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A B S T R A C T   

Sustainable passive design strategies can reduce the energy consumption of buildings. In this regard, inner 
courtyards act as microclimate modifiers that enhance the perception of comfort in the surrounding environ-
ment. The present study, through a pooled analysis of experimental and numerical data, intends to assess the 
beneficial effect that the courtyards have in reducing the energy consumption of the buildings, especially for 
cooling demand. Accordingly, a new methodology allowing the use of different experimental data for facades and 
courtyards in software tools for the assessment of the real energy performance of buildings with courtyards is 
proposed. Besides, a detailed example of the application of the proposed methodology is performed for two 
scenarios simultaneously: a case study (considering the courtyard effect on the air temperature) and a reference 
one (without considering this effect). From the results, it is found that the courtyard reduces the demand for 
cooling in the spaces bordering it. As expected, the magnitude of the cooling demand reduction is correlated to 
the floor level, is increased at lower floors in the courtyard building. This relative reduction is up to 11%, being, 
for the case study analyzed, an average reduction of 7%.   

1. Introduction 

As it is well known today, buildings are responsible for 36% of global 
final energy consumption (International Energy Agency, 2019). This 
huge amount of energy is mainly due to the need for lighting, heating 
and/or cooling, ventilation and others, depending on the type of 
building, its use, the thermal quality of its exterior envelope, the state of 
conservation of the building and its facilities, as well as, of the climate of 
the locality in which it is located (Santamouris, 2004). 

There are several databases in which the actual energy consumption 
in buildings can be obtained and filtered according to the type of 
building, the final use of energy, etc. A good example of this is the Eu-
ropean Union (EU) Buildings Database (EU Buildings Database, 2019), 
or the Key World Energy Statistics (KWES) produced by the Interna-
tional Energy Agency (IEA) (“Key World Energy Statistics (KWES) 2018, 
” n.d.). According to the KWES the total electricity consumption in 2016 
was due in 27.1% to the residential sector and 22.2% to the commercial 
and public services. These are average values corresponding to different 
countries at different latitudes and climates. 

In the specific case of an office, commercial, and general tertiary 
sector buildings, the climatic factor is less decisive than for residential 

buildings. As a result, almost at any latitude can be found in tertiary 
buildings with heating and especially cooling consumptions (Santa-
mouris et al., 1994). 

Numerous studies have revealed these consumption trends in 
buildings. As a matter of the many examples, Gul and Patidar (2015) 
studied the relationship between the electrical energy demand profiles 
and user activities for a university building. Karjalainen (2016) 
emphasized the importance of user awareness in the energy consump-
tion of office buildings and, in consequence, how to reduce this impact 
thanks to robust design solutions more independent of the user. 

In the search for the causes of energy consumption in buildings, 
different studies indicate climatic reasons, building envelope, building 
facilities, user behavior, etc. D’Agostino and Mazzarella (2018) pre-
sented in their paper and its supplementary material, an overview of the 
European status concerning energy consumption, as well as, further data 
about building geometry, costs, envelope, lighting, appliances, and 
systems. Many efforts have been made to estimate the effect that 
microclimate modifications have on energy consumption for building 
conditioning. Sánchez et al. (2008) proposed a method based on the 
concept of climatic severity. 

Given the importance of the energy consumption of buildings, there 
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are regulations to standardize them by establishing limits, on the one 
hand, and, on the other, promoting low-energy buildings through energy 
efficiency certificates. Thus, at the European level, the regulations 
concerning the energy consumption of buildings are the well-known 
EPBD, which each member country of the European Union has 

transposed to its national regulation (“DIRECTIVE 2010/31/EU OF THE 
EUROPEAN PARLIAMENT AND OF THE COUNCIL, of May 19, 2010, on 
the energy performance of buildings (recast),” n.d.). In the Spanish case, 
the requirements imposed by the EPBD are included in the Technical 
Building Code (CTE) (BOE.Orden FOM/1635/2013, 2013), and the 

Fig. 1. Main difference between the standard and the proposed methodology for thermal simulation of a building including a courtyard.  

