The ven ti la tion rate should be kept at a min i mum to re duce
heat losses, but not so low that it causes health or mois ture
prob lems.

Other techniques
The po ten tial for so lar heat ing may be lim ited, at least
when most needed. Long-term stor age may be dif fi cult or
too ex pen sive. Hy brid so lu tions, such as heat pumps, may
be ap pro pri ate.

Materials
Ther mal in su la tion of build ings is im por tant to raise the
tem per a ture of in ner sur faces for better com fort, and to re -
duce the amount of en ergy used for heat ing. High in su la -
tion makes outer col our less im por tant.

Design tools
With low vari a tions in tem per a tures, steady-state cal cu la -
tions from U-values and out door and in door de sign tem per -
a tures may give good es ti mates of en ergy con sump tion.
The ef fect of ther mal stor age is less im por tant. Many com -
puter sim u la tion pro grams for ther mal per for mance give
de tailed re sults with good pre ci sion.

So lar di a grams may be used to as sure so lar ac cess to
win dows and out door ar eas.

Temperate climate

Surroundings
On the ur ban scale both pro tec tion from cold win ter winds
and from sum mer heat must be con sid ered. Veg e ta tion may 
cre ate com fort able shad ing dur ing sum mer and, if they
drop their leaves, al low for so lar ac cess in the win ter. Also
ar cades may shade pub lic space in the sum mer, while let -
ting the lower win ter sun in.

Heating and cooling
A tem per ate cli mate, of ten hav ing both cold and warm sea -
sons, nor mally re quires both heat ing and cool ing of build -
ings. So lar heat ing should be ad e quate for a great part of
the year.

Form
Dif fer ent sea sons re quire dif fer ent build ing forms. One so -
lu tion could be to de sign an in su lated and heated cen tral
win ter unit, with open, shaded or glazed spaces around this 
core for sea sonal use.

Orientation
Cor rectly placed win dows and sun spaces can take ad van -
tage of the sun for win ter heat ing but must be pro tected
dur ing hot sea sons.

Ventilation
Dif fer ent sea sons may also re quire widely dif fer ent ven ti la -
tion so lu tions. Com pare with the rec om men da tions for
cold, arid and hu mid cli mates.

Other techniques
Sun spaces of fer flex i ble and in ex pen sive so lu tions for dif -
fer ent sea sons, while heat ca pac ity sys tems may be ad van -
ta geous dur ing tran si tion pe ri ods with a wide tem per a ture
dif fer ence be tween day and night.
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Fig. 12 De sign prin ci ples for cold cli mates.



Materials
There is a need for both ther mal in su la tion and ther mal
stor age ca pac ity (heavy mass).

Design tools
Dy namic cal cu la tion mod els, tak ing heat ca pac ity into ac -
count, are nec es sary to as sess the ther mal per for mance of
build ings. So lar di a grams could be use ful for find ing com -
bined so lu tions for all sea sons. Sim pler mod els for ven ti la -
tion may be suf fi cient.

Hot-arid climate

Surroundings
A com pact ur ban plan is pref er a ble for ob tain ing an ac cept -
able mi cro cli mate in the hot sea son. Nar row streets, that
might also be cov ered or lined by ar cades, cre ate shade and 
may act as cool ponds where build ings get their ven ti la tion
air. Pro tec tion from air borne sand and dust could be im por -
tant. Though highly re flec tive sur faces are ther mally pref -
er a ble they may cre ate glare. So lar ac cess dur ing colder
sea sons may im prove ur ban cli mate.

Heating and cooling
Cooling is most im por tant for the greater part of the year,
but there may be cooler sea sons re quir ing heat ing.

Form
A com pact lay out of build ings min i mizes so lar ex po sure in
the sum mer and heat losses in the win ter, if any. Court yard
houses cre ate in ter me di ate zones that can dif fer greatly
from the outer cli mate.

Orientation
Ori en ta tion ac cord ing to the sun is most im por tant, and
north-south ori en ta tion of the main fa cades is pref er a ble. If
there is a cooler sea son, cor rectly placed and ori ented win -
dows may im prove in door com fort dur ing win ter. So lar
pro tec tion is im por tant, es pe cially to wards the west where
af ter noon sun co in cides with high air tem per a tures.

If there are pre vail ing winds suit able for cool ing they
can be caught by cor rectly placed open ings or by spe cial
de vices.

Ventilation
In creased ven ti la tion dur ing the night cools the struc ture,
and if kept well closed dur ing day time the build ing may
keep a lower in door tem per a ture. Ceil ing or ta ble fans may
im prove in door com fort while the build ing is closed.

High vents pre vent the cre ation of hot air pock ets un der
the ceil ing. For a dome or vault, an air vent at the apex,
which is a low-pressure zone, is ef fec tive.

Wind tow ers/catch ers may in crease ven ti la tion if there
are pre vail ing winds. Ven ti la tion chim neys, cre at ing stack
ef fects, may work where there are low or no winds.

