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ABSTRACT: a bioclimatic solar school previously studied by the authors and built in the province of La Pampa 

(central Argentina) needed to be built in a new place in the province of Salta (North-west Argentina), with a different 

climate. Thus, the building was redesigned in order to adapt it to the new climatic conditions. To do this, transient 

thermal simulations were done in order to detect overheating problems and to check the building thermal behavior 

under the new climate. This paper presents the results of this redesign and shows the transient thermal behavior of the 

school in winter and summer. The school includes the use of passive systems to achieve energy conservation, 

comfortable indoor environments, low consumption of conventional energy, and significant reductions in CO2 

emissions to the atmosphere. The simulations allowed evaluating materials and design strategies adapted to the new 

climate. 
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INTRODUCTION 

It is well known that in Argentina, public buildings 

are replicated all over the country by repeating the same 

design and without considering the climate differences 

between regions. This paper shows a case study of a 

school building that was designed for a climate region 

where it showed an excellent thermal and energy 

behaviour, and that required to be built in another region 

with a different climate. The study of the strategies 

needed to adapt the building design to the new location 

was made through thermal simulation, a very important 

tool allowing to improve building designs and to 

calculate the thermal behaviour of buildings under 

changing conditions, as different climates, orientation, 

geometry, materials, etc. Nowadays, a wide variety of 

simulation programs is available, of different complexity 

[1-3]. In Argentina, a lot of effort was directed since 

1984 to develop a code for the simulation of transient 

thermal behaviour of passive multiroom buildings. 

SIMEDIF is a free software developed by researchers of 

INENCO (Non Conventional Energy Research Institute), 

Argentina [4, 5]. Numerous groups use it for research 

[6], design, and simulation of the thermal behaviour of 

lightweight [7,8] and massive [9] buildings and also for 

agricultural buildings [10]. This software was used in this 

paper to redesign an energy efficient school for Cachi, a 

small town in the Argentinean Northwest. The initial 

model was similar to that of a solar school designed 

monitored and simulated by the authors in La Pampa in 

1993, that achieved excellent levels of energy saving and 

indoor environmental comfort [11, 12]. Thus, the original 

building was simulated under the climate conditions of 

Cachi. Successive improvements were included in the 

simulations in order to adapt the design to the new 

location. The design variables were modified together 

with changes in the construction materials in order to 

achieve the necessary levels of thermal comfort. The 

study allowed evaluating design strategies and materials 

suitable for the climatic zone under study, with economic 

costs that not significantly overpass those of a 

conventional school. 

 

 

CLIMATE OF THE TWO LOCATIONS 

Arid and semiarid regions are characterised by 

climate extremes: scarce and variable rainfalls, high solar 

irradiance, high variability in daily temperatures, and 

high albedos. More than 75% of the Argentine territory is 

arid and semiarid, and this is also the case of the two 

locations studied in this paper, named Algarrobo del 

Águila and Cachi. The first one is located at the North-

West of La Pampa (36º26’ of South latitude, 67º09’ of 

West longitude and 320 meters above the sea level). The 

school was originally designed for this location, where 

the climate has low rainfall and high irradiance levels, 

with high daily thermal swings. The IRAM Norm 11603 

[13] classifies it as Climatic Zone IVb (of high solar 

irradiance). The second location studied in this paper is 

Cachi, in the West of the Andes Mountains, in the 

province of Salta (25°37’ of South latitude and 66º11’ of 

West longitude). Cachi is at a high altitude (2280 m over 

the sea level) and it is an arid region with high levels of 
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solar irradiance. The IRAM 11603 Norm characterizes 

its climate as Climatic Zone IVa (mild cold). 
Table 1: Climatic data for winter and summer for Algarrobo 

del Águila and Cachi. 