Fig. 2. Flow diagram for the reference case simulation.  

Fig. 3. Flow diagram for the case study simulationc  

F.J. Sánchez de la Flor et al.                                                                                                                                                                                                                 



Journal of Cleaner Production 320 (2021) 128742

3

computer program for the compliance with these regulations is named 
HULC (Unified Tool LIDER-CALENER, for its acronym in Spanish) 
(HULC – Herramienta Unificada LIDER-CALENER, 2019). These regu-
lations tend to push towards what has been called the nearly Zero En-
ergy Buildings (nZEB). It is a very ambitious goal and requires that the 
building design is prepared to require a small amount of energy for its 
thermal conditioning both in winter and summer. In this sense, passive 
conditioning systems of buildings, that is, systems that do not require 
energy consumption or that are negligible, are of particular relevance. 

Prieto et al. (2018) explored the energy-saving potential of the 
best-known passive cooling strategies for commercial buildings in hot 

climates. They differentiated between passive cooling design strategies 
and passive cooling systems. Among the former, we have modifications 
of microclimate, design, and orientation of the building, and measures to 
reduce internal heat gains based on thermal mass, PCM storage systems 
or user behavior patterns. Also, within this group, there are actions on 
elements of facades and roofs, such as insulation, solar control, the size 
and location of windows, etc. Within the group of passive cooling sys-
tems, they grouped the techniques according to the medium that acts as 
a heat sink, that is, the air, the water, the sky, or the ground. Once 
focused on the passive strategies, Marino et al. (2017) highlighted the 
important role of the window to wall ratio in the energy consumption of 

Fig. 4. Location of the IMUS building.  

Fig. 5. 3D view of case study.  
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the building. 
In the particular case of the Mediterranean basin and the Middle 

East, the vernacular architecture has responded to this need for passive 
conditioning in climatic conditions of hot summers (Rojas-Fernández 
et al., 2017), and the best example is the construction of the inhabited 
places around a central courtyard. The courtyards provide shade to the 
walls that delimit them, and they are also able to act as a heat sink by 
cooling the air. This last effect is increased when there are sources of 
water and vegetation in the courtyard. Rodríguez et al. (2017) con-
ducted several experimentation campaigns to measure air temperatures 
in courtyards in buildings in localities with a Mediterranean climate. Air 
temperature drops concerning the outside air were observed and char-
acterized according to the geometry of the courtyard. 

Despite the current availability of integrated programs, such as 
emerging BIM systems, the aptitude showed by most common energy 
analysis simulation software packages for the modeling of thermal 
conditions in small-sized outdoor spaces such as inner courtyards is 
limited (Rojas-Fernández et al., 2018). 

But if those responsible for energy policy want to promote this type 
of solution based on the design of transition spaces such as courtyards, 
energy regulations should be able to properly evaluate them, and this is 
the main issue that the authors of this article intend to correct. 

Not only does the aforementioned HULC tool lack the possibility of 
correctly assessing the beneficial effect of the courtyard on the building, 
but the same can be said of other international tools such as EnergyPlus 
(EnergyPlusTM, 2019). 

For a certain building simulation tool to be able to correctly assess 
the effect of the courtyard, it would first have to evaluate the 
improvement of the environmental conditions in the courtyard itself and 
then evaluate its effect on the building. 

For the first objective, that is, the evaluation of the modification of 
the external climatic conditions, the most widespread program today is 
the ENVI-met (Bruse, 2004). While EnergyPlus is commonly used for the 
evaluation of heating and cooling consumption of buildings. In any case, 
ENVI-met is more useful for large proportions of urban spaces thermal 
simulations, not being able to predict the microclimatic conditions of 
small spaces such as courtyards. 

Although there is the possibility of using ENVI-met first to generate a 
climate file and then use it in EnergyPlus, it is not possible to generate 
different weather conditions outside the building and in the courtyard at 
the same time, much less if it is wanted to show differences at different 
heights or specific positions of the courtyard. 

