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ABSTRACT: The principles of the passive solar house were defined in the 1970s. Since that time, strategies
have been conceptualized and tested with different examples built in the USA and in Europe. Models directly
related to the Mediterranean climate are rare in this context. They will be the subject of the present study. In
these cases, the main issue is to reconcile solar gain in winter and solar shading protection in summer. In
addition, summer heat can be lost through natural ventilation. The research will focus on aspects of architectural
design to implement alternatives for optimizing control of radiation. The Heliodon 2TM computer software will be
used to establish evaluation methods for certifying the energy efficiency of the solutions under study.
Keywords: solar radiation, Mediterranean climate, architecture

1. INTRODUCTION
When addressing the issue of solar radiation in
DUFKLWHFWXUH D VHSDUDWLRQ EHWZHHQ VWUDWHJLHV IRU
VXPPHU DQG ZLQWHU DUH FRPPRQO\ HVWDEOLVKHG >@
ZKLFK a priori DUH FRQWUDGLFWRU\ JDLQ DQG
SURWHFWLRQ  7KLV DUWLFOH RQ WKH RWKHU KDQG KDV QRW
chosen this dichotomy. Except in particular cases
that are architecturally designed for summer [2] or
ZLQWHU XVH GHVLJQV DUH XVXDOO\ FRQFHLYHG IRU JRRG
air conditioning throughout WKH \HDU 7KHUHIRUH LQ
WKLV DUWLFOH ZH WUDFH GLIIHUHQW DUFKLWHFWXUDO DVSHFWV
and jointly assess their impact in summer and winter.
The objective is to identify compromise solutions that
give a good response for both summer and winter.

2. METHODOLOGY
The sun’s path follows a daily and seasonal
pattern. That path is closel\ OLQNHG WR ODWLWXGH WKXV
an architectural form experiences different degrees
of exposure to radiation.
,QFRQWUDVWRQO\DSSUR[LPDWLRQVPD\EHRIIHUHGLI
an attempt is made to quantify the annual radiation
received by each architectural surface using
theoretical model calculations. The radiation
reaching the earth's surface must pass through the
atmosphere [3] and cloudiness is a variable that is
XQSUHGLFWDEOH E\ D PRGHO 7KHUHIRUH RQO\
approximations of absolute values are valid. In
FRQWUDVW ZKHQ H[SRVXUH LV HTXDO EHWZHHQ VXUIDFHV
ZLWK GLIIHUHQW RULHQWDWLRQV RU LQFOLQDWLRQV WKHLU
comparative relations will be correct. In thLVFDVHWKH
relationships that differentiate one area from another
are invariable because they are due to purely
positional geometric relations of a flat surface with
regard to solar radiation.
These relationships will be explored later on in
this paper as they relate to the latitude of Barcelona
LWVHOI  1  DV D representative of the
Mediterranean climate. The computer software tool
XVHG LV +HOLRGRQ 70 >@ GHVLJQHG E\ %HQRLW
Beckers & Luc Masset [5]. The program performs

FDOFXODWLRQV LQ WKHRUHWLFDO FORXGOHVV FRQGLWLRQV >@
without taking into account either the diffuse radiation
emitted by the sky [7] or the radiation reflected by
nearby surfaces. This method of calculation is not a
drawback because its purpose is not to determine
precisely the absolute value of radiation received. As
LQGLFDWHG DERYH WKH DLP LV WR HVWDEOLVK FRPSDUDWLYH
relationships between the gain of some surfaces and
others. The 2TM Heliodon program is highly useful
for this in that it also performs the calculations for the
desired time period.
,Q WKLV VWXG\ ZH V\VWHPDWLFDOO\ DVVHVV WKH
radiation accumulated during winter (21-Dec to 210DU  DQG VXPPHU -XQ WR 6HS  NQRZLQJ WKDW
LQ ZLQWHU WKH UDGLDWLRQ ZLOO EH GHVLUHG ZKHUHDV LQ
summer it will not be. The study establishes an
assessment procedure that is justified as follows:
Phase 1: design aspects are not incorporated
Compares radiation received by the same
VXUIDFH DW GLIIHUHQW RULHQWDWLRQV 7R GR VR D FXEH
form aligned with the cardinal points is used.
Phase 2: design aspects are incorporated
Knowing the different exposures of a surface in
terms of its orientation raises design aspects that
improve the performance of a project in regard to
radiation. Each aspect provides design alternatives
with different impact in terms of radiation. In each
FDVH LW LV SRVVLEOH WR GHWHUPLQH WKH DOWHUQDWLYH WKDW
provides the best response to radiation and
reconciles the situations of winter and summer. The
following table sets out the aspects and alternatives
considered:
Table 1: Aspects and design alternatives