 
Algarrobo 

del Águila 
Cachi 

W
in

te
r 

Temperature 

(ºC) 

Mean 

maximum 
15.3 21.0 

Mean 

minimum 
-0.6 -1.0 

Mean  6.9 9.2 

Mean daily solar irradiance on 

horizontal surface (MJ/m2) 
9.1 15.1 

Thermal swing (ºC) 16.8 20.4 

Mean wind speed (km./h) 7 2.70 

Degree days of heating,  

base temperature=18ºC 
1646 1204 

S
u

m
m

er
 

Temperature 

(ºC) 

Mean 

maximum 
33.3 27.6 

Mean 

minimum 
14.3 8.0 

Mean 24.6 18.0 

Mean daily solar irradiance on 

horizontal surface (MJ/m2) 
27.4 27.0 

Thermal swing (ºC) 20.6 14.7 

Mean wind speed (km/h) 9.0 3.3 

 

It is observed that both climates are arid and belong 

to the climatic zone IV. But there are many differences 

between them, related to the air temperatures and solar 

irradiance levels. Table 1 shows the climatic data for 

Algarrobo del Águila and Cachi. In winter, Algarrobo del 

Águila has both, lower temperatures (maximum and 

minimum) and lower daily solar irradiance than Cachi 

(9.1MJ/m
2
 vs 15.1 MJ/m

2
); while in summer, Algarrobo 

del Águila is hotter than Cachi (with mean temperatures 

of 24.6ºC in the first place and 18.0ºC in the last one) and 

similar levels of daily solar irradiance of around 

27MJ/m
2
. These climatic differences are the reason why 

probably a bioclimatic building designed for Algarrobo 

del Águila will have the same efficiency in winter or 

even better, due to the milder temperatures and higher 

solar irradiance of Cachi. In summer, the possibility of 

overheating should be checked through thermal 

simulation. 

 

 

LOCATION 1: SOLAR SCHOOL IN ALGARROBO 

DEL AGUILA 

The original school uses passive systems and 

bioclimatic strategies to achieve energy conservation, 

comfortable indoor environments, low consumption of 

conventional energy, and significant reductions in CO2 

emissions to the atmosphere. The thermal behavior of 

this school was monitored in order to evaluate its thermal 

performance. The obtained experimental data was also 

used to validate the physical model simulated with 

SIMEDIF software. A brief description of the building 

design and the most important results of these studies are 

briefly resumed in the next sections. The interested 

reader can obtain a deeper insight in Filippín et al. [11, 

12]. 

 

Building description 
 

 
Figure 1. Plan, section, and technology of the envelope. 

References (1) classroom (2) office, (3) pedagogical resources, 

(4) corridor, (5) access, (6) bathrooms and storeroom. 
 

To optimize the energy efficiency of the building, 

heat storage, passive solar heating through direct gain, 

natural ventilation, and daylighting were considered. The 

project is a compact rectangular group of eight modules 

(7.2m x 6.2m), with a total area of 357 m
2 

(Fig. 1) and a 

volume of 959 m
3
. Direct gain in the office and 

pedagogical resources room is obtained through northern 

windows with fixed glazing to avoid mechanical devices, 

infiltration losses, and maintenance problems. All 

windows have timber frame and glazing areas are built 

with polycarbonate to improve their thermal resistance. 

The classroom windows allow outside view and cross 

ventilation. The northern glazing area to total useful area 

(in this case building’s functional areas that have natural 

conditioning: heating, cooling, ventilation, solar control 

options, and lighting) ratio is 11%. The envelope 

technology has a double purpose: first, to store energy 

gain, and second minimize loss. The external vertical 

envelope is a 0.18m brick wall with 0.04m of external 

insulation (expanded polystyrene). Pre-manufactured 

concrete slabs in the roofs were insulated by 0.08m of 

expanded polystyrene protected by a galvanized iron 

external metal cover. Global heat loss coefficients were 

0.6 and 0.35 W/m
2
ºC for walls and roofs, respectively.  
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Thermal behavior of the school in Algarrobo del 

Águila 

The monitoring in winter was done for the building 

unoccupied (during vacations) and under real use 

conditions [11, 12]. Climate variables were sensed by a 

Davis meteorological station and HOBO data-loggers 

stored data of indoor temperature and relative humidity 

every 10 minutes during one month in winter. 

 

The monitoring showed that in winter, the 

pedagogical resources room and the deposit on the 

southern area (without heating) had the lower 

temperatures. Due to the thermal mass of the building, 

under changing meteorological conditions (e.g., sharp 

temperature drops), the indoor temperatures remained in 

the same level during the first day of outdoor cooling. 

The solar gain through North windows increased the 

indoor mean temperature around 3ºC above the mean 

outdoor temperature in the classrooms. In clear winter 

days and with the students inside the classrooms, the 

mean temperature rose up to 6ºC above the mean outdoor 

temperature. Most gas consumption was done in the first 

hours of the morning, and the mean daily consumption 

was 2 m
3
 in order to set a mean temperature of around 

17ºC. The daily gas consumption in winter was obtained 

by reading the gas meter three times a day. When 

compared with a conventional school, energy savings 

were around 90%. 