The same happens in the case of the HULC tool, and since this is the 
official/compulsory tool to obtain the energy rating of buildings in 
Spain, this qualification does not take into account precisely the effect of 
the existence of courtyards. 

Another issue to be addressed is the combined used of experimental 
and numerical data to assess the energy performance of buildings. In this 
case, it would be interesting to be able to match experimental data of the 
outdoor conditions inside and outside the courtyard as input data for the 
numerical assessment of its effect on the energy consumptions for air 
conditioning of the building. This use is again out of the current capa-
bilities of the most common energy performance software tools (Craw-
ley et al., 2008). 

The first objective of this article is, therefore, to propose a method-
ology that allows the use of different experimental data for facades and 
courtyards in software tools for the assessment of the energy con-
sumptions for space heating and cooling of buildings. 

Secondly, and thanks to the above, it is intended to value the bene-
ficial effect that the courtyards have in reducing the energy consumption 
of the buildings, especially by reducing the needs for conditioning in 
summer. 

Finally, this article details an example of the application of the 
proposed methodology to a real building, the building of the Institute of 
Mathematics of the University of Seville (IMUS). 

2. Materials and methods 

The correct evaluation of the influence that the transition spaces, 
specifically the courtyards, have on the energy consumption for the 
conditioning of the buildings requires a methodology with two main 
stages: 

2.1. Stage 1: Experimental campaign 

To the first stage corresponds the data collection of the real building, 
and specifically, of the climatic conditions to which the building is 

Fig. 6. Sensors location. Plant and section drawings of IMUS.  

Fig. 7. Construction section of the wall.  
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subjected both in its outer envelope, as in its courtyards. Numerous 
studies have shown that these conditions can be very different from one 
place to another, especially in summer, when courtyards act as a heat 
sink creating a semi-confined space with an air temperature below the 
outside temperature by several degrees. 

The main issues to be taken into account to proceed with the study of 
the building are:  

• Dates of beginning and end of the experimental campaign 

As the main effect of the courtyard is the reduction of the building’s 
cooling needs, the experimental campaign must be carried out in sum-
mer. The duration, meanwhile, must be at least 2 weeks as indicated by 
the monitoring protocols in courtyards established in previous research 
(López-Cabeza et al., 2018).  

• Selection of climatic variables to be measured 

The courtyard modifies the climatic conditions in its interior, 
fundamentally, the solar radiation that reaches each surface, walls and, 
windows, as well as the temperature of the air. Callejas et al. (2020) 
calculated the importance of the shading index inside the courtyard. 
Therefore, in principle, solar radiation should be measured on each 
surface in the courtyard and the air temperature at different heights and 
positions within the courtyard in order to detect the thermal stratifica-
tion in the courtyard (Rivera-Gómez et al., 2019). These data will be 
used later in the second stage of the methodology proposed in this paper, 
that is, in building energy simulation programs. In these programs, the 
calculation of shadows cast by elements of the building itself is very 
common, but not the modification of the outside air temperature, as 
explained above. Consequently, the need to experimentally measure 
solar radiation can be avoided, which will instead be calculated by the 
simulation tool, while it is still necessary to measure the air temperature.  

• Choice of time between measurements 

Building energy simulation programs usually run with an hourly 
time step. Experimental measurements must, therefore, be taken in an 
equal or lower time step. A suitable value is to take data every 15 min as 
indicated by thermal monitoring protocols in previous research court-
yards (López-Cabeza et al., 2018). 

•Sensor positioning 

If solar radiation sensors are used, they must be placed at least one in 
each orientation and for each floor of the building. The air temperature 
sensors should be placed on the side of the courtyard that is most pro-
tected from solar radiation, to avoid measurement errors. Therefore, 
they will be located on the north-facing façade. In addition, as indicated 
by previous monitoring researchs, sensors must be protected with an 
insulating material and separated 10 cm from the facade so as not to 
interfere with the data recording (Diz-Mellado et al., 2020). An air 
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Table 1 
Measured variables, technical data of the instruments, and observation 
parameters.  