Other techniques
Evap o ra tive sys tems have great po ten tial. How ever, clean
wa ter is needed. Me chan i cal sys tems have the high est ef fi -
ciency, but also pas sive tech niques give rea son able re sults.
Foun tains and veg e ta tion in court yards are use ful and of ten 
found in such cli mates.

Ra di a tive cool ing to wards the clear sky can give con sid -
er able dis si pa tion of heat, es pe cially from sur faces with a
high sky view fac tor, such as a roof.

Materials
The great changes in day and night tem per a tures can be uti -
lized by in cor po rat ing heavy ma te ri als to help mod er ate the 
in door cli mate.

Some ther mal in su la tion is ad van ta geous, par tic u larly of 
the roof, which re ceives the most so lar ra di a tion dur ing hot 
pe ri ods. A light weight and in su lat ing en ve lope re duces
over all heat trans fer, es pe cially dur ing win ter, but re quires
heavy in ter nal el e ments for heat stor age.

Spaces for night oc cu pa tion only may be con structed in
light weight ma te ri als, per mit ting quick struc tural cool ing in 
the eve ning.

Design tools
Cal cu la tion of ther mal per for mance of build ings must in -
clude heat stor age. There is a range of com puter pro grams
on the mar ket, but nor mally do not in clude evap o ra tive
cool ing cal cu la tions. So lar di a grams should be used for de -
sign ing shad ing de vices, etc.

Warm-humid climate

Surroundings
Shad ing and ven ti la tion are the most im por tant fac tors for
com fort. So lar ra di a tion is mainly dif fuse. The main is sue
is that build ings should have the right place ment and spac -
ing to al low wind flow, in con trast to arid cli mates where
the sun po si tion is most im por tant. Sur rounding veg e ta tion
may of fer sky shad ing and wind de flec tion.

Pro tec tion from strong winds could be es sen tial, es pe -
cially in ar eas that ex pe ri ence hur ri canes, ty phoons or tor -
na does.

Heating and cooling
Most warm-humid cli mates have no cold sea son. If air con -
di tion ing is partly re quired, it must be pos si ble to close the
build ing well.
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Fig. 13 De sign prin ci ples for tem per ate cli mates.

Fig. 14 De sign prin ci ples for cold cli mates.



Form
Build ings should be of open struc ture with large open ings
pro vid ing cross ven ti la tion. Pitched roofs with wide over -
hangs or ve ran das cre ate shade and rain pro tec tion. There
should be storm wa ter drain age lead ing away from the
build ing.

Orientation
Since there is less di rect sun shine, it is im por tant to ori ent
the build ing ac cord ing to pre vail ing winds. There should
be spe cial care to ad mit de sired winds and to pro tect from
cold winds if there is a cooler sea son.

Ventilation
Ad e quately placed and de signed open ings can di rect air -
flow into the spaces nor mally oc cu pied. High vents pre vent 
the cre ation of hot air pock ets un der the ceil ing. It is im por -
tant to pro vide for good ven ti la tion in at tic spaces, but be
sure to pro tect against in sects and other harm ful an i mals.

Sim ple ceil ing or ta ble fans help im prove in door com -
fort if wind speed is not suf fi cient.

Good ven ti la tion, to gether with pro tec tion from rain
pen e tra tion into the build ing, pre vents the growth of
mould.

Other techniques
Evap o ra tive sys tems do not work well where there is high
hu mid ity, and ra di a tive cool ing is less ef fec tive since skies
are sel dom clear.

An open build ing struc ture may cre ate prob lems with
noise and pri vacy, and spe cial care must be taken if this is
im por tant.

Materials
Light weight ma te ri als are suit able in most cases, since
there are only small dif fer ences be tween day and night
tem per a tures.

Ceil ings, mod er ately in su lated if pos si ble, in com bi na -
tion with ven ti lated at tic spaces help pro tect from so lar
heat ing through the roof. The roof ing sheets should be light 
col oured, and the in side should be shiny to de crease heat
emis sion down wards. How ever, ox i da tion of ten rap idly de -
creases this ef fect.

Design tools
Modelling ven ti la tion is most es sen tial in a hot-humid cli -
mate. Wind or wa ter tun nel tests, or ad vanced com puter
mod els (CFD) may give use ful re sults. Ther mal cal cu la -
tions work well for closed, air-conditioned build ings. The
high hu mid ity level must be con sid ered for com fort as sess -
ment. So lar di a grams are use ful to di men sion shad ing de -
vices.

Guidelines for 
Good Climatic Design

This chapter deals with collecting the data to improve cli -
ma tic design in a specific situation. It is directed mainly to
researchers, but it might also be useful to practising ar chi -
tects and engineers.

The method proposed to develop a detailed knowl edge-
base about the thermal performance of buildings is based
on Rosenlund 1995, and contains three main parts, the
‘three cornerstones’. The interconnections among these
‘cornerstones’ and the step by step learning process are
shown in Figure 16.

