
 
 

 

Stimulation of better summer comfort and 
efficient cooling by EPBD implementation 

 
 

 

 

“Alternative cooling calculation 
methods: Comparative simulations” 

 

 

 

 

 

 

 

 

 

                   

 

 

 Servando Álvarez 

Francisco José Sánchez de la Flor 

José Manuel Salmerón 

Álvaro Ruiz 

 

                        AICIA- University of Seville 

                             March 2010 

 



                          Table of Contents 
 

 
1. Introduction 

2. Scope and Methodology  

3. Solar heat gains attenuation 
4. Heat Dissipation by intensive ventilation 

5. Comfort assessment and risk of overheating 

6. Zoning 

7. Conclusions and recommendations 
8. References 



1. Introduction 
 

Summer comfort assessment is a very complex issue and it is not evident that 
the existing calculation methods and tools developed in the context of the 
regulatory procedures have the adequate level of assumptions if passive 
cooling concepts and strategies are to be promoted. 
 
One of the aims of task 4 is to provide guidance regarding the scope and the 
appropriateness of the calculation methods. The scope is discussed in subtask 
3. 
 
The aim of this report is to identify the modelling levels and assumptions in 
the current calculation methods that are not sensitive to relevant design 
decisions in summer performance, with special emphasis in passive cooling. In 
other words, we will discuss those common assumptions of the calculation 
methods that can become a barrier to the penetration of passive cooling in 
buildings. 
 
The major reason for discussing the appropriateness of the calculation 
methods in the context previously mentioned is that they are frequently 
based on previous existing methods applicable to the winter regime. The 
major difference is that the energy efficiency for heating purposes is largely 
based on component level approach: high insulation, avoidance of thermal 
bridges, high performance low-e glazing or very low air tightness. On the 
contrary, strategies for passive cooling are frequently based on zone or 
building level approach. This is the case for solar heat gains attenuation or 
heat gains dissipation. 
 
 

2. Scope and Methodology  
 

Comparative simulations for buildings using the present regulatory calculation 
methodologies as well as the alternative methodologies have been performed 
to help assess the differences between taking and not taking into  
consideration passive cooling strategies. 

The comparative calculations performed are based on the assumptions of the 
related CEN standards rather than on every national calculation methodology. 

 

Regarding the CEN approaches covered, the assumptions discussed are those 
included as recommendations in the standards concerned, namely: 
 
prEN 15255: Thermal performance of buildings-Sensible room cooling load 
calculation. General criteria and validation procedures (version April 2007). 
prEN 15243: Ventilation for buildings - Calculation of room temperatures and 
of load and energy for buildings with room conditioning systems (version April 
2007).. 



prEN 15265 : Thermal performance of buildings - Calculation of energy needs 
for space heating and cooling using dynamic methods – General criteria and 
validation procedures (version April 2007) 
EN-ISO 13791: Thermal performance of buildings – Calculation of internal 
temperatures of a room in summer without mechanical cooling –General 
criteria and validation procedures. 
EN-ISO 13790: Energy performance of buildings — Calculation of energy use for 
space heating and cooling 
 
Regarding comfort, the standard concerned is EN 15251: Indoor Environmental 
input parameters for design and assessment of energy performance of 
buildings addressing indoor air quality, thermal environment, lighting and 
acoustics 

 

The table below is a summary of the aspects covered by this task. 

 

Topic Mechanisms or 
phenomena involved  

CEN 
approaches 
covered 

Comparisons 
performed 

Heat gains 
attenuation  

Solar target 
 
Position of the thermal 
mass 

Constant 
solar 
distribution 
factors  

Variation of solar 
distribution factors 

Heat Dissipation 
by intensive 
ventilation   

Calculation of air flow 
rates 
 
 
Convection heat 
transfer coefficients 

Calculation of 
air flow rates 
(single zone, 
multi zone) 
 
 
Constant film 
coefficients 

Significance of air 
flow patterns 
(constant vs. 
variable convection 
coefficients) on 
indoor 
temperature. 

Comfort 
assessment and 
risk of 
overheating 

Climatic dependency 
of comfort 
temperatures for non 
air-conditioned 
buildings   

Adaptative 
comfort 

Degree- days or 
number of hours 
above fixed indoor 
temperature vs. 
degree- days or 
number of hours 
above adaptative 
indoor 
temperature. 

Zoning Thermal coupling  Single-zone  
 
Multi-zone 

Influence on 
internal 
temperature (local 
vs. average) 

  
Table 1.- summary of the aspects covered in subtask 4.4 
 
 
 



For every topic, the following aspects will be addressed: 

 Description of the topic 

 The topic in the CEN standards. 

 Presentation of the comparison performed. 

 Results and analysis 

 Conclusions and recommendations. 
 
To perform the calculations, the algorithmic basis of the Spanish national 
calculation tools (7) have been used, with the necessary modifications to 
integrate in them the alternative assumptions and modelling levels analysed.  
 

 
3. Solar heat gains attenuation 
 
Figure 1 shows the evolution of the solar radiation in a room in W/m2 (y axis) 
throughout day (hours in x axis). The solar radiation entering (1) the enclosure 
is absorbed in the different components of the enclosure after redistribution 
(2) and is finally released to the space (3)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.- Hourly evolution of the solar heat gains in a room before and after being absorbed 
by the components of the enclosure  

 
The design principle consists in maximizing the attenuation in order to avoid 
overheating. The attenuation of the released solar heat gains depends on the 
inertia of the enclosure. Figure 2 (same axis as figure 1) shows the released 
solar heat gains in an enclosure with different levels of inertia. 
 
 
 

 
 

0

10

20

30

40

50

60

70

80

0 4 8 12 16 20 24

Excitación Respuesta Tao=5 h

 
 

 
 

1 2 3 



 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.- Solar heat gains released to the air of the space in room s with  different thermal 
inertia  
 

Typically, the inertia of a space is obtained from the inertia of the elements 
of such space without discrimination of their actual position. It can be 
demonstrated however (2) than the inertia of every element contributes to 
the overall inertia in a directly proportional way to the fraction of solar 
radiation absorbed by such an element.  
 