Situation Outdoor Courtyard 

Sensor PCE- FWS 20 TESTO 174H 

Interval 15 min 15 min 20 min 20 min 20 min 

Variable Ta  Wind 
Speed 

Ta Hr 

Accuracy ±1 ◦C ±5% ±1 m/s ±0.5 ◦C ±0.1% 
Range − 40 a 

+65 ◦C 
12 a 
99% 

0 a 180 
km/h 

− 20 a 
+70 ◦C 

0 a 
100% 

Resolution 0.1 ◦C 1% – 0.1 ◦C 2%  
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Table 2 
Minimum, Maximum daily temperatures and Thermal Gap measured in the courtyard. 
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temperature datalogger for each floor of the building is sufficient, 
although the use of more sensors allows the correction of possible 
measurement errors. 

2.2. Stage 2: Numerical study: New methodology proposed 

The second stage of the methodology consists of using some exper-
imental measurements as inlet data for the energy performance simu-
lation of the building. The numerical study aims to evaluate the 
courtyard effect in the building from a thermal point of view. 

This paper proposes the use of the official tool for energy regulations 
in Spain, that is, the HULC tool (” Herramienta Unificada LIDER-CAL-
ENER,” n.d.). The HULC tool runs with an hourly time step in a transi-
tory state and has passed the tests of Spanish regulations for energy 
certification software tools (IDAE, 2009a), as well as the well-known IEA 
Bestest (Judkoff and Neymark, 1995). HULC uses the official climate 
files provided by the “Ministerio para la Transición Ecológica y el Reto 
Demográfico (Ministry for Ecological Transition and Demographic 
Challenge)" which is the entity that in Spain establishes the regulations 
for the qualification and energy certification of buildings (IDAE, 2009b). 
This tool, in its latest version, includes the additional capability to 
modify the boundary conditions of one or more of the elements of the 
building envelope. Besides, such modification may consist of changing a 
certain climatic variable, such as the temperature of the air in the 
courtyard. 

The simulation of the building and the use of the additional capa-
bilities in the HULC tool for this study does not follow the standard 
procedure established for simulation, since in this case some climatic 
conditions were taken from the measures performed in the experimental 
campaign, and not from a standard climatic file as it is usually done. 

Also, the standard simulation procedure establishes that the 
boundary conditions of air temperature are the same for all elements of 
the envelope regardless of whether they limit the courtyard or not. This 
assumption will be used as a reference case. What is proposed in this 
study is that different boundary conditions should be used for the ele-
ments limiting the courtyard since the courtyard air temperature, in 
general, is different from that of the outside air. This is the methodology 
uses in the case study. See Fig. 1. 

To evaluate the effect of the courtyard on the building’s cooling 
demand, two simulations were carried out: 

•Reference case, Fig. 1. a: it consists of a simulation in which it is 
assumed that in the whole envelope of the building including the 
courtyard, the air temperature is equal to that of the outside air 
•Case study, Fig. 1,b: it consists of taking the temperatures 
measured in the courtyard to use them as boundary conditions for 
the elements of the envelope that limit with the courtyard, while the 
other elements of the envelope see the temperature of the outside air. 

It is convenient to make three clarifications about the procedure 
followed: 

•The first is that, since the temperature of the courtyard air is related 
to that of the outside air, it is necessary to simultaneously measure 
the temperature of the outside air; which was done using a weather 
station located on the roof of the building. 
•The second is that as was evidenced from the measured data, the 
temperature of the air in the courtyard varies with height, in 
consequence for the simulations, different temperatures were 
assigned to each of the elements of the courtyard, depending on the 
height in which they were located. 
•The third is that, since the experimental campaign does not cover 
the whole year, to carry out the simulation, the official file of the 
climatic conditions of Seville was taken, and when there were 
measured data available they were replaced by the official data. 