Field measurements

The process normally starts with ‘M’ – field measurements.
These are carried out in existing buildings. In this phase
information is collected about the outdoor climate at the
micro level, and the indoor climate normally experienced
by the population. The measurements can take place in a
number of objects, such as both traditional and modern
buildings, and differences between such types can thus be
revealed. The behaviour of the users or occupants is also
studied, e.g. ac tiv ity and occupation patterns, opening and
closing of windows or the management of other passive or
active appliances. A basic comfort range, and possible dis -
crep an cies to normal standards, may be established through 
interviews.

The purpose of this step is to establish a reference stan d -
ard for the ‘normal’ indoor climate experienced by the pop -
u la tion, and also to reveal possible differences between
building types, such as traditional and contemporary build -
ings.

Methods
The measurement studies normally cover a long period to
include different seasons and to get variations in the cli -
mate. User influence on the indoor climate can also be
identified if periods with and without occupation are
measured, or if parallel observations of the occupants’
behaviour are made (number of people, activities, opening
and closing windows and shutters, etc).
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Fig. 15 De sign prin ci ples for warm-humid cli mates.

Fig. 16 The ‘Tri an gle’. Re la tion be tween the ‘three cor ner stones’ 
of the study: Field Measurements, Parametric stud ies, and
ex per i men tal Building.



It is especially important to compare findings with of fi -
cial climate data from the nearest meteorological station to
see if the measured climate at the time is ‘normal’ or ‘ex -
treme’ for the season, and if the time of measurement is
within a stable period, if an evaluation of normal con di -
tions is required.

Measurements over long periods can give large amounts 
of data. When evaluating these results it is important to
decide what to study and then pick out the corresponding
data. Regression analyses may be done, and these require
continuous data over a longer period to be reliable.

Tools
Long-term studies require programmable loggers for data
collection. Although they are becoming more and more
reliable, loggers need periodic surveillance and control.
Battery power or backup is essential, especially in remote
areas, where there might be frequent power cuts, and in fre -
quent site visits.

The data loggers and their probes must be regularly
calibrated. The accuracy may also be checked occasionally
with simple hand instruments or against available data,
such as those from meteorological stations. Lastly the re -
searcher must judge if the results are reasonable, ac cord ing
to his/her own experience.

Parametric modelling

A set of relevant parameters may be identified when eval u -
at ing the results of the field measurements. The second
‘cornerstone’, the parametric modelling study, is a process
where the influence of each parameter (such as orientation,
window size, building materials, or ventilation) on the in -
door climate or energy consumption is assessed. After a
first stage with systematic studies of each individual pa ra -
m e ter a more intuitive process normally follows, where
combinations of parameters are studied. The objective is
system optimization or ‘best possible solution’ – not op ti -
mi za tion of individual elements.

New design concepts, materials and techniques, or in no -
va tive applications of available materials and tech ni ques
may also be tested in this phase.

Methods
One or several typified baseline cases for computer mod el -
ling are created (such as one ‘traditional’ type and one
‘modern’). Occupation patterns may also add variations to
the baseline cases (e.g. one ‘living house’ and one ‘office’). 
The baseline cases should be simplified as far as possible
to be more generally representative for each of the building 
types, and to be easier to handle in computer modelling and 
calculations.

The baseline cases should be representative in terms of:

• gen eral build ing con cept: func tional lay out, ori en ta tion,
detach ment, court yards, etc,

• unit size, roof spans, ceil ing heights, etc,

• sizes, ori en ta tion and shad ing of open ings,

• con struc tion mate ri als.

From one or more base line cases the in flu ence of chang ing
one pa ram e ter at a time, such as win dow size or ven ti la tion 
rate, is stud ied. This can give in for ma tion on pos i tive/neg a -

tive or strong/weak in flu ences, op ti mum di men sions, etc.
Finally the re sults from these type-buildings must be trans -
lated into real con struc tion and into rec om men da tions, of -
ten as rules of thumb, some times also quan ti fied into norms 
and reg u la tions.

Tools
In stead of mas sive ex per i men tal build ings, to day’s tech -
niques of fer com puter sim u la tions as a rel a tively cheap
method of pre-testing new build ing con cepts or ma te ri als.
Pro grams to be used in re search re quire a great deal of
knowl edge to en ter the in put data and in ter pret the re sults
cor rectly. They need to be val i dated through mea sure ments
of real build ings. This is es pe cially im por tant when work -
ing with non-conventional build ing de sign. Links to some
pro grams can be found on HDM’s homepage, see Ref er -
ences.

Some or di nary de sign tool sim u la tion pro grams are sim -
pler but of fer lim ited pos si bil i ties for mod el ling and cal cu -
la tion. Some times the al go rithms as sume a steady state and
do not cal cu late dy namic pro cesses, while oth ers do not ac -
count for the ef fects of ther mal stor age. These sim pler pro -
grams are of ten con sid ered valid for their lim ited use, as an 
aid in the de sign of or di nary build ings, and they may even
be cer ti fied for of fi cial use, such as for en ergy bal ance es ti -
mates in build ing per mit ap pli ca tions.