The global time constant of the enclosure (

i ) as: 
 
  
 
 
 
 
 
Where fri  is the fraction of the solar radiation absorbed by element I (called 
solar distribution factor in the CEN standards)     
 
According to this formula, if an element of heavy inertia absorbs zero or little 
solar radiation, its contribution to the overall inertia of the space is 
negligible. 
 
In the CEN standards mentioned in section 5, the proposed assumption is that 
the distribution of the solar radiation in the internal surfaces of the 
components of the room is time independent. 
 
As an example, in prEN 15255: 2007 (1) the distribution of the solar radiation 
is characterized by the so-called solar distribution factors as follows: ―The 
heat flow rate due to the solar radiation entering through the glazing system 
is absorbed by the internal surface of each envelope component. According to 
the assumptions of Clause 4, the distribution of the solar radiation is time 
independent. The distribution factor is defined, for each surface, as the 
fraction of the solar shortwave absorbed by that surface. It depends on the 
solar reflectivity of each internal surface. 
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For the purposes of this standard the distribution factors should be calculated 
using the expressions in Table 2(below) , as a function of the type of the 
system, the floor colour and the area of the envelope components ―. 
 
 
 
 
Table 2: Solar distribution factors fdf  (Table1 from  prEN 15255: 2007 (1)) 
 
 
 
The same approach but using a different table can be found in EN-ISO 13791 
(4) 
We have compared the solar distribution factor of table 2 with actual solar 
radiation redistribution of factors of different enclosures, taking into account 
aspects  neglected in prEN 15255 or in EN-ISO 13791 such as: 

 Period of the year (summer, winter),  

 Aspect ratios of the room  

 Orientation of the glazing surfaces, 

 Presence of furniture. 
 
 
 
Examples of the results obtained can be seen in figures 3, 4, 5 and 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: influence of the period of the year on the solar distribution factor. 
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Figure 4: influence of the orientation  on the solar distribution factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: influence of the aspect ratio of the room for  a south oriented case on the solar 
distribution factor. 
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Figure 6: influence of the presence of furniture (assuming 20% of the floor covered by 
furniture)  for  a south oriented case on the solar distribution factor. 

 
 
It can be concluded that the solar distribution factors are considerably 
dependent on the season of the year and on the orientation of the glazing 
facades and to a lower extent on the aspect ratio of the rooms. The presence 
of furniture (perhaps as a percentage of the floor area) must be taken into 
account as the inertia of the furniture can be very different of that 
corresponding to the other components of the room. 
There are significant differences between the actual values of solar 
distribution factors and the values in  prEN 15255:2007.  
 
Finally, it is clear that the calculation methods used to evaluate properly the 
effect of the inertia in order to design solar heat attenuation strategies must 
take into account a more detailed redistribution of the solar radiation within 
the spaces than that proposed in the CEN standards concerned. At least, they 
have to be time dependent to set a distinction between summer and winter 
regimes.  
 

4. Heat Dissipation by intensive ventilation   
 
A very powerful well known strategy for reducing the cooling demand of 
buildings is the use of low outdoor air temperatures during the night to cool 
either the indoor air (when the spaces air occupied during the night such as 
the bed rooms) or the structures of the building (for the other spaces of the 
building non occupied during the night). 
In many cases, the night-time outdoor air climatic conditions of many 
Mediterranean locations allow a significant compensation of the day-time 
solar and internal heat gains (9). If we concentrate on spaces other than bed 
rooms, the major concern is the ability of the building inertia to store coolth 
during the night and to use during the day the coolness produced during the 
previous night.  
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Figure 7.- Different air flow patterns considered 

 
The role of the inertia appears then double-linked to this strategy. It can be 
characterized by means of the storage efficiency (9,10).  The storage 
efficiency depends not only of the thermal masses of the elements themselves 
but mainly on the air flow rates, the air flow patterns and the relative 
position of the thermal mass. 
 
Figure 7 shows different configurations of the flow patterns for a given space 
corresponding to different combinations of inlets and outlets. 
Assuming a constant amount of thermal mass and the same air flow rate for 
the seven configurations, the relative results in terms of the storage 
efficiency are respectively(9)  0.93, 1., 0.88, 0.62, 0.66, 0.76, 0.43.  
These values (for instance compare the results for the configurations 2 and 7) 
reveal how different can be the efficiency of a night ventilation strategy 
depending of the flow pattern adopted. Moreover, if we compare for a given 
configuration such as configuration 1 the relative contribution to the four 
elements involved (numbered 1, 2, 3 and 4 in the figure) we get the following 
values: 1., 0.93, 0.73 and 0.66 respectively. These results prove, how 
different is the role of the inertia of the different elements depending on 
their position in the space. 
 
The physical reason that justifies the different performances achieved is the 
nature of the excitation for the different walls, in terms of the actual air 
velocity and air temperature near every wall. 
 
In the CEN standards mentioned in section 2, the proposed common 
assumptions involved are an air temperature uniform throughout the room 
and convective heat transfer coefficients fixed and time independent (the 
recommended value of the convective heat transfer coefficient for a surface 

of no-cooling component is hc,i = 2,5 W/(m2⋅K). 
 
 
We have calculated  the actual convective heat transfer coefficients of a 
giving room under different night ventilation strategies. Next, the resulting 

 
Configuration 

 
Relative 
Storage 

Efficiency 
 

1 0.93 

2 1. 

3 0.88 

4 0.62 

5 0.66 

6 0.76 

7 0.43 



air temperature of the room is calculated comparing the actual convective 

heat transfer coefficients and that proposed by CEN (2,5 W/(m2⋅K). 
As an example table 2 shows the actual heat transfer coefficients of 
configuration 1 for different inlet air velocities. 

 
 
 
  
 
 
 
 
 
 

Table 2.- Actual convective heat transfer coefficients using a CGD model. 
 