ASPECTS

ALTERNATIVES

1- Proportion of the
rectangular layout

Analysis of various
proportions of the layout
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2 – Protection elements
of the southern facade

Dimensioning of the
horizontal overhangs

3 - Protection elements
of the eastern and
western facades

Choice of protection:
horizontal or vertical

4 – Slope of the roof

Flat or sloped with
various inclinations and
orientations

3. RESULTS AND DISCUSSION
3.1. Not considering design aspects (phase 1)
The audit consists in assessing the amount of
solar energy received by the different planes of a
cube the vertical surfaces of which are strictly
RULHQWHGWRZDUGVQRUWKVRXWKHDVWDQG ZHVW,WDOVR
adds the energy received on a horizontal flat surface
corresponding to a hypothetical flat roof.

3.2. Considering design aspects (phase 2)
3.2.1. Proportion of the rectangular layout:
analysis of various layout proportions

Four periods were assessed. The first two
correspond to winter (Fig. 1) and summer. The next
two were associated with months related to extreme
WHPSHUDWXUHV WKH FROGHVW EHLQJ -DQXDU\ DQG WKH
KRWWHVW-XO\
(Fig. 2) summarizes the data obtained in a graph.

:H FDQ VD\ DV D JHQHUDO FRQVLGHUDWLRQ WKDW
linear forms have better thermal performance
throughout the year if they are elongated in an eastZHVW GLUHFWLRQ EHFDXVH WKH\ DUH PRUH OLNHO\ WR
capture radiation in winter with the large area of
H[SRVLWLRQ UHSUHVHQWHG E\ WKH VRXWKHUQ IDFDGH DQG
LQ FRQWUDVW WKH\ FDSWXUH YHU\ OLWWOH LQ VXPPHU
because the east and west facades are smaller.
7KH REMHFWLYH LV WR YHULI\ IURP WKH VWDQGSRLQW RI
VRODU UDGLDWLRQ JDLQ ZKDW WKH RSWLPDO UHFWDQJXODU
shape is. The study was conducted based on two
parameters: the ratio between width and length and
orientation of the shape. Three layout relationships
DUH XQGHU VWXG\ [P   [P  DSSUR[ 
6x6 (1:1). The floor area LV WKHUHIRUH DOZD\V WKH
2
same: 36 m  0RUHRYHU LI WKH VDPH KHLJKW P  LV
DOZD\VXVHG LQWKHHYDOXDWLRQWKHLQWHULRUYROXPHLV
always the same: 216 m3. The two rectangular
relationships of the layout were evaluated by
positioning them based on two orientations: orienting
WKH ORQJ IDFDGHV WR WKH HDVW DQG ZHVW RU RULHQWLQJ
the long facades to north and south. A square shape
is symmetrical in the two possible orientations and its
EHKDYLRXU LV WKH VDPH )LQDOO\ VXPPHU DQG ZLQWHU
behaviour are assessed seeking a balanced solution
that reconciles protection in summer and gain in
winter.
(Fig. 3) summarizes the data obtained in a graph.

Figure 2: total solar radiation (kWh) on the surfaces of the
6x6x6m cube in Barcelona, in the summer and winter, and
in the months of January and July

Figure 3: total solar radiation (kWh) on the surfaces of
various rectangular shapes, in Barcelona, in the summer
and winter