In te gra tion with other pro grams, and fur ther de vel op -
ment of com put ers could make the ‘de sign-oriented’ sim u -
la tion pro grams more re li able, and us able early in the de -
sign pro cess. Ex pand able da ta bases, based on sim u la tions,
rules of thumb, ex pert sys tems, and heu ris tic mod els, in te -
gra tion with CAD and other mod ules would make both
build ing de sign and pro duc tion less ex pen sive and more
pre cise in the fu ture.

Experimental buildings

In the third step the re sults of the para met ric mod el ling are
used in the de sign of an ex per i men tal build ing. The ex per i -
men tal build ing should be a ‘real’ build ing – to be oc cu pied 
and eval u ated by us ers.

This is when the re search re sults are dis sem i nated.
There must be rea son able in vest ment and op er a tion costs
for ac cep tance by cli ents, and sim ple con struc tion tech -
niques and ma te ri als are es sen tial for the con trac tor and the 
build ing in dus try. Au thor ities may have ju ris dic tion over
en vi ron men tal im pacts, en ergy con sump tion lim its, health
and safety, etc. Gen eral ac cep tance of the de sign, func tion -
al ity and op er a tion by the us ers can mean that the new
build ing is con ceived as ‘mod ern’.

The ex per i men tal build ing is also used as a ba sis for fur -
ther im prove ments of the de sign through mea sure ments
and com puter sim u la tions. The build ing now ex ists (a ‘new 
re al ity’ or stan dard is ob tained), and we en ter a sec ond cy -
cle (Fig ure 16), lead ing to the next ex per i men tal build ing,
etc. – a pro cess of in creased knowl edge and im proved cli -
ma tic de sign.

Methods
De sign prin ci ples re sult ing from the pre vi ous phases of
field mea sure ments and para met ric mod el ling are used as a
ba sis for the con cep tual de sign of an ex per i men tal build -
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ing. Ar chi tects and en gi neers in a ‘nor mal’ de sign pro cess
may also use them as rules of thumb. Com puter sim u la tions 
may also be used as a com ple men tary de sign tool for ex -
per i men tal build ings.

The ex per i men tal build ing should not only be an op ti -
mal re sult of the re search, but also a ‘real’ build ing, serv ing 
a pur pose and func tion ing to gether with its oc cu pants and
their ac tiv i ties. In ter views and dis cus sions with the us ers
lead to a deeper knowl edge of the re ac tions to new con -
cepts, in di cat ing a de gree of ac cept abil ity, and lead ing to
fur ther im prove ments of pas sive sys tems.

Ex per i men tal build ings also serve as dem on stra tion ob -

jects. Good ex am ples play an im por tant role in in tro duc ing
new de sign con cepts and tech ni cal so lu tions, es pe cially
within the in for mal sec tor. The ad van tage of mak ing of fi -
cial ex per i men tal build ings is that they are gen er ally ac ces -
si ble to the pub lic, and that there is of ten some per son re -
spon si ble for the op er a tion of equip ment, for open ing and
clos ing win dows, etc. Small-scale build ings may also have
many build ing ma te ri als and tech niques in com mon with
hous ing con struc tion.

Ex per i men tal build ings should not be too ex treme, if
user ac cep tance and rep li ca tion are in tended. Yet they have
to be per ceived as ‘mod ern’ since, apart from a small num -
ber of ro man tics, a ‘mod er ate mo der nity’ is what most peo -
ple want – or dare to iden tify them selves with.

Tools
A cen tral pro cess in the con struc tion of ex per i men tal build -
ings is co op er a tion be tween re search teams, pos si bly in
sev eral coun tries. In ad di tion to re search ers, prac tis ing ar -
chi tects and en gi neers should be in volved. The im por tance
of ac cep tance from these groups must be un der lined. With -
out their un der stand ing, co op er a tion and sup port, the dis -
sem i na tion of the ideas through pro fes sional chan nels can -
not suc ceed.

The build ing in dus try and con trac tors play an im por tant
role. In te gra tion into cur rent and mod ern con struc tion tech -
niques, lo cally avail able ma te ri als, and a sound econ omy
are es sen tial for the vi a bil ity of new ideas. The con struc -
tion of an ex per i men tal build ing is a good op por tu nity to
eval u ate these fac tors, even if costs of ten are higher than
nor mal.

Ex per i men tal build ings are of ten erected out side the
frame work of ac cepted norms and reg u la tions. Finally, au -
thor i ties must ac cept the new de sign con cepts to in te grate

them into con struc tion within the for mal sec tor of the econ -
omy. A di a logue with con cerned min is tries, en ergy in sti -
tutes and lo cal au thor i ties is im por tant through the en tire
pro cess.
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Fig. 17 An ex per i men tal build ing – a Children’s Cen tre – built in 
Tozeur, Tu ni sia.