In Figs. 2 and 3, a flow diagram explaining de basic ideas of the 
procedure followed shows. 

The steps followed to perform the numerical comparison between 
the reference case and the case study were:  

1. Building modeling: in this step, the geometric, constructive, and 
operational conditions of the building are defined. The different 
rooms inside the building were named F0X_EYY where “X” refers to 
the floor number where the room is located and “YY” is a given 
number for each room. 

Fig. 9. General view of the graphical model of the building. Grey: exterior elements, red: roof elements, green: interior elements.  
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Fig. 10. Spaces limiting with the courtyard. It can be seen that the floor of space E01 of the third floor is in contact with the exterior air. (grey color denotes element 
in contact with the exterior and green color denotes element in contact with the interior element. 

Table 3 
Annual cooling demand for spaces bordering the courtyard. 
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2. Modification of the climate file of Seville (Spain): This step consisted 
of replacing the outdoor air temperature data that the standard 
climate file has for Seville with the specific data measured during the 
experimental campaign. 

This step does not correspond to the standard simulation procedure 
when additional capabilities are incorporated. However, in this case, it 
is necessary to perform it because it is intended to make a comparison 
between the reference case and the case study using experimentally 
recorded temperature data. 

3. Execution of the thermal simulation of the building with the modi-
fied climate file for the reference case. 

In this simulation, although the defined building has a geometry that 
includes the courtyard, the elements (walls and windows) limiting with 
it, have as contour condition the same exterior temperatures as the rest 
of elements and in consequence, from the simulation point of view, the 
courtyard does not affect the thermal behavior of the building. 

In the standard use of additional capabilities in the HULC tool, this is 

the first step to perform the calculation when non-conventional ele-
ments are included in the building. Here, the elements limiting with the 
courtyard are considered as non-conventional elements. This first step is 
an energy simulation under the standard calculation conditions, that is, 
on the outer side of the building envelope, all elements have the same 
climate conditions file.  

4. Selection of the walls, windows, and any other envelope element of 
the building bordering the courtyard. 

5. For each of the elements selected in point 4, new outside air tem-
perature is defined. This is the second step of the standard procedure, 
where the new particular climatic conditions are established. 

Because of the air temperature changes with height, the temperature 
assignment was done as follows:  

• Walls and windows of floor 3 (F03_) → Average temperature 
measured by the sensors located at 2m of height  

• Walls and windows of floor 4 (F04_) → Average temperature 
measured by the sensors located at 5m of height 

Table 4 
Monthly cooling demand for spaces bordering the courtyard. 
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• Walls and windows of floor 5 (F05_) → Average temperature 
measured by the sensors located at 8m of height  

6. The final step is to perform a new energy simulation of the building 
but with the conditions modified in point 5. 

3. Experimental set-up 

3.1. Case study 

The selected case study is located in Seville, Spain (37◦17′01′′N 

5◦55′20′′W, elevation 42 m a.s.l.). The climatic conditions of the city, are 
as follows: is Csa in the Köppen classification (Warf, 2014), character-
ized by hot and dry summers with mean temperatures of 36 ◦C in July 
and mild winters with mean temperatures of 10.9 ◦C in January. The 
mean annual precipitation is 539 mm (Resúmenes climatológicos, 
2019). The building selected is located in an urban area of a high density 
of mid-rise constructions. It is a five-story square-floor building with a 
central courtyard that is the current headquarters of the Institute of 
Mathematics of the University of Seville (IMUS), see Figs. 4–6. The 
courtyard façades consist of brick masonry with cement mortar linings 

Fig. 11. Monthly cooling demands of spaces bordering the courtyard for the reference case and case study.  

Table 5 
Specific reduction of the cooling demand due to the courtyard effect.   