Figure 8 shows in black the outdoor air temperature on a 10 days period (10th  
to 20th of July of the TMY) in Madrid. In purple, the resulting indoor air 
temperatures of the red coloured room with glazing facing west in the first 
floor of the enclosed building.  
The results have been obtained for an air flow rate of 4 air changes per hour 
and a convective heat transfer coefficient of 2,5 W/m2.K over all the internal 
surfaces of the room. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.- Outdoor air temperature (black) and indoor air temperature of the pivot room 

(purple)  for4 ach, hc,i = 2,5 W/m2⋅K) 
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Figure 9 shows the results in the same room for 4ach (single side ventilation) 
and 10ach (cross ventilation or mechanical ventilation)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.- Outdoor and indoor air temperature of the pivot room (4 and 10  ach, hc,i = 2,5 

W/m2⋅K) 
 

In a following step, the indoor air temperatures have been obtained using the 
same air flow rates as in figure 9 but using the actual values of the convective 
heat transfer coefficients instead of the constant value of 2,5 W/m2.K 
proposed in the CEN standards. 
Figure 10 shows a comparison of the values obtained for a couple of days of 
the period considered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 10.- indoor temperatures assuming fixed convective heat transfer coefficients as 
proposed in the standards (left)  and with the  actual convective heat transfer coefficients 
(right). 
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In the figure, the daily range of the indoor temperature for 10 ach has been 
highlighted for the last day of the period, red lines for hc,i = 2,5 W/m2.K, 
blue lines for actual  hc,i . It can be seen how different the inertia in both 
cases is.   
 
It can be deduced that the convective heat transfer coefficients assumed in 
the standards yields to very conservative values of inertia. The efficiency of a 
night ventilation strategy can be increased by using the adequate air flow 
patterns and placing the thermal mass in the positions with the higher 
convective heat transfer coefficients.  
 
Additionally, neglecting the effect of the air flow patterns can completely 
mislead the design of the heat dissipation.  Moreover, as in the case of the 
solar heat gain attenuation, the role of the inertia of the different elements 
depends on their actual position in the space.  
 
Finally, it is clear that the calculation methods should be adapted so as to 
consider these effects. Changing local convective heat transfer coefficients 
and assuming non-isothermal conditions inside the zones can be treated by 
means of an equivalent convective heat transfer coefficient (3)  
 
 

5. Comfort assessment and risk of overheating  
 
There are different approaches to assess the risk of overheating in non-air 
conditioned buildings. In general, the performance of a building is acceptable 
in terms of thermal comfort when it is not more than a certain percentage of 
occupied hours outside the limits of its specified comfort category (11).  
 
This absolute approach appears for instance in the regulations in Germany 
where there is a maximum allowable indoor temperature for non-air 
conditioned buildings that can not be exceeded for more than 10 % of the 
occupancy time. The indoor temperature depends on the climatic region 
ranging between 27 degrees for the hottest region and 25 degrees for the 
coldest region.  
A different approach can be found in Belgium where the number of hours 
above the allowable indoor temperature is weighted by taking into account 
the extent of this deviation using a degree-hours expression.  This indicator of 
overheating may not be higher than 17500 Kh for residential buildings 
independently whether active cooling is installed or not. 
 
The problem is not the use of absolute or relative indicators to express the 
tolerable frequency of exceeding a certain level of indoor temperature; the 
problem is the definition of the allowable indoor temperature itself, which is 
always fixed independent of the outdoor climatic conditions. 
 
Annex A2 of EN 15251 (6) proposes acceptable ‗summer‘ indoor temperatures 
(cooling season) for buildings without mechanical cooling systems as a 
function of the outdoor conditions. These indoor operative temperatures are 



appropriate for human occupancy with mainly sedentary activities such as in 
offices or dwellings where there is easy access to operable windows and 
occupants may freely adapt their clothing to the indoor and/or outdoor 
thermal conditions.  
Depending on the building category, the expressions of the upper limits of 
operative temperatures are: 
Θ max = 0,33Θrm+ 18,8 + 2 (Category I) 
Θ max = 0,33Θrm+ 18,8 + 3 (Category II) 
Θ max = 0,33Θrm+ 18,8 + 4 (Category III) 
 
Where 
Θrm  = Outdoor Running mean temperature oC. Θ    = Operative temperature 
oC. 
The outdoor running mean temperature is obtained from the daily mean 
external temperatures for the previous days 
 
Comparative simulations have been performed using a set of 21 residential 
buildings (11 single dwellings and 10 apartment blocks) placed in warm and 
hot locations in Spain (climatic zones 3 and 4 respectively) .  
Every point in figure 11 corresponds to the simulation of a certain building 
during June, July, August and September (2928 hours).  
The number of hours the building is above the comfort temperature as 
defined in Annex A2 of EN 15251 is represented in the x axis while the number 
of hours for which the building is above a fixed temperature (26 ºC in the 
graph) is plotted in the y axis. 
 
As a mater of example, if we want to identify the cases where the maximum 
allowable indoor temperature for non-air conditioned buildings has been 
exceeded for less than 10 % of the occupancy time (293 hours), we will find a 
considerable number of situations if we apply the EN15251 criterion  (all the 
points  bounded by the rectangle at the figure). 
 
For the points in the rectangle, we realize that the number of hours above 
26ºC (the values on the y axis) is very different, showing that there is not at 
all a two-way relationship between both criteria. Even for buildings that are 
never above the limit of temperature defined by EN 15251, the number of 
hours above 26ºC for these cases ranges between zero and more than 2000 
hours.  
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.-Relationship between number of hours above the comfort temperature limit (Tc) 
according to EN 15251 (x axis)  and the number of hours above 26ºC (y axis). 
 

The same type of analysis could have been performed using the Belgium 
approach with an indicator of overheating based on degree hours (figure 12). 
 