Case study

As pre sented in the pre vi ous chap ter, the re search method
con sists of three main parts: field mea sure ments, para met -
ric com puter mod el ling and the con struc tion of ex per i men -
tal build ings. In this chap ter a case study is ana lysed ac -
cord ing to these three ‘cor ner stones’. The study was car -
ried out as re search co op er a tion be tween Lund Uni ver sity
and ARRU – Agence de Réhabilitation et de Rénovation
Urbaine, an au thor ity for ur ban up grad ing in Tu ni sia. The
ob jec tive of the study was to in crease knowl edge about
pas sive climatization of build ings in the hot and arid cli -
mate of south ern Tu ni sia, and to dem on strate the find ings
in a real build ing – a chil dren’s cen tre to be built in the city 
of Tozeur.

The region and the climate

The city of Tozeur has a large oasis, and was founded by
the Romans as the last out post be fore the desert. To day it is 
the county cap i tal with its main in come from ag ri cul ture
and tour ism.

The tra di tional town cen tre, the Me dina, is com pact and
the mi cro cli mate prof its from the oasis. The build ings are
of court yard type and made of thick sand wich walls of lo -
cal, low-fired bricks with mud be tween. New liv ing ar eas
have wide streets, and the houses are of both in ward and
out ward look ing types. The com mon build ing ma te ri als are 
con crete hol low blocks and light weight bricks.

Tozeur is sit u ated at 33°N at an al ti tude of only 37 m
above sea level. There is a big salt lake south of the town
form ing the bor der to the Sa hara desert. Nor mal tem per a -
tures are 6–16°C in Jan u ary and 25–40°C in July. Ex treme
tem per a tures were be tween 0°C and 48°C in 1979–88. Rel -
a tive hu mid ity is nor mally 40–78% in Jan u ary and 18–60% 
in July. So lar ra di a tion is mainly di rect and strong with
3,200 sun shine hours per year. To tal an nual rain fall is only
84 mm. Av er age wind speed is 2.6 m/s, from east or north -
east in the spring/sum mer and from west in the au tumn/
win ter.

Field measurements

To get a ba sic idea about in door cli mate in the re gion, mea -
sure ments were col lected in two build ings in Tozeur (see
Fig ure 18):

• One ‘tra di tional’ house in the his tor i cal cen tre (the
medina), where the mas ter bed room was stud ied.

• One pri mary school on the out skirts of Tozeur, where the 
head mas ter’s office was mea sured. This con struc tion can 
be char ac ter ized as ‘mod ern’.

Room air and sur face tem per a tures were mea sured in both
places, and in the tra di tional room the rel a tive hu mid ity
was re corded. At the school the out door cli mate was mea -
sured: air tem per a ture, wind speed and di rec tion, and
global so lar ra di a tion on hor i zon tal sur face.

User behaviour
Due to the dif fer ent func tions of the build ings, the user in -
flu ence was also dif fer ent. Ta ble 8 shows the prin ci pal us -
age of the two rooms.

The room in the tra di tional house was mainly oc cu pied
at night and closed dur ing day time, while the mod ern of -
fice was the op po site, ex cept dur ing the sum mer, when the
school was closed. Ir reg u lar ities in the us age of the spaces
can also be seen in the re sults of the mea sure ments.

Table 8 User behav iour.
Mea sured tra di tional and mod ern build ings.

Tra di tional bed room

Sum mer 06 Rise. Shut ters and door are closed (the glass 
win dows are closed only if there is a lot of dust 
or a sand storm).

19 Win dows and door are opened. 
Some times the court yard is wet ted.

23-24 Go to bed.

Win ter The room is closed all the time. There is no heat ing.

06 Rise.

21-22 Go to bed.

Mod ern office

Sum mer The semes ter starts Sep tem ber 15.

07.15 Arrival. Door, win dows and shut ters are opened.

13 Depar ture. Door and shut ters are closed.

15 Return. Doors and shut ters are opened.

18 Depar ture. Door, win dows and shut ters are 
closed.

Win ter 07.15 Arrival. Shut ters are opened, but the win dows 
are kept closed. The heater (600W) is turned on.

13 Depar ture. Heater turned off.

15 Return. Heater turned on.

18 Depar ture. Heater turned off, shut ters closed.

Measurements
Six days, the 23–28/8 1991, be ing a rather sta ble pe riod,
are cho sen as an ex am ple of de tailed stud ies.

The two roof con struc tions (a and b) show great dif fer -
ences in be hav iour. The heavy tra di tional roof, more in su -
lat ing than con crete, gets very high max i mum ex ter nal sur -
face tem per a tures due to the so lar ra di a tion. The night min -
i mum is much lower than the min i mum air tem per a ture,
due to the long-wave ra di a tion to wards the night sky. The
dec re ment fac tor, that is the re main ing tem per a ture swing
on the in side in pro por tion to the out side, is about 15%.
The mod ern con crete roof shows a lower out side swing,
be cause the heat passes quickly into the struc ture, but the
dec re ment is 35%, giv ing 4 de grees higher max i mum ceil -
ing tem per a tures than the tra di tional roof.

Comparative simulations
Sim u la tions were car ried out with two ob jec tives:

• To val i date the sim u la tion mod els by com par ing their
results to the mea sured data.