 

The analysis of the indoor temperature and humidity 

showed that an important percentage of records were 

outside of the comfort area, but the results of a survey 

showed that, under those conditions, students and 

teachers worked in acceptable comfort. The results of the 

survey, including both, comfort and clothing level, 

showed that during the morning without heating and with 

a mean temperature around 16.3ºC, 76% of students felt 

warm and 42% used three pieces of clothing (t-shirt, 

sweater, and jacket). During the afternoon (with a mean 

indoor temperature around 16.5ºC) the percentage of 

students who felt warm increased to 85%, and 78% used 

two pieces (t-shirt and sweater). Even when the users can 

turn on the heaters, these are off because they feel 

comfortable. This situation confirms the opinion of 

Olgyay [14], who considers that a unique approach is 

insufficient to make a precise evaluation of comfort. 

 

In summer, the simulations showed that the 

classroom (without internal gains) reached maximum 

temperatures of 32ºC during the first hours in the 

afternoon, with thermal amplitudes of 4ºC. The design 

area of ventilation (1.2m
2
) allowed a reduction of 1ºC in 

the mean air temperature. The thermal mass helped in 

avoiding an extra overheating during summer and 

reduced the thermal amplitude. The use of night natural 

ventilation, the re-design of shadings, and the use of 

cooling mechanical system would improve the thermal 

behaviour during the warmer days. 

 

Also the illumination level was analyzed through 

surveys, showing that 90% of students considered it 

sufficient, 50% said that it was uniform, but half of them 

was dazzled. 10% considered that it was excessive and 

that natural daylight produced glare. 

 

Validation of the physical model of the school through 

SIMEDIF 

The simulation was done hour-by-hour with 

SIMEDIF. The inputs were the technology and geometry 

of the building (divided into 10 thermal zones) and the 

measured climatic conditions. Thermophysical properties 

of the building materials were obtained from the 

literature. Global heat transfer coefficients of 6 and 16 

W/(m
2
°C) were used for internal and external surfaces 

[15]. The internal gains (100 W/student and appliances), 

the heaters in office and corridor (turned on from 8AM 

to11AM), and the aperture of doors and windows were 

included. The measured and simulated data sets agree 

with a mean deviation between 0.5 and 0.8°C. SIMEDIF 

also correctly predicted the thermal amplitudes of 

northern and southern areas and the effect of the heaters 

when turned on. Thus, the thermal model gives a good 

approximation of the real behaviour of the building and 

this model can be used to test changes of location, 

building materials, climatic data, orientation, etc. 
 
 

LOCATION 2: SIMULATION OF THE SCHOOL 

FOR WINTER AND SUMMER PERIODS IN 

CACHI 

The original building was simulated under the 

climatic conditions of Cachi for winter and summer 

periods. All simulations were made under no occupancy. 

Solar protections in windows were not included (as in the 

original building). June 15
th

 was selected as the typical 

day for winter, while November 15
th

 was selected for 

summer. The monthly mean maximum, minimum and 

average temperatures of Table 1 were used and the 

temperature analytical model included in SIMEDIF 

calculates the hourly temperature by using a parabolic-

exponential model characteristic of arid climates. Mean 

daily solar irradiance is used to generate an hourly 

distribution by using the Liu-Jordan clear sky model. 

Both temperature and radiation models were widely 

validated for this type of climates. Because the building 

is massive, 20 previous days of similar weather 

conditions were used in order to reach the periodic 

regime. The mean indoor temperatures were calculated 

over the occupancy period, that is, between 8AM and 

18PM. Figures 2 and 3 show the results of the simulated 

indoor air temperatures for winter and summer.  
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In winter (Fig. 2), it is observed that the zones with 

solar gain through North windows (classrooms 1 to 4 and 

the Pedagogical Resources Room) reach the highest 

temperatures, between 17ºC and 24ºC, due to the direct 

solar gains through North glazing. These areas, highly 

occupied during the day, reach the thermal comfort zone 

during the occupancy period. Classroom 1, oriented to 

the West, is the warmest classroom (with a mean 

temperature of 21ºC), while Classroom 4 is the coldest 

one with a mean temperature of 19ºC. With the metabolic 

heat gain of the students, an increment between 2 ºC and 

3ºC is expected, thus it can be concluded that these areas 

will remain in thermal comfort during average winter 

days without using auxiliary heating. 
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Figure 2. Indoor air temperatures of the school simulated for 

Cachi for a winter period. 