Figure 1: total solar radiation on a 6x6x6m cube, in
Barcelona, in winter
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We should point out the importance of radiation
RQWKHURRILQVXPPHUZKLFKLVPXFKKLJKHUWKDQWKH
radiation received on any other surface. In July
DORQH WKH UDGLDWLRQ RQ WKH URRI LV KLJKHU WKDQ WKDW
received in the entire winter.
5HJDUGLQJ WKH VRXWKHUQ IDFDGH LW LV ZRUWK
mentioning that the radiation received is
approximately 1.4 times higher in winter when
compared with summer.
,Q UHJDUG WR WKH HDVWHUQ DQG ZHVWHUQ IDFDGHV
notice how the radiation received in summer is
almost comparable to that received on the southern
IDFDGH ,Q FRQWUDVW LQ ZLQWHU WKH UDGLDWLRQ UHFHLYHG
by these facades is only around 30% of that received
on the southern facade.
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The graphs that show the behaviour of a single
surface offer obvious results. Gain increases with the
size of the facade.
The interest lies in following the behaviour of the
graph that describes what happened in terms of total
gain to the volume.
,QVXPPHUWKH[SURSRUWLRQWKDWRULHQWVLWVORQJ
facades to the north and south is the most favourable
one since it is the one with lower gain. This
SURSRUWLRQ FDSWXULQJ  N:K  LV VOLJKWO\ EHWWHU
WKDQ WKH VTXDUH RSWLRQ  N:K  RU WKH ORQJ
option that is oriented in WKH VDPH GLUHFWLRQ 
N:K  DQG VLJQLILFDQWO\ EHWWHU ZKHQ FRPSDUHG ZLWK
the same volume with longer facades oriented to the
HDVWDQGZHVW EHWZHHQDQGN:K 
,QZLQWHUWKHPRVWIDYRXUDEOHVLWXDWLRQLVDOVRWR
lengthen the volume of the longer facades to the
north and south. The capture capacity of the south
IDFDGH GHVSLWH WKH QHDUO\ zero contribution of the
QRUWKIDFDGHLVJUHDWHUWKDQWKHVXPRIWKHFDSDFLW\
of the east and west facades.
,Q VKRUW WKH PRVW IDYRXUDEOH UHODWLRQVKLSV LI WKH
SXUSRVHLVWRUHFRQFLOHZLQWHUDQGVXPPHUDUHWKRVH
that have elongated layouts orienting their largest
IDFDGHVWRWKHQRUWKDQGVRXWK7KHVRXWKIDFDGHLV
XQGRXEWHGO\ WKH FUXFLDO RQH GXH WR LWV SUHYLRXVO\
mentioned high gain capacity in winter.

Figure 4: solar radiation with an overhang o=h, in winter

The results are compared using graphs (Fig. 5
and 6) to facilitate understanding and conclusions.

3.2.2. Protection elements of the southern
facade: dimensioning of the horizontal
overhangs
,I WKH VRXWK VLGH LV FULWLFDO OHW XV ORRN DW KRZ WR
optimize its performance. The role the south face
SOD\VLQJDLQLQZLQWHULVIXQGDPHQWDO,QFRQWUDVWLQ
VXPPHU WKH VRXWK IDFDGH UHFHLYHV D VLJQLILFDQW
amount of radiation. TKHUHIRUH WR LPSURYH WKH
performance of the south facade it is advisable to
lower its gain in summer without being detrimental to
JDLQLQZLQWHU,QRUGHUWRDFKLHYHWKLVZHPXVWVWXG\
an alternative design: overhangs for screening the
sun.
Given that the sun follows a higher path in the
VN\ LQ VXPPHU WKDQ LQ ZLQWHU LW LV SRVVLEOH WR
dimension overhangs to screen radiation in summer
and allow radiation in winter.
,Q WKLV VHFWLRQ ZH HYDOXDWH WKH GHVLJQ RI WKH
overhangs seeking the most favourable relationship
between the height of the facade to be protected in
the summer and the length of the overhangs. An
attempt is made to determine the compatible option
for the two seasons by performing calculations.
The overhangs are labelled “o” and the height of
the façade “h”. We evaluated the following
UHODWLRQVKLSVR KR KR KR KR KR K
without o.
(Fig. 4) shows an illustrative image of the
UHSUHVHQWDWLRQV E\ +HOLRGRQ XVLQJ WKH FDVH RI WKH
ORQJHVWRYHUKDQJR K

Figure 5: total solar radiation (kWh) with different lengths of
overhangs, in Barcelona, in summer and winter

Figure 6: percentage of radiation received with different
lengths of overhangs, in Barcelona, in summer and winter