• To equal ize the dif fer ent user influ ence through ad di tion -
al heat, ven ti la tion and heat ing, and the pos si ble dif fer -
ence in micro cli mate, rec og nized in the mea sure ments.

A di rect com par i son of the mea sure ments and the sim u la -
tions shows that the sim u lated tem per a tures were gen er ally
higher than the mea sured. The cor re la tion was higher be -
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tween mid day and mid night, while dur ing the rest of the
night the real tem per a tures, es pe cially that of the mod ern
con crete roof, de creased more due to the night ra di a tion.
The rea son for the dif fer ence was that the ver sion of the
sim u la tion pro gram used did not take into ac count long-
wave sky ra di a tion.

It was also found that the out door tem per a ture in the old 
cen tre was lower than at the site of the pri mary school on
the out skirts of the town.

In or der to com pare the two build ings un der equal con -
di tions, they were sub jected to sim u la tions with the same
cli mate and ven ti la tion (1 air change per hour 07–19 and
40 ach at night), and the shut ters were closed dur ing the
day.

The re sults of the sim u la tions showed that in the heavy
tra di tional build ing tem per a tures are sta ble, only the ceil ing 

tem per a ture is slightly el e vated. The mod ern of fice has
high eve ning tem per a tures in the ceil ing and the light -
weight west and south walls (Fig ure 20 a–b).

Conclusions
The two build ings in clude dif fer ent types of el e ments,
based on ther mal stor age ca pac ity and on in su la tion prop er -
ties. The in door cli mate of the rooms, de scribed by the op -
er a tive tem per a ture (Fig ure 21), be ing in prin ci ple the
same, shows that the in di vid ual build ing com po nents are
not pri mar ily in ter est ing as such, but the com bi na tion of
them, the ‘de sign’, shapes the to tal cli mate of the build ing.
See Fig ure 21.

The roof is the most sen si tive el e ment, and add ing in su -
la tion would seem pos i tive. If ther mal in su la tion re places
heavier ma te ri als, it could also di min ish the weight of the

20

Volume 10 • Number 1 Building Issues 2000

Fig. 18 Mea sured build ings in Tozeur, Tu ni sia. 
Left: Tra di tional house, old town. Right: Of fice, pri mary school.

Fig. 19
Ther mal be hav iour 
of the roof. 
Mea sured in the:
a tra di tional room,
b mod ern of fice.



roof and thus the to tal cost of the con struc tion. How ever, a
prob lem with in su lated roofs is the high and vary ing tem -
per a ture of the outer sur face, and crack ing must be pre -
vented.

The in ter nal walls seem to be the most suit able for heat
stor age, since they are not ex posed to the out door cli mate.
They should there fore be heavy, while the outer walls
should be in su lated.

In ter mit tent ac tive climatization, such as an elec tric
heater un der a desk as used in the mod ern build ing for ‘lo -
cal’ com fort, has lit tle in flu ence on the heavy and semi-
heavy build ing el e ments. How ever, per ma nent heat ing or
cool ing is too costly be cause of high heat losses through
the poorly in su lated en ve lope. There fore, a con scious pas -
sive ar chi tec ture, that is: pro vi sion of ad e quate ven ti la tion,
shad ing in the sum mer and uti li za tion of so lar en ergy in the 
win ter, is more ef fi cient.

It should also be noted that not only the de sign of the
build ing in flu ences in door com fort; the im me di ate sur -
round ings, through the mi cro cli mate, also play an im por -
tant role.

Parametric modelling

Program
Sim u la tions were car ried out with DEROB-LTH de vel oped
by the De part ment of Build ing Sci ence at Lund In sti tute of
Tech nol ogy, Lund Uni ver sity, Swe den (1999). The pro -
gram runs un der Win dows and can han dle up to eight vol -
umes, each with 27 fac ing sur faces, and up to 100 build ing
el e ments in to tal of 25 dif fer ent types. It uses an RC net -

work for ther mal model de sign, cal cu lat ing the in door cli -
mate and pos si ble en ergy con sump tion for heat ing and
cool ing.

The sim u la tion re sult is given as hourly val ues of vol -
ume, sur face and op er a tive tem per a tures, so lar ra di a tion,
heat ing and cool ing re quire ments, com fort level, en ergy
flows, etc, and as sta tis tics for each month and for the
whole sim u la tion pe riod. DEROB-LTH also in cludes a
graphic mod ule for check ing the ge om e try of the build ing
model from dif fer ent an gles. It is pos si ble to view the
build ing from the sun’s po si tion, where in so la tion on sur -
faces and through open ings can be vi su al ized for any day
and hour of the year. In te gra tion with CAD and da ta bases
will im prove – prob a bly not too far in the fu ture.