It is clear that comfort assessment schemes based on a fixed level of 
acceptable indoor temperature do not identify at all buildings for which air 
conditioning would not be necessary.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.-Relationship between the  degree-hours above the comfort temperature limit (Tc) 
according to EN 15251 (x axis) and the degree hours above 18ºC (y axis) 
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A complementary study of adaptative comfort was performed in order to 
assess the impact of using fixed set-points or variable set-points for air-
conditioned non-residential buildings. 
Even though it is clearly stated in EN 15251 that the concept of operative 
temperature is only applicable to buildings without mechanical cooling system 
we have evaluated an hypothetical scenario of air conditioned building in 
which the air conditioning is only switched on when the indoor free-running 
temperatures  are above the corresponding operative temperatures. It is like 
having an air conditioned building in which the set-point temperatures change 
daily as a function of the outdoor conditions.  
 
The building is a typical office building (figure 13) that operates 12 hours a 
day 5 days a week and has medium internal gains. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.-Views of the office building used for the comparison between energy needs based 
on a fixed or a variable set-point. 

 
The cooling needs of the building are calculated for three different scenarios: 

 Fixed set-point at  25ºC 

 Variable set-point using the operative temperature of annex A2 of 
EN15251 for buildings of Category I (  Θi max = 0,33Θrm+ 18,8 
+ 2 

 Variable set-point using a more exigent expression for the operative 
temperature having a which leads to Θi max = 0,33Θrm+ 18,8  

 
The results are shown in table 3 and plotted in figure 14. 
 
 
 
 
 
 



Table 3.- Cooling needs of the building in the tree scenarios of set-point 
temperatures 
 

 
Figure 14.- Relationship between cooling needs for variable set-point according to EN 15251 
(y axis) and cooling needs for a fixed set-point temperature of 25ºC.  
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Inspection of the figure shows than for warm and hot locations, the energy 
savings linked to the use of variable set-point ranges are very significant and 
climatically independent, ranging typically between 25% (case with ) and 

60% (case with  
 
The practical implementation of the control strategy to set the variable set-
point approach in a building would be extremely easy and cost-effective, 
which suggest further research on adaptative comfort for air-conditioned 
buildings. The calculation tool must, hence, be able to deal with this new 
approach.   
 
 
 
 
 
 
 
 
 
 
 
  
 
 



6. Zoning 
 
This section, deals with the partitioning of the building into zones. In more 
detail it investigates the conditions under which the calculations have to be 
performed using a single-zone approach or a multiple zone approach. 
 
Only in two of the CEN standards referred to in section 2 there are criteria for 
partitioning. 
 
In  prEN  15243 (2) the criteria are: 

 Divide the building into the lowest possible number of areas with 
spaces of the same or similar enough operation and construction, and 
with the same orientation; 

 Pick from these areas those with a ratio of more than 10 % of the total 
building area for which air conditioning is envisaged; 

 Pick from these areas all those with orientations in the sectors between 
E - SE and SW - W; 

 If an area found is equal to a space, the modelled zone is this space; 

 If an area consists of several spaces (the more frequent case), the 
modelled zone is the one of these spaces, which represents best the 
whole group of spaces. 

 Areas with orientations out of the sectors defined above have to be 
treated in the same way, if: 

o overheating occurs in the zones mentioned above, 
o there is a group with harder operational conditions (higher 

internal gains). 
 : 

In EN 13790 (5) partitioning of the building into thermal zones is not required 
if a set of conditions apply simultaneously to spaces within the building. 
For buildings without air conditioning, partitioning is not required in EN 13790 
unless large differences in the heat-balance ratio are expected. But, as the 
same standard includes, the heat-balance ratio itself depends on the zoning 
and the calculation of the input data is too labour intensive (especially in 
determining areas of building elements) to be done several times or room by 
room.  
Consequently, for free floating buildings, EN 13790 proposes the single-zone 
approach and prEN 15243 follows the same proposal except for spaces 
oriented E-SE and SW-W; 
 
A comparison between the influence of the single-zone and the multizone 
approach on the free floating indoor temperatures has been performed at the 
semi-detached residential building shown in figure 15 using the climatic data 
for Madrid and assuming a construction that follows the minimum 
requirements of the Spanish thermal regulations.   
 
Figure 16 shows the hourly values of the resultant indoor temperature (y axis) 
during a winter period of 10 days (11th to 20th of January). It can be seen that 
the temperatures of the 6 different zones do not differ noticeably from each 



other. The results for a single zone or a multi zone approach are consequently 
very close to each other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.- Views of the building used to perform the comparisons on zoning 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.- Hourly values of indoor temperature for the 6 zones or a sequence of 10 winter 
days  
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Figure 17 shows for the same building the results of the indoor temperature 
for a sequence of 10 summer days (10th  to 19th of July) assuming that the 
building can be treated as a single zone. In the same figure, the upper limit of 
acceptable indoor temperature as defined in annex A2 of EN15251 (buildings 
of Category 2) has been plotted in red.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.- Hourly values of indoor temperature (deg.C) for a single zone calculation  for a 
sequence of 10 summer days  

 
 
From the inspection of the figure it is deduced that the building fulfils the 
summer comfort requirements as the percentage of occupied hours outside 
the limits of comfort is very small (less than 5% of the occupied hours). 
However, the situation changes dramatically if a multi zone calculation is 
performed. The results of the multizone approach are shown in figure 18 
where the temperatures for the two of the zones with windows facing east 
and west respectively have been pointed out.  
The figure reveals that the temperature difference between zones at a 
certain hour can be as great as 10ºC. Under these conditions there are zones 
for which temperatures differ noticeably from the average temperature of the 
building (in blue). Consideration of the two zones facing west and east reveals 
that every day their temperature is above the comfort limit and consequently, 
they do not fulfil the comfort criteria.  Emphasis on optimizing aspects of 
building design (building thermal mass, solar protection, ventilation rate, 
etc.) must be concentrated in these two zones or alternatively they will 
require mechanical cooling. 
 
It can be concluded that: 

 Significant differences of indoor temperatures can be expected in 
different spaces of a building during summer period. 