Of all the relationships between the height of the
facade and the lengths overKDQJ WKH EHVW LV R K
,QVXPPHUWKHSHUFHQWDJHRILQWHUFHSWHGUDGLDWLRQLV
high and the façade receives only 36% of the
UDGLDWLRQ ,Q ZLQWHU WKH same overhang intercepted
little radiation and allowed 73% of the radiation to
reach the facade.
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3.2.3. Protection elements of the eastern and
western facades: choice of horizontal or
vertical protection
The particularity of the east and west facades is
WKDW HDFK LQ VXPPHU UHFHLYH DV PXFK UDGLDWLRQ DV
the south facade. This does not occur in winter. The
amount of radiation received by the two facades
does not equal the radiation received by the south
IDFDGH 7KHUHIRUH LI we want to improve
performance in comparison to radiation on these
IDFDGHV ZH PXVW VWUHQJWKHQ SURWHFWLRQ LQ WKH
VXPPHU ZKLOH WU\LQJ QRW WR KDUP WKH ORZHU ZLQWHU
gain. What type of protection would be proposed for
this purpose?
The east and west are associated at the time of
sunrise and sunset. Radiation is quite flush at that
WLPH RI GD\ 7KLV LPSOLHV JHRPHWULFDOO\ DQ DQJOH RI
incidence of radiation that is quite perpendicular to
WKHYHUWLFDOSODQHVDQGLQWKHRU\LQFUHDVHGJDLQ%XW
LQ WKHVH LQVWDQFHV UDGLation must pass through
WKLFNHUDWPRVSKHULFOD\HUVVRLWVHIIHFWLVUHGXFHG,Q
OD\PDQ¶V WHUPV ZH VD\ WKH VXQ GRHVQ¶W KHDW DV
much.
)XUWKHUPRUH LQ ZLQWHUVXQULVHDQGVXQVHW RFFXU
in the southeast and southwest respectively. In
FRQWUDVWLQVXPPHUWKH\RFFXULQWKHQRUWKHDVWDQG
QRUWKZHVW 7KHUHIRUH LQ VXPPHU WKH UDGLDWLRQ
around the east and west occupies many more hours
DGD\DQGPXFKRIWKHWLPHthe height of the sun is
considerable and radiation is no longer flush.
*LYHQ WKH DERYH WKH TXHVWLRQ RI KRZ WR
approach effective solar protection on the east and
west is reformulated as follows: Should the
overhangs be horizontal (as in the case of southern
orientation) that impede raGLDWLRQ IURP DERYH RU
should protections be vertical to intercept flush
radiation?
7R UHVSRQG WR WKLV GLOHPPD WKH +HOLRGRQ
VRIWZDUH SURJUDP ZDV RQFH DJDLQ XVHG DVVHVVLQJ
the radiation received by an eastern oriented 3x3
vertical surface at Barcelona’s latitude.
The response was evaluated in summer and in
ZLQWHUZLWKQRSURWHFWLRQZLWKDKRUL]RQWDORYHUKDQJ
)LJ ZLWKYHUWLFDOSURWHFWLRQRQWKHQRUWKDQGZLWK
vertical protection on the south (Fig. 8).

Figure 8: solar radiation received by an eastward oriented
surface, in summer, with vertical protection on the south

All protective elements will be exactly the same
size to compare the effect of only changing their
SRVLWLRQ 7KXV ZH FDQ SUHSDUH D FKDUW FRPSDULQJ
the absolute values (Fig. 9) and another graph
comparing the percentage received in comparison to
the situation without protection (Fig. 10).

Figure 9: total radiation (kWh) received by an eastward
facing surface with various protective elements, in
Barcelona, in the summer and winter

Figure 10: percentage of radiation received by an eastward
facing surface with various protective elements, in
Barcelona, in the summer and winter

Figure 7: solar radiation received by an eastward oriented
surface, in summer, with overhang
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The vertical protective effect on the north is
negligible. The discussion comes down to choosing
between vertical protection on the south or the
overhang. The overhang is the more successful of
the two. It reduces the amount of radiation received
in summer (58%) and allows a greater amount of
radiation to be received in winter (75%).
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$QRWKHUFDVHVWXG\OLQNHGWRWKHVDPHHDVWDQG
ZHVWRULHQWDWLRQVLVWKDWof radiation control shading
VODWVWRSURWHFWDZLQGRZ$JDLQWKHGLVFXVVLRQLVLQ
relation to the optimum position. Considering the
SUHYLRXV VWXG\ LW LV advisable to suspect that
horizontal positioning of the slats will be most
suitable.
7R UHVROYH WKH GLVFXVVLRQ D SURSRVDO ZDV PDGH
WR DQDO\]H WKH EHKDYLRXU RI D [ PHWHU ZHVWZDUG
IDFLQJRSHQLQJRQZKLFKWKHVDPHVKDGLQJVODWVDUH
SODFHGFKDQJLQJRQO\WKHLUSRVLWLRQKRUL]RQWDOO\ )LJ
11) or vertically (Fig. 12). The arrangement of the
slats is every 30cm and they protrude 30cm above
the surface of the opening. The radiation calculations
are performed for two study periods: summer and
winter.
The case in which no shading protection is used
is also added to the assessment. This makes it
possible to comment in terms of percentage of
radiation received in relation to a hypothetical case
with no shade protection.
7RIDFLOLWDWHFRPSDULVRQWZREDUJUDSKVDUHXVHG
to show the results. The first shows the absolute
values of radiation received (Fig. 13) and the second
the percentage values of radiation received in
comparison with the case of no shade protection
(Fig. 14).