Model
The build ing model was adapted to lo cal prac tice in terms
of size, form, ma te ri als and glazed ar eas. The model con -
sists of a very long build ing where two rooms were stud -
ied: one room (A) at the west ern end, with a large area of
outer walls, and a room (B) ad ja cent to the first. The out -

line is pre sented in Fig ure 22.
Af ter check ing each in di vid ual pa ram e ter, two dif fer ent

build ing types, de noted ‘tra di tional’ and ‘mod ern’, were
mod elled and com pared in a se ries of sim u la tions. These
build ing types rep re sent com mon build ing tech niques and
are out lined in Fig ure 23. Some fixed pa ram e ters for both
these base line cases are:

• The outer absorp tivity is set to 0.3 (white to light cream), 
which is assumed to be the low est prac ti cally obtain able
value.

• The night ven ti la tion in the sum mer is 20 air changes per 
hour (ach), and the same rate is used for win ter day ven -
ti la tion in some cases. This rate is deemed to be pos si ble
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Fig. 21 Op er a tive tem per a tures in the ‘tra di tional’ and the ‘mod ern’ 
build ings in Tozeur, Tu ni sia. Sim u la tion where the two 
ob jects are sub mit ted to the same con di tions.

Fig. 20
Equa li sa tion.
Sim u la tion with
both build ings 
un der the same
con di tions of mi -
cro cli mate, user
be hav iour and
ven ti la tion.
a Tra di tional
room.
b Mod ern of fice.

Fig. 22 The sim u la tion model. 
Two rooms in the end of a long build ing are stud ied.



to attain with out spe cial arrange ments. At all other hours
the min i mum infil tra tion of 0.5 ach is assumed.

• The win dows are towards the south and have shut ters,
closed dur ing sum mer days and win ter nights.

Cli mate data for Ghardaïa, Al ge ria, sim i lar to that of
Tozeur, was used through out the study. Some of the re sults
are pre sented be low.

Roof insulation
An in su lated roof, a 150 mm wood wool slab with a 50 mm
con crete cover, only mar gin ally im proves the in door cli -
mate in the tra di tional build ing, see Fig ure 24a.

In the mod ern build ing (Fig ure 24b), the tem per a ture in -
crease dur ing sum mer days, mainly through so lar heat ing
of the roof, is re duced by 3 K when the roof is ther mally
in su lated. In the win ter heat losses are heavily re duced, es -
pe cially at night. The tem per a ture rises so much that day
ven ti la tion gives neg a tive ef fects. When the build ing is
kept closed, the max i mum tem per a ture al most reaches
20°C.

Thermal storage
Making the in ner walls in the mod ern build ing of 150 mm
con crete in stead of 100 mm hol low brick can de crease the
max i mum sum mer tem per a ture by 1 K due to the in creased 
ef fi ciency of the night ven ti la tion. Thicker in ner walls have 
a very mar ginal ef fect on di ur nal heat stor age and are a
waste of build ing ma te ri als if not struc tur ally jus ti fied, see
Fig ure 25.

Window sizes
To ob tain rea son ably com fort able in door win ter tem per a -
tures through pas sive tech niques in the tra di tional build ing, 
the whole south wall has to be glazed, i e 9 m2 glass area,
cor re spond ing to 33% of the floor area. This im plies rad i -
cal changes in ar chi tec ture or ex ten sive re con struc tion of
ex ist ing build ings to adapt them to the cli mate.

In the mod ern type of build ing, the pro posed 4 m2 win -
dow (15%) is ad e quate, oth er wise there is a risk of over -
heat ing, even in win ter.

Occupation
The build ing model has been sub jected to two dif fer ent
user pro files, both add ing a to tal en ergy of 6.25 kWh per
room and day. One ‘of fice’ model adds heat from 8 am to 6 
pm, and one ‘res i den tial house’ pro file spread out over all
hours has peak lev els in the morn ing and eve ning.

For both build ing types with in su lated roofs the in door
cli mate dur ing the sum mer is about equal, with max i mum
op er a tive tem per a tures about 32°C. In the win ter, how ever,
the dif fer ence is con sid er able: while the tra di tional build ing 
re mains at tem per a tures about 13–15°C, the mod ern build -
ing rises up to 19–22°C.

Active climatization
The pos si bil ity of fu ture ac tive climatization is es sen tial to
con sider when mak ing pas sive de sign. Fig ure 26 shows
that roof in su la tion heavily re duces en ergy de mands for ac -
tive climatization. At the same time max i mum power re -
quire ments de crease, lead ing to cheaper equip ment.

Experimental building

The ex per i men tal build ing, the chil dren’s cen tre, which
was built within the re search co op er a tion with ARRU, is
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Fig. 23 ‘Tra di tional’ and ‘mod ern’ mod els.
Fi nal base line cases of the ‘adapted’ build ing.
Top: ‘Tra di tional’.  Bot tom: ‘Mod ern’.

Fig. 24
Roof in su la tion. 
Ef fect on op er a tive tem per -
a tures in room A of un oc -
cu pied  build ings:
a ‘Tra di tional’,  
b ‘Mod ern’.
(No in creased day
ven ti la tion as sumed in the
mod ern win ter case).