 
 

8

10

12

14

16

18

20

22

24

26

28

30

0 3 6 9 12 15 18 21 24

Hour (h)

T
e
m

p
e
ra

tu
re

 (
ºC

)

CLASROOM 1 CLASROOM 2
CLASROOM 3 CLASROOM 4
CORRIDOR P.RESOURCES ROOM
OFFICE STOREROOM & BATHS
OUTDOOR

 
Figure 3. Indoor air temperatures of the school simulated for 

Cachi for a summer period. 

 

The coldest zone of the building is the South area 

(Bathrooms and Storeroom with a mean temperature of 

around 13ºC), where the occupancy is minimal. The 

temperatures of these zones can be increased by using 

daytime ventilation, when the outdoor temperature is 

higher than the indoor temperature. The corridor can be 

heated by promoting the air connection with the 

classrooms by using bottom-hung windows in the wall 

top. 

 

In summer daytimes (Fig. 3), the zones with North 

orientation have mean temperatures higher than outdoors. 

The minimum and maximum temperatures of the 

classrooms are between 26ºC and 30ºC, that is, in 

summer the indoor environment is outside the comfort 

zone. It is crucial the design of solar protections in 

windows to prevent against overheating. A possible 

strategy is an increase in the air renewals during the night 

in order to ventilate and to lower the temperature of the 

internal mass.  

 

A close look to the interior surface temperatures (not 

shown due to space lacking) shows that the thermal 

insulation coupled to the massive wall causes a time 

delay of minimum and maximum temperatures and a 

decrease of the thermal swing, when compared to 

outdoors. E.g., the maximum indoor surface temperature 

of North walls occurs at 20PM, reaching 21ºC in winter 

and 20ºC in summer. The thermal surface amplitude is 

2ºC both, in winter and summer. In winter the surface 

temperatures are higher than outdoors contributing to 

moderate the interior thermal swing. In summer, the 

surface temperatures are lower than outdoors during the 

daytime thus absorbing the indoor heat in its thermal 

mass. 

 
Table 2. Mean indoor and outdoor air temperatures for both 

climates simulated with SIMEDIF, for winter and summer.  

 Winter (ºC) Summer (ºC) 

 Algarrobo 

del Águila 

Cachi Algarrobo 

del Águila 

Cachi 

Classroom 1 17 22 30 28 

Classroom 2 18 21 30 28 

Classroom 3 18 21 30 28 

Classroom 4 18 20 29 27 

Corridor 16 16 28 26 

P. Resources 

Room 

17 19 28 27 

Office 17 15 27 25 

Storeroom 16 13 27 25 

Outdoors 7 9 25 18 

 

Table 2 shows a comparison of the indoor air 

temperatures simulated for both locations, in winter and 

summer. In winter, mean outdoor temperature in Cachi is 

2ºC higher than in Algarrobo del Águila. Due to the 

higher solar irradiance levels of Cachi, indoor 

temperatures in the classrooms of Cachi are between 2ºC 

and 5ºC higher than in Algarrobo del Águila. In summer, 
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indoor temperatures are lower in Cachi than in Algarrobo 

del Águila, but anyway indoor overheating arises in both 

locations. 

 

Redesign Suggestions 

The following strategies can be used to adapt the 

building to the new location: 

- Inclusion of solar shading devices in glazed areas: the 

use of such devices helps decreasing the direct solar 

gains in summer and fall. 

- Use of night ventilation in summer: the use of fresh, 

low-temperature air to ventilate the building during the 

night provides a way to lower the temperature of the 

internal mass that will act as heat sink during the 

daytime. 

- Use of adobe walls: because this material is the 

commonly most used in buildings, it was tested as an 

alternative to the double wall with insulation used in the 

original building. In Cachi, the use of conventional 

bricks implies their transportation from the city of Salta 

through a mountain road. The use of adobe is beneficial 

in many ways: it has positive impact on the environment 

and on the local society due to the generation of 

handwork, the revalorization of local construction 

techniques and the preservation of the vernacular 

architecture. 