 Average building temperature (single-zone approach) is not valid for 
comfort assessment in summer 

 Not considering a multizone approach in calculation methods can give 
misleading results for the efficiency of passive cooling strategies 
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Figure 18.- Hourly values of indoor temperature (deg.C)  for a multi zone calculation  for a 
sequence of 10 summer days  

 
 
 

7. Conclusions and recommendations 
 
There are modelling levels and assumptions inherent to the current 
calculation methods and recommended in some of the CEN standards 
concerned that are not sensitive to relevant design decisions in summer 
performance. This report proves that some common assumptions of the 
calculation methods can become a barrier to the penetration of passive 
cooling in buildings.  
 
Passive cooling concepts and strategies are based on a zone or even whole 
building level approach which implies the revision of the treatment of some 
parameters such as the solar distribution factors or the indoor convective heat 
transfer coefficients  
 
Solar heat gains attenuation strategies require that the solar distribution 
factors are considered at least as dependent on the season of the year in 
order to evaluate properly the effect of the thermal inertia of every 
enclosure. 
  
Night cooling dissipation strategies require consideration not only of the air 
flow rate of outdoor air entering the building but also of the air flow pattern. 
The air flow pattern can increase significantly the convective heat transfer 
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coefficients at some of the internal elements of the room as compared to the 
fixed values proposed in the CEN standards. The efficiency of the ventilation 
strategy is a direct function of how the structural inertia of the building is 
distributed on the elements of the enclosure with higher convective heat 
transfer coefficients. Calculation methods must consider the expected 
variation of the indoor convective heat transfer coefficients for typical air 
flow patterns for representative rooms. 
 
Assessment of summer comfort and the risk of overheating should not be 
based on fixed levels of acceptable indoor temperature. The influence of the 
outdoor conditions on the acceptable indoor set-points temperature as 
proposed in EN15251 must be taken into account for the identification of 
buildings which do not require air conditioning.   
 
In warm and hot locations, there is a significant potential of energy savings 
linked to the use of variable set-point ranges depending on outdoor 
temperatures. The practical implementation of the control strategy to set the 
variable set-point approach in a building would be extremely easy and cost-
effective, something that suggests further research on adaptative comfort for 
air-conditioned buildings. The calculation tool must, hence, be able to deal 
with this new approach. 
 
Finally, regarding zoning, it has been concluded that significant differences of 
indoor temperatures can be expected in different spaces of a building during 
summer period and that average building level temperature (single-zone 
approach) is not valid for comfort assessment in summer. Consequently, in 
order to promote the use of passive cooling concepts and strategies, 
calculation methods must consider a multizone approach.  
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ANNEX I: Short-Wave Radiation Heat Transfer in Rooms 

INTRODUCTION 

 

The density of heat flow rate by short-wave radiation absorbed at the internal surface of 
an opaque element is given by: 

qsri = (1− fsa )(1− fsl )(Φ sr,D +Φ sr,d )fd  

where 

fsa is the solar to air factor of the room; 

fsl is the solar loss factor of the room; 

fd is the distribution factor of the solar radiation at the internal surface of the element; 

Φsr,D is the heat flow rate due to the direct component of solar radiation entering the 
room; 

Φsr,d is the heat flow rate due of the diffuse component of solar radiation entering the 
room. 

 

This annex  presents a specific methodology to calculate the distribution factor (fd) in 
comparison with that proposed by prEN 15255: 2007. The methodology was presented 
at the Epic 2006 Aivc conference: "Technologies and Sustainable Policies for a Radical 
Decrease of the Energy Consumption in Buildings". Lyon, France. 2006, under the title: 
“Revision of the Inertia Concept in the Use of Free Heat Gains. Solar Radiation”.1

 

 

SOLAR RADIATION ABSORBED BY EACH DIFFERENT INTERNAL SURFACE. 

In order to assess the solar radiation absorbed by each different internal surface of a 
certain room, a detailed study has been carried out. 

 

 
                                                                 

1 Francisco José Sánchez de la Flor, Jose Manuel Salmerón, Servando Alvarez Dominguez, Alvaro Ruiz 
Pardo: “Revision of the Inertia Concept in the Use of Free Heat Gains”. Solar Radiation. Proceeding of 
Epic 2006 Aivc "Technologies and Sustainable Policies for a Radical Decrease of the Energy 
Consumption in Buildings". Epic 2006 Aivc. Lyon, Francia. 2006. 



STATE OF THE ART 

The necessity to know the solar radiation absorbed by the internal surfaces of the 
buildings has derived to the establishment of different assessment methodologies. These 
methodologies are mainly based in two models: the radiosity model and the Ray-tracing 
model2

The radiosity model is used for the assessment of the diffused and reflected components 
of the solar radiation, while the Ray-tracing model is also used for the direct 
component. In this survey, we have used both methodologies together.  

. 

Once, the incident solar radiation is calculated by using the Ray-tracing model, the final 
distribution can be calculated by means of the radiosity model, as follows: 

01 EAVASF ⋅⋅⋅= −  

where V is the transference matrix, and it is calculated as follows: 

( )( ) ( ) TIRFRIIFTIV −+⋅⋅−⋅−⋅−= −1
 

where 

• SF = Net transference vector in each internal surface of the room. 

• E0 = Incident solar radiation.  

• I = Identity matrix. 

• A = Areas of the internal surfaces of the room. 

• F = View factors matrix. 

• T = Transmisivities matrix. 

• R = Diffuse reflectivities matrix. 

This formulation determines in an acurate way the final distribution of the radiation 
from the inicial distribution E0 .   

 

 

                                                                 
2 Francisco José Sánchez de la Flor, Rafael Ortiz Cebolla, Jose Luis Molina Felix, Servando Alvarez 
Dominguez. “Solar Radiation Calculation Methodology for Building Exterior Surfaces”. Solar Energy . 
Vol. 79. Núm. 5. 2005. Pag. 513-522. 