Fig. 25 Di ur nal con duc tive heat stor age in a con crete in ner wall 
(per side) in July. Thick ness over 150 mm has very lit tle 
ef fect on the heat stor age.



in tended as a pro to type for a small pub lic build ing adapted
to the cli mate of south ern Tu ni sia.

Table 9 Sim u la tion cases, Children’s Cen tre.
Seven com bi na tions of wall and roof mate ri als

sim u lated in the design pro cess.

Case Outer walls a Roofs a

1 500 stone  25 ren der ing
 50 con crete
 50 hourdisb

2  15 ren der ing
105 hol low brick
 75 air space
150 hol low brick
 15 plas ter ing

3  25 ren der ing
150 foam con crete
 50 con crete

4  25 ren der ing
 50 con crete
150 wood wool slabs

5  15 ren der ing
105 hol low brick
 75 cork
150 hol low brick
 15 plas ter ing

6  15 ren der ing
105 hol low brick
 75 air space
150 cement sta bi lised soil
 15 plas ter ing

7 500 stone

a Or dered from outer to in ner lay ers. 
In ner walls of stone and con crete.

b Hourdi = con crete hol low el e ment.

Computer Aided Sketch Design
Com puter sim u la tions were now used as a de sign tool, and
were run on the ba sis of a first sketch, mainly to study the

ef fect of dif fer ent build ing ma te ri als (Ta ble 9) and win dow
sizes (Ta ble 10). Ven ti la tion rates were as sumed at 1 ach
per ma nently in No vem ber–March and dur ing the day in the 
sum mer, when the build ing is night ven ti lated with 40 ach
21–09. Oc cu pa tion 09–18 is rated at 1,000 W in the ac tiv -
ity hall, 500 W each in the work shop and the li brary, and
200 W each in the lab o ra tory and the of fices.

Table 10
Children’s Cen tre. Three win dow sizes sim u lated (m2).

Case Activ ity hall Lab o ra tory Work shop Library

Small  3,4  1,7  1,7  1,2

Medium  6,7  3,4  3,4  2,4

Large 10,1  5,0  6,7  4,8

South fac ing win dow area, sin gle glazed

Most of the building materials tested in these sim u la -
tions are available on the market in southern Tunisia. How -
ever, some innovative solutions were sought.

The simulation results show that case 4, with double
brick walls and an insulated roof, gives the highest indoor
operative temperatures in the winter and also the lowest
summer temperatures. The normal building practice, stone -
walls and ‘hourdi’ roof, gives the worst indoor climate in
both seasons (Figure 27a–b).

Given the materials of case 4, Figure 27c–d show the
influence of window size on the temperatures. The large
windows give higher indoor temperatures in January than
the medium and small windows. The equal performance of
the latter two is a result of DEROB-LTH’s inability (in that
version) to treat insolation correctly. In reality there should
be a difference. In the summer all cases perform equally,
since the shutters are closed during daytime.

Final design
The choice of wall materials was evident: case 4 performed 
best in both seasons. The roof was built of prestressed con -
crete beams at a c/c of as much as 1 m, thus saving many
expensive beams and reducing the thermal bridges found in 
normal con struc tion. See Figure 29.

The size of the windows followed practical and estheti -
cal restrictions, and the windows roughly correspond to the 
‘medium’ alternative in Table 10.

Construction
The construction of the children’s centre was started by a
small, local contractor in late 1993. The building was
finished, except for external works, in spring 1995.

Measurements
Mea sure ments in the youth club dur ing op er a tion are not
yet eval u ated. Fig ure 30 shows re sults from a sim i lar build -
ing, where the dif fer ence be tween ‘op ti mal’ and ‘ac tual’
user be hav iour can be seen. The us ers must learn how to
man age the build ing, or the de sign must be re vised.
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Fig. 26 Yearly en ergy de mand for the base line cases, 
with out and with roof in su la tion;
a) ‘tra di tional’ b) ‘mod ern’,
Ther mo stat set tings: 18–27°C, at 08–18 in the of fice, 
and at all hours in the res i den tial house. 
Floor area: 54 m2. Cli mate: Ghardaïa, Al ge ria.
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Fig. 29 The in su lated roof of the Children’s cen tre.

Fig. 27

Sim u la tion re sults,
Children’s Cen tre, Tozeur. 
Op er a tive tem per a tures in
an oc cu pied build ing.
In flu ence of en ve lope ma te -
ri als (walls/roof)  for me -
dium-size win dows:
a Jan u ary,  b July.
In flu ence of win dow sizes
for the brick/ wood wool 
al ter na tive (case 4):
c Jan u ary,  d July.

Fig. 30
User in flu ence. Op er a tive tem per a -
tures in the ac tiv ity hall of the youth
club in Tamerza, Tu ni sia. Ac tual
mea sured data com pared to sim u -
la tions un der ‘op ti mal’ con di tions.
a) Oc to ber (night ven ti la tion, so lar
shad ing,)
b) No vem ber (min i mum ven ti la tion,
so lar ac cess).
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Fig. 28 Children’s cen tre. Tozeur, Tu ni sia 
Plan and fa cades.
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