Relative reduction in 
cooling demand 

Absolute reduction in 
cooling demand 

Space 
area 

Wall area bordering the 
courtyard 

Wall 
area 
÷

Space 
area 

Specific reduction in the demand of the space per m2 

of wall bordering the courtyard  

[%] [kWh/m2] [m2] [m2] [-] [kWh/m2] 

F03_E01 10% 2.7 241 82.0 0.34 8.0 
F04_E01 11% 2.3 241 82.0 0.34 6.8 
F05_E01 7% 2.2 241 82.0 0.34 6.5 
F03_E02 4% 0.6 289 29.2 0.10 6.3 
F04_E02 4% 0.7 289 29.2 0.10 7.2 
F05_E02 4% 0.7 289 29.2 0.10 7.2  
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and a painted finish (Fig. 7). The global transmittance of the building 
envelope is U = 0,474 W/m2K. 

3.2. Field monitoring campaign 

The monitoring campaign of atmospheric data, in this case, has been 
extended throughout a whole year; therefore, there are winter and 
summer data available. The recorded parameters are air temperature, 
wind direction, and speed of the outdoor of the courtyard, measured by a 
meteorological station model PCE-FWS 20 located on the roof of the 
building. Inside the courtyard, air temperature and humidity have been 
recorded using sensors model TESTO 174H, located in the south façade 
to avoid direct solar radiation, at 1m, 2 m, 5 m, and 8 m, from the floor, 
as explained Fig. 8. Table 1 shows the technical specification of the in-
struments used. As explained in section 2, the need to experimentally 

measure solar radiation can be avoided, which will instead be calculated 
by the simulation tool. 

4. Results 

4.1. Experimental results 

The previously mentioned field monitoring campaigns were carried 
out over sixteen weeks, from June to September (summer time), during 
which it was possible to detect the thermal behavior of the courtyard 
alongside the hottest season of the year. Table 2 shows the maximum 
and minimum daily temperatures, as well as the thermal gap between 
maximum outdoor temperatures and the simultaneous courtyard ones. 

The thermal tempering potential of the courtyard is shown in 
Table 2. In this study courtyard, thermal behavior can be identified 
through two different outdoor temperature intervals. In the first case, 
below 30 ◦C, the tempering behavior of the courtyard is low with 
thermal gaps, regarding outdoor temperatures, up to 5 ◦C. However, 
parallel to the rise in outdoor temperatures, the thermal tempering po-
tential of the courtyard increases coming to be reached, while outdoor 
temperatures above 42 ◦C, a thermal gap up to 12 ◦C less inside the 
courtyard. 

4.2. Simulation results 

The transposition of the Energy Performance of Buildings Directive 
(EPBD) (“DIRECTIVE 2010/31/EU OF THE EUROPEAN PARLIAMENT 
AND OF THE COUNCIL, of May 19, 2010, on the energy performance of 
buildings (recast),” n.d.) has been carried out in Spain through the 
regulation of the Technical Building Code (BOE.Orden 
FOM/1635/2013, 2013). This regulation is made up of various sections 
that, concerning energy efficiency in buildings, can be grouped into 
sections to limit the energy demands of buildings, sections to promote 
the efficiency of facilities, and sections to promote energy generation 
through renewable sources. 

Compliance with these regulations can be verified in various ways, 
the most versatile being the use of the aforementioned LIDER-CALENER 
Unified Tool (“HULC – Herramienta Unificada LIDER-CALENER,” n.d.). 

The “HULC” software has been used to perform the simulation of the 
building, as already said, and from its graphic preprocessor, some views 
of the modeled building have been taken and shown in Fig. 9. 

The spaces that border the courtyard are those shown with a red line 
in Fig. 10. 

The main results of the simulations performed are the cooling de-
mand of the building for the two scenarios considered, that is, reference 
case and case study. 

This section shows a comparison between the two simulations of the 
main results obtained during the period with experimental data. 