METHODOLOGY 

INTRODUCTION 

Step by step procedure in the determination of the solar radiation distribution: 

• Pre-process 

1. Definition of the construction typologies.  

2. Assessment of the incident solar radiation by means of the Ray-tracing 
model. 

3. Development of correlations in order to estimate the incident solar radiation.  

4. Assessment of the incident solar radiation as a function of the orientation. 

5. Validation of the obtained correlations. 

• Post-process 

6. Assessment of the incident solar radiation by means of the correlations for a 
certain case of study. 

7. Assessment of the incident solar radiation for a room with or without 
furniture and with one or more exterior windows. 

8. Calculation of the view factors among the internal surfaces of the room.  

9. Calculation of the diffuse radiation through the view factors of the different 
surfaces with the sky.  

10. Use of the radiosity model to obtain the final solar radiation distribution.  

PRE-PROCESS: 

The objective of the pre-process is to obtaine a set of correlations, and then, the 
following steps have been followed only once. 

DEFINITION OF THE CONSTRUCTION TYPOLOGIES. 

We will assume a cube-shaped with a single window in one of the exterior walls. 

The parameters that have been used for the study are: 

- Orientation 

- Site latitude 

- Window to wall ratio of the exterior wall. 



- Width to depth ratio of the room. 

- Floor area. 

- Space height. 

- Presence and percentage of furniture. 

- Presence and percentage of shading devices. 

- Number of exterior windows at different orientations. 

 

DEFINITION OF THE WITH TO DEPTH ASPECT RATIO AND THE ORIENTATION. 

We have initially fixed the following data: 

PARAMETER VALUE 

Location Madrid 

Space height 2.4 m 

Number of exterior windows 1 

Presence of furniture No 

Presence of shading devices No 

The rest of the parameters have been modified to generate 504 different cases: 

PARAMETER VALUES #Cases 

Orientation 0-45-90-135-180 8 

West (90) 

 
South (0) 

 

W 

D 



215-270-315 

W-D aspect ratio 0.2-0.33-0.667-1-1.5-3-5 7 

Floor area 10m2 - 30m2 - 50m2 3 

Window to wall ratio 10% - 50% - 90% 3 

ASSESSMENT OF THE INCIDENT SOLAR RADIATION BY MEANS OF THE RAY-TRACING 
MODEL. 

Using a detailed software tool, based in the Ray-tracing model, we have obtained the 
direct incident solar radiation impinging in each of the room surfaces for the 504 above 
combinations.  

DEVELOPMENT OF CORRELATIONS IN ORDER TO ESTIMATE THE INCIDENT SOLAR 
RADIATION. 

The results of the previous 504 simulations were used in the development of the correlations. 

Another result of the study was to realize the main parameters affecting the radiation 
distribution. These parameters are the orientation and the width to depth aspect ratio, 
and in a second order of importance the floor area. The influence of the window to wall 
ratio is almost negligible.  

Finally, the correlation is as follows: 

eradracG
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where: 

• R: Fraction of the direct solar radiation impinging in a certain 
interior surface. 

• F:  Correction factor due to the floor area. 

• G: Correction factor due to the width to depth aspect ratio. 

•  ra:  Width to depth aspect ratio 

• area:  Floor area (in m2). 



 

 FRONT WALL 

 WINTER SUMMER 

 a b c d e a b c d e 

S 0.3684 0.1337 0 -0.1325 1.4077 0.124 -0.1231 0 0 0 

SW 0.2091 0.3172 0.0255 -0.2293 1.1788 0.1531 0.0271 0.0092 -0.1298 1.3798 

W 0.3018 0.0942 0.0452 -0.3627 1.2242 0.1783 0.237 0.0368 -0.3283 1.4573 

NW 0.2573 -0.2703 0 -0.0943 1.3752 0.2249 0.0821 0.039 -0.3442 1.4453 

N 0 0 0 0 0 0 0 0 0 0 

NE 0.2573 -0.2703 0 -0.0943 1.3752 0.2249 0.0821 0.039 -0.3442 1.4453 

E 0.3018 0.0942 0.0452 -0.3627 1.2242 0.1783 0.237 0.0368 -0.3283 1.4573 

SE 0.2091 0.3172 0.0255 -0.2293 1.1788 0.1531 0.0271 0.0092 -0.1298 1.3798 

 

 

 

 

 

 

 

 

 



 LEFT WALL 

 WINTER SUMMER 

 a b c d e a b c d e 

S -0.08887 0.1642 -0.0238 0.1353 0.4778 -0.058 0.0989 -0.0794 0.3559 0.7023 

SW -0.1485 0.2602 -0.073 0.385 0.5228 -0.0286 0.0192 -0.198 0.5556 0.8275 

W -0.2825 0.6099 -0.0389 0.3839 0.1024 -0.0735 0.0644 -0.1758 0.5621 0.7544 

NW -0.1118 0.877 0 0.1249 0.0646 -0.2601 0.4454 -0.064 0.3579 0.4482 

N 0 0 0 0 0 -0.0782 0.3998 -0.0312 0.3392 0.0004 

NE 0 0 0 0 0 0 0 0 0 0 

E 0 0 0 0 0 -0.0579 0.0273 -1.0259 1.324 0.4705 

SE -0.0492 0.0163 -0.6367 0.903 0.3884 -0.1209 0.219 -0.0374 0.1818 0.5656 

 



 RIGHT WALL 

 WINTER SUMMER 

 a b c d e a b c d e 

S -0.08887 0.1642 -0.0238 0.1353 0.4778 -0.058 0.0989 -0.0794 0.3559 0.7023 

SW -0.0492 0.0163 -0.6367 0.903 0.3884 -0.1209 0.219 -0.0374 0.1818 0.5656 

W 0 0 0 0 0 -0.0579 0.0273 -1.0259 1.324 0.4705 

NW 0 0 0 0 0 0 0 0 0 0 

N 0 0 0 0 0 -0.0782 0.3998 -0.0312 0.3392 0.0004 

NE -0.1118 0.877 0 0.1249 0.0646 -0.2601 0.4454 -0.064 0.3579 0.4482 

E -0.2825 0.6099 -0.0389 0.3839 0.1024 -0.0735 0.0644 -0.1758 0.5621 0.7544 

SE -0.1485 0.2602 -0.073 0.385 0.5228 -0.0286 0.0192 -0.198 0.5556 0.8275 

 

ASSESSMENT OF THE INCIDENT SOLAR RADIATION AS A FUNCTION OF THE 
ORIENTATION 

The incident solar radiation for a certain orientation can be calculated as a function of 
the horizontal solar radiation: 

θ
θ

z
HRDRD

cos
cos

sup ⋅=   (1) 

Where θ is the angle between the normal vector of the surface and the sun direction, and 
θz is the same but for a horizontal surface.  