Figure 13: total radiation (kWh) received by a westward
facing surface with protective slats, in Barcelona, in the
summer and winter

Figure 14: graph comparing the percentage of radiation
received by a westward facing surface with protective slats,
in Barcelona, in the summer and winter

The benefit of horizontal shading is clearly superior
WR WKH YHUWLFDO VKDGH SURWHFWLRQ ,Q ZLQWHU ZKHQ
UDGLDWLRQLVGHVLUHGYHrsus 17% of that possible
LV UHFHLYHG ,W LV LQ VXPPHU KRZHYHU ZKHQ WKH
benefit is blatantly superior. When the radiation is not
GHVLUHGWKHWRWDOUHFHLYHGLVORZHUYHUVXV
of that possible.

Figure 11: solar radiation received by an opening oriented
towards the west protected with horizontal slats, in summer

3.2.4. Slope of the roof: flat or sloped with
different inclinations and orientations
,QVXPPHUWKHUDGLDWLRQUHFHLYHGE\DKRUL]RQWDO
roof is twice that received by a southern facade of
WKH VDPH VXUIDFH ,Q ZLQWHU VLQFH WKH VXQ¶V SDWK LV
ORZHU LQ WKH VN\ WKH VDPH roof receives 75% of the
radiation hitting the southern facade. This reflection
demonstrates the great importance of the roof in
bioclimatic design.
,Q WKLV VHFWLRQ WKH SURSRVHG H[HUFLVH LV VLPSOH
The same floor area is covered with roofs with
different inclinations and orientations; the radiation
received in each case is recorded.
An illustrative image of the simulations of the
radiation received is shown below. It corresponds to
the radiation received in summer by a roof with an
inclination of 50% to the south (Fig. 15).

Figure 12: solar radiation received by an opening oriented
towards the west protected with vertical slats, in summer
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Barcelona’s latitude (Fig. 17). Due to the existence of
geometrical laws that describe the regularity of the
VXQ¶V SDWK +HOLRGRQ 70 VRIWZDUH LV DQ HIIHFWLYH
tool that enables quick calculations for long time
SHULRGV :H FDQ GHGXFH IURP RXU ILQGLQJV
relationships that compare the radiation received by
different design solutions DQG WKHUHIRUH WKHLU
efficiency.


Figure 15: solar radiation received in summer by a roof with
a 50% inclination towards the south

Figure 17: real case: bar of the School of Architecture of
Barcelona: vertical (left) and horizontal (right) slats.
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Figure 16: total radiation (kWh) received by the same roofs
with different inclinations and orientations, in Barcelona, in
the summer and in winter

7KHUHDGLQJRIWKHUHVXOWV )LJ IRXQGWKDWDV
WKH URRI OHDQV IDUWKHU WRZDUGV WKH QRUWK WKH
variations between the gains in summer and winter
became more pronounced. A southward facing roof
with a 50% inclination has double the gain in summer
WKDQ LQ ZLQWHU DQG ZLWK WKH VDPH LQFOLQDWLRQ EXW
RULHQWHGQRUWKZDUGWKH H[SRVXUHLVDOPRVW WLPHV
higher in summer.
,Q OLQH ZLWK WKH DERYH GLVFXVVLRQ D IODW URRI LV D
convenient option at Barcelona’s latitude. The
radiation received in summer is situated exactly at
the point of balance between the roofs with the same
VORSHEXWIDFLQJVRXWKRUQRUWK,QFRQWUDVWLQZLQWHU
there is reduced gain compared with roofs facing
VRXWK EXW LW ZLOO QHYHU EH DV GUDPDWLF ZKHQ
compared with north-facing roofs.
,W LV ZRUWK UHFDOOLQJ WKDW LQ DQ\ HYHQW WKH
radiation received by the roof does not move inside
in the form of hot air that descends to ground level.
/LJKWHUZDUPHUDLURQO\ULVHV7KHGHOHWHULRXVHIIHFW
is the radiation exchange with the user. The roof
DUHD KHDWHG LI LW UHFHLYHV VWURQJ VXQOLJKW HPLWV
radiation toward the user jeopardizing comfort.

4. CONCLUSION
The modelling of architecture linked to controlling
radiation is entirely feasible. Geometric relationships
exist between the sun’s posLWLRQ H[SRVXUH RI WKH
form to radiation and the design of protective shading
devices. The sun’s path is characteristic at each
ODWLWXGH7KHUHIRUHIURPWKHVWDQGSRLQWRIUDGLDWLRQLW
is possible to associate form with a certain latitude.
)RU H[DPSOH KRUL]RQWDO IL[HG SURWHFWLYH VKDGLQJ
elements will be most effective in all directions at
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