Focusing on spaces having at least one wall bordering the courtyard, 
the results of the accumulated cooling demands are shown in Table 3. It 
can be seen that the general tendency of the cooling demand is that it is 
smaller at a lower height of the floor of the building. However, the 
exception is the space E001 of the 3rd floor, since according to the 
aforementioned trend, it should have a lower cooling demand than the 
same space but on the 4th floor. This apparent anomaly explains that the 
floor of the mentioned space limits with the outside air, see Fig. 10a, 
having, in consequence, a higher area of heat transfer with the outside 
than that of the space of the 4th floor, so it is logical that it has a greater 
cooling demand. 

On the other hand, it is observed that the cooling demand for the 
spaces on the 5th floor is greater. It is a consequence, in part, of the 
higher air temperature in the courtyard at this height. However, the 
relative difference with the same space of the previous floor shows a 
greater variation in the case of space F05_E01 than in space F05_E02. 
The reason is that the first one has a roof that borders the exterior while 
the roof of the last one borders another space. See Fig. 10d. 

Table 6 
Comparison of the accumulated cooling demands in all the spaces that limit the 
courtyard.   

Case Study 
Cooling 
Demand 
kWh/m2) 

Reference C 
Cooling 
Demand 
(kWh/m2) 

Absolute 
difference 
(kWh/m2) 

Percentage 
difference 

Total of spaces 
bordering 
courtyard 

20.8 22.3 1.5 7%  

Fig. 12. Comparison of the accumulated demands in all the spaces that sur-
round the courtyard. 

Fig. 13. Monthly Thermal Gap (TG) and average cooling reduction.  
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The absolute and relative differences in the cooling demand between 
the reference case and the case study are analyzed below. 

Results of the monthly demands and their corresponding reductions 
in the demands are shown in Table 4. 

It is appreciated that for all spaces, the greatest cooling demands are 
presented in August, which is a consequence of higher outdoor air 
temperatures, as can be seen from Table 4. It is also in this month when 
the absolute differences between the cooling demand of the reference 
case and the case study are greater. This suggests that the effect of the 
courtyard is increased in conditions of high outdoor temperature. 

On the other hand, the cooling demands in July and September are 
quite similar but it is observed that the difference between the reference 
case and the case study is practically zero in July and relatively high in 
September the highest relative differences occurs in this month. The 
explanation for this behavior is that, in July in which the experimen-
tation was carried out, the average daily difference between the tem-
perature of the outside air and that of the courtyard was very small, 
because in this month the nocturnal outdoor temperatures were 
abnormally low. 

A graphic view of the demands for the reference case and the case 
study can be seen in Fig. 11. 

From the previous tables and figures, it can be seen that spaces 
XXX_E01, have a level of reduction in cooling demand much higher than 
spaces XXX_E02. This is because the former has a percentage of the area 
exposed to the courtyard greater than the latter, as shown in Table 5. 

To assess the unit effect, that is, per unit of courtyard area in the 
cooling demand, in Table 5 is shown the reduction in the cooling de-
mand of each space, the area of the spaces, the area of walls limiting 
with the courtyard and the relations between courtyard area/space area 
and the specific reduction in demand. 

It is observed that the specific reduction in the demand for refrig-
eration per unit of wall area that borders the courtyard is a value that 
presents a small variation between spaces, independently of how much 
wall area is exposed to the courtyard. This result indicates that the effect 
of the courtyard is approximately uniform in each of its walls regardless 
of its orientation and the size of the space with which it borders. On the 
other hand, this result was expected given that solar radiation has little 
effect on the courtyard walls and the operational conditions of all spaces 
have been considered equal. 

Finally, Table 6 and Fig. 12 show the cumulative results of the 
cooling demands of the spaces that limit the courtyard as well as the 
total percentage difference of these spaces. 

5. Discussion 

In this work, the combination of experimental data and a thermal 
simulation has proved out to be useful to evaluate the influence of the 
courtyard on the cooling demand of the building, since in the simulation 
it is possible to calculate the building with and without the effect of the 
courtyard on air temperature. The limitation of this methodology is the 
requirement of the collection of experimental data and for this reason its 
application is restricted to existing buildings. Hence, it is necessary to 
develop tools that correctly simulate the behavior of courtyards, and it is 
at this point where this technique can be highly useful as it can help to 
validate these models. 