 

 

VALIDATION OF THE OBTAINED CORRELATIONS. 

In order to validate the obtained correlations, the resulting values have been compared 
against the original ones given by the detailed software tool.  
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FRONT WALL IN WINTER AND SUMMER: 
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FLOOR IN WINTER AND SUMMER: 
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POST-PROCESS 

The following steps have to be followed for each particular case of study. 

ASSESSMENT OF THE INCIDENT SOLAR RADIATION BY MEANS OF THE CORRELATIONS 
FOR A CERTAIN CASE OF STUDY. 

For each case of study, the coefficients (a, b, c, d and e) has to be obtained from the 
previous tables. 

Then, the correction factors (F and G) can be calculated, and finally the fraction solar 
radiation (R) impinging in each interior surface of the room. 

ASSESSMENT OF THE INCIDENT SOLAR RADIATION FOR A ROOM WITH OR WITHOUT 
FURNITURE, AND WITH ONE OR MORE EXTERIOR WINDOWS. 

When a room has more than one exterior window at different orientations, the problem 
can be solved by superposition. 

 

 

This superposition has to be applied as a function of the kind of wall, as a 
follows: 

A B C TOTAL 

Interior wall Interior wall Interior wall A = B + C 

Exterior wall Exterior wall Interior wall A = C · (1 - %window/100)  

Exterior wall Interior wall Exterior wall A = B · (1 - % window/100) 

 

The correction to be applied when furniture exists, is as follows: 

 

B 

A 
A: South and East 

(1) (1) 

B: South 

(1) 

C: East 

 









 −⋅=

100
%1 furnitureRadRad

furniture
without

furniture
with  

CALCULATION OF THE VIEW FACTORS AMONG THE INTERNAL SURFACES OF THE 
ROOM. 

In the calculation process of the diffuse and reflected solar radiation, the view factors 
among the interior surfaces of the room are necessary. 

For each interior surface of the room, we have to follow two steps: 

• Calculation of the view factor with the sky. 

• Calculation of the view factors with the rest of interior surfaces. 

The view factor with the sky is calculated as the product between the view factor of the 
surface and the window, and a correction factor (F). 

FFFFF ventcielo ⋅= −− supsup  

The value of (F) is 0.5 for vertical surfaces, 1 for the roof and 0 for the floor. 

CALCULATION OF THE DIFFUSE RADIATION THROUGH THE VIEW FACTORS OF THE 
DIFFERENT SURFACES WITH THE SKY. 

For each interior surface of the room, the diffuse solar radiation is calculation as: 

Hsky RdFFRd ⋅= −supsup  

Where HRd is the horizontal diffuse radiation. 

USE OF THE RADIOSITY MODEL TO OBTAIN THE FINAL SOLAR RADIATION 
DISTRIBUTION.  

The last step of this process is to apply the radiosity model to obtain the final solar 
radiation distribution, in which we will use the results of the previous steps, and the 
optical properties of the surfaces. 

 

 

 

 

 



 

COMPARISON CASES. 

For the comparison purposes, a cube-shape room has been used, with only one window in one of the 
external façades.  

 

The width to depth aspect ratio has been changed from 0.25 to 4. 

 

INFLUENCE OF THE ASPECT RATIO (WINDOW FACING SOUTH) 
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INFLUENCE OF THE ASPECT RATIO (WINDOW FACING WEST) 
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INFLUENCE OF THE SURFACE POSITION (WINDOW FACING SOUTH) 
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ANNEX II: Heat Dissipation by Ventilation 

VENTILATION AND STRUCTURAL THERMAL STORAGE. 

 The strategy for improving the thermal comfort is to cool down the structural 
components of the building when it is unoccupied, that is normally during the night. 
This technique is known as night cooling ventilation: the building behaves as a cold 
sink during the day and the objective is to take out all this stored energy in the structure 
changing its behaviour to hot sink during the night. This charge and discharge of energy 
in the building structure is made cyclically thanks to the circulating air and it is essential 
to evaluate the energy offer and energy demand in order to close properly the cycle. In a 
building, the energy offer is the storage heat capacity of the structure and the energy 
demand is the heat necessary to assure the comfort conditions. Under this viewpoint, 
three situations can happen: 

 

• Energy offered higher than energy needed. 

• Energy offered equal to energy needed. 

• Energy offered lower than energy needed. 

 

In cooling, it can seem that in the second and the third case, the energy requirements of 
the building would be null. Nevertheless, making a deeper analysis, we will be able to 
understand that all the energy stored in the structure will not satisfy the demand. To 
explain this, the concept of effective stored heat can be introduced, whose definition 
would be the fraction of stored energy that is used to reduce the energy demand of the 
building. The total stored energy is seldom used fully to reduce the energy demand 
because a part of this energy escapes to the exterior.  

 

Once understood the physical process, there exist two situations which could be 
optimised: 

 

• The position of the inlet/outlet openings in the enclosure: The openings will 
determine the flow patterns whose influence on the stored energy in the building 
structure is crucial. In order to compare relatively different enclosures, it will be 
defined the term storage efficiency (SE) as the ratio between the stored energy 



and the maximum energy which would be possible to store under ideal 
conditions 

• The distribution of the thermal mass in the enclosure: All the mass contained in 
the building structure do not count equally in the calculation of the inertia, the 
air which flows inside a room does not touch all the walls by the same way. That 
is, the air velocity close to the walls changes depending on the flow pattern, and 
consequently the heat transfer coefficients too. Similarly to the previous 
situation, another parameter called time constant (τ) will be used to evaluate 
different distributions of thermal mass. This variable will depend on the total 
mass of the closing walls as well as the air in contact with the surface of these 
walls. The higher the thermal inertia of the building, the higher the possibility to 
reduce the energy demand becomes.  