 

New simulations were performed for winter and 

summer that included the mentioned suggestions and 

under full occupancy. Air renewals were increased up to 

10 in summer (as suggested by ASHRAE Standard 

2006), interior heat gains due to metabolic heat rate were 

considered (20 students with a metabolic heat rate of 108 

W/student). The exterior walls were replaced by adobe 

walls of 0.6m thick. Results are shown in Figs. 4 and 5.  
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Figure 4. Indoor temperature of the school for a winter day 

with adobe walls. 
 

In winter (Fig. 4), the mean indoor temperatures in 

classrooms are between 20ºC and 22ºC. The mean 

temperatures of the other zones are: 16ºC in the access, 

18ºC in the Pedagogical Resources Room, 15ºC in the 

office, and 13ºC in Bathrooms and Storeroom. The 

results obtained with adobe walls are similar to those 

obtained by using a double wall with thermal insulation. 

Thus, in average winter days the occupied zones reach 

the thermal comfort. In summer (Fig. 5), the simulation 

shows that mean indoor temperatures in the classrooms 

are around 20ºC. Mean temperatures of the other zones 

are: 20ºC in the corridor, 21ºC in the Pedagogical 

Resources Room, 23ºC in the office, and 23ºC in the 

Bathrooms. The results show that the indoor environment 

is inside the thermal comfort zone. 
 

8

10

12

14

16

18

20

22

24

26

28

30

0 3 6 9 12 15 18 21 24
Hour (h)

T
e
m

p
e
ra

tu
re

 (
ºC

)

CLASROOM 1 CLASROOM 2
CLASROOM 3 CLASROOM 4
CORRIDOR P.RESOURCES ROOM
OFFICE STOREROOM & BATHS
OUTDOOR

 
Figure 5. Indoor temperature of the school for a summer day 

with increased ventilation and with adobe walls. 

 

 

Illuminance aspects 

 

 

 
Figure 6. Position of the sun spolight t in the classrooms, 

in March, July and November. 
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The software Luz do Sol [16] was used to study the 

spotligth through the windows (without sunshine 

devices) of the classrooms in March, June and 

November. The results are shown in Figure 6, where it 

can be observed that the most unfavorable situation occur 

in June, when the students in the center of the classroom 

could be glared by the direct sunlight. Also it is observed 

that direct sunlight illuminates the blackboard thus 

causing visual discomfort. In November there is direct 

sunlight during a very short period and it does not causes 

discomfort, while in March the students sit near the 

window can suffer glaring. It is concluded that North 

windows need shading devices not only to decrease the 

solar heat gains but also to avoid dazzling. 

 

 

CONCLUSIONS 

The redesign of an energy efficient school located in 

the town of Cachi, in the Argentinean North-west, was 

performed through transient thermal simulation. The 

initial model was similar to that of a solar school 

designed and monitored by the authors in the province of 

La Pampa, that achieved excellent levels of energy 

saving and indoor environmental comfort. The study of 

the strategies needed to adapt the building design to the 

new location was made through thermal simulation. In 

this case, experimental data was used to validate the 

physical model used in the simulation. 

 

The simulations showed that the building designed 

for Algarrobo del Águila can be relocated in Cachi but 

some aspects must be accounted for, e.g., overheating 

and dazzling. Under average conditions, the building 

would not require auxiliary heating to reach the thermal 

comfort throughout the year. It will be necessary only 

under extreme winter conditions. The simulations also 

showed the viability of using adobe in the walls instead a 

double insulated wall, which requires both, qualified 

handmakers who are scarce in the region and materials 

that must be transported from Salta city. The use of 

adobe decreases the impact on the environment with a 

thermal behaviour similar to the obtained with the double 

wall. The results of the study show that it is more 

suitable to keep a smaller north-glazing area in order to 

avoid overheating and to minimize the cooling loads 

during the summer. It is clear that neither the 

architectural design nor the human management of the 

building must be underestimated. A poor human 

management of the indoor environment can invalidate 

the technical advantage provided by an efficient solar 

design. 

 

In the last decade, several transitional and developing 

countries have undergone fast growth, which does not 

coincide with improvements in building techniques and 

codes that usually require research efforts and policy 

discussions within a longer time frame. This is also the 

case of Argentina, where the use of simulation tools in 

the earlier predesign stages of a building in not a 

common practice, and it should be promoted in all levels 

including the national norms and codes. There is an 

urgent need of changing towards more efficient buildings 

and simulation tools are of the uppermost importance in 

order to evaluate their thermal and energy behaviour. 
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