For the case study, it was found that the cooling demand would be 
reduced by including the effect of the courtyard. This reduction, 
compared with the building without the effect of the courtyard, rise up 
to values that can reach up to approximately 10% in the rooms located at 
a middle height of the courtyard and with a high percentage of facade in 
contact with it. Globally, the reduction in cooling demand obtained is 
7% for the spaces bordering the courtyard. Muhaisen and Gadi (2006) 
found an average reduction of 4% according to a parametric study 
carried out for courtyards in the city of Rome, which is a value that is 
located in the same order of magnitude as that obtained in this study. 

There is a correlation among daily exterior difference of outdoor 

temperatures (diurnal thermal range), and the thermal gap between 
maximum outdoor temperatures and the simultaneous courtyard ones. 
This correlation is due to the fact that the courtyard acts as a thermal 
buffer (Fig. 8), Therefore, the greater outside temperature variations, 
the greater the effect inside the courtyard reducing the maximum 
temperature. 

The difference between the cooling demand of the reference case and 
the case study depends not only on the thermal gap, but also on the 
minimum outside temperature. In Fig. 13 it can be seen that, although 
the thermal gap in July is greater than in June, the savings due to the 
courtyard are zero. This is related to the fact that, as mentioned in the 
results section, for the precise month of July in which the experimen-
tation was carried out, minimum nighttime temperatures were abnor-
mally low allowing the building to store cold at night and consequently 
cancelling the effect of the courtyard in reducing cooling demand. 

6. Conclusions 

This paper presents a numerical and experimental study on the effect 
of courtyards on building cooling demands. The city chosen for the 
studio, Seville, is Csa in the Köppen classification, and is characterized 
by hot and dry summers. 

The monitoring campaigns were carried in summer, from June to 
September, showing thermal gaps between maximum outdoor temper-
atures and the simultaneous courtyard ones of up to 12 ◦C. These 
monitoring campaigns also reflected that higher thermal gaps occurred 
with higher outdoor tempertures. 

This paper has also served to illustrate how it is possible to combine 
such experimental results with numerical simulations for assessing 
cooling demands in buildings. In this way it has been shown that the 
aforementioned thermal gap within the courtyard has a reducing effect 
of the cooling demands of the spaces adjacent to it. This, being a 
beneficial effect of the design of the building, must be taken into account 
by the buildings energy simulation software tools, especially when, as in 
the presented case study, it is a software tool for the compliance of 
thermal regulation code for buildings. 

In light of the previous results and, for the analyzed case study, 
overall it could be concluded that the courtyard reduces the demand for 
cooling in the living spaces that surround it. 

As expected, the magnitude of the cooling demand reduction is 
correlated to the ratio: the envelope area bordering courtyard divided by 
the floor area of the space. The greater the previous relationship, the 
greater the reduction in the demand for refrigeration. This implies that 
there is a direct interaction between energy-saving and the courtyard’s 
geometry conceived as the relationship between the courtyard’s surface 
and the area of the building façades that surround it. If the courtyard’s 
surface is small compared to the area of the bordering façades, the 
reduction in the demand for refrigeration is small. On the contrary, if the 
courtyard’s surface is large compared to the area of the façade, the 
reduction in the cooling demand is high. This relative reduction can 
exceed 10%, being, for the case study analyzed, an average reduction of 
7%. 

On the other hand, the specific reduction of the cooling demand, 
defined as the amount by which the cooling demand is reduced per unit 
of courtyard envelope remains approximately constant. That is, the floor 
area of spaces limiting the courtyard, looks to be not effected in the 
cooling reduction per unit of courtyard envelope. In the case study of 
this paper, the specific reduction of the cooling demand obtained is 
approximately 7 kWh/m2 courtyard envelope. 
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