In general, the natural ventilation will depend on the air velocity in the entrance of the 
enclosure, the air movement inside the interior space, the construction typology, the 
climate and the set-point temperature. It is not necessary the two last items to simulate 
different configurations by means of computational fluid dynamic software (CFD). 
Thus, it has been obtained the following graphs which will help to characterise the 
natural ventilation. 

 

Figure 1 shows the streamlines of one enclosure corresponding to a configuration where 
the element 1 is the floor, the elements “2” and “4” are the walls and the element “3” is 
the ceiling. It can be also appreciated that the inlet opening is located at floor level and 
the outlet opening at ceiling level. 

 

 

Figure 1- Streamlines in the configuration 1. 



 

The air flow pattern can be divided in two regions, the first region, where the air flows 
from the inlet to the outlet opening touching directly the floor and the wall, and the 
second region where the flow stands stagnant. As consequence of this phenomenon, the 
heat transfer coefficients are different on each element due to the variation of the air 
velocity on the surfaces. The air flow pattern cool down directly the elements “1” and 
“2” while the elements “3” and “4” are cooled down indirectly by the stagnant air. 
Figure 2 shows the superficial temperatures versus operation time on the elements 
previously mentioned. 

 

 

Figure 2- Hourly evolutions of temperatures for the elements in configuration 1. 

 

Each element has its own evolution depending on the temperature of the air which is in 
contact, the convective heat transfer coefficients, and the thermal inertia. 

 

GLOBAL CHARACTERIZATION OF VENTILATION 

 

In this section, it will be studied the influence of the air flow patterns on the capacity to 
store energy of the enclosures. The study will be based on the concept of storage 
efficiency (SE), this parameter is defined as the ratio between the amount of energy 
absorbed by the building components (walls, floors and roofs) at each time instant and 
the maximum amount of energy which would be possible to store under ideal conditions 
(Salmerón 2005).  

 



On the other side, the thermal inertia of each element in the studied zone determines the 
whole thermal inertia of the enclosure, and consequently the capacity to store energy 
and to release heat to the space. This effect has been studied traditionally with time 
constants (τ) and for this reason; they appear in most of the publications where the 
concept of utilisation factor is studied both for heating and cooling (Roucoult et al 1999, 
Lundin et al 2005, Yam et al 2003). 

 

Both characterisation parameters allow studying the joint influence of the air flow 
patterns and thermal inertia of each element in the enclosure on the natural ventilation. 
It has been proof that the higher storage capacity of one room, the higher thermal inertia 
of the elements affected by the movement of air in the interior space. On the contrary, 
the augmentation of the storage capacity is negligible if there is an increase of the 
thermal inertia of the elements not touched by the main current of air. Thus, following 
the same deductions and keeping constant the total thermal inertia in the enclosure, the 
higher distribution of thermal mass in the elements more affected by the air flow, the 
higher capacity of storage. 

 

THE INFLUENCE OF AIR FLOW PATTERN ON THE STORAGE EFFICIENCY 

The enclosure geometry affects the air flow pattern, and this, on its parts, the storage 
efficiency. The designer establishes normally the layout of the various spaces within the 
building taking care of some principles between which the air flown pattern is not 
included. However, he has any degree of freedom in the selection of the position of the 
openings. In the case of natural ventilation, these openings can be windows and grids 
that allow the movement of air from and towards the interior of the room. 

 

Figure 3 shows a summary of the usual typologies that can be found in most of the 
buildings. The typologies are two-dimensional; it is supposed that third dimension does 
not change greatly the flow pattern. In general, this supposition is true if the length of 
the volume in the third dimension is longer than the others two dimension, or, if there is 
not possibility of air flow in the third dimension. Under the previous assumptions, the 
figures must be understood as sections of the space in horizontal or vertical position. 
The lengths of the elements 1 and 3 are four meters and of the elements 2 and 3 are 
three meters. 
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Figure 3- Usual typologies for natural ventilation in buildings. 

 

The existence of a differential pressure between the inlet and the outlet openings has 
been assumed, and this constitutes the impelling force of the air flow.  

 

Figure 4 shows the storage efficiency depending on the duration of the charge for all the 
typologies of the Figure 3, in all the cases, the differential pressure between the outlet 
and the inlet pressure is the same. 
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Figure 4- Storage efficiency based on the length of the period of charge for all the typologies. 
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Among the proposed configurations, the number two is the one with most capability to 
store energy while the number seven has the least capability.  

If the charge period is eight hours, the storage efficiency in the configuration two is 18 
% while in the configuration seven is 3 % (Salmerón 2005). It must be underlined this 
result because it shows that, with the same geometry of the enclosure, initial interior 
temperature and thermal inertia, it is possible to store until six times more energy 
depending only on the position of the inlet and outlet openings, and consequently on the 
air flow pattern. 

 

An analysis of the different typologies reveals that the best configurations are those 
where the main air flow pattern touches directly more elements of the room. For 
example, in the typology two, the main current of the air flow comes in touch with the 
elements 1, 2 and 3 while there is a short circuit in the typology seven. The typologies 
four and six presents a short circuit too but they are not as inefficient as the 
configuration seven is. The reason for this effect is that the inlet is bigger than the outlet 
opening in the configuration seven and this produces an acceleration of the air flow 
inside the room, by this way the air flow exits quickly without making contact with the 
room walls. In the others a configuration of faced openings, the air flow does not 
experiment an increase of velocity and therefore the elements 3 and 1 are touched.  

 

Some design guidelines of ventilation recommends bigger inlets than outlets openings 
in order to increase the air velocity in the room and improve the comfort sense of the 
occupants. It seems a correct consideration from the point of view of comfort but it 
could be interesting to take into consideration not to face the openings.  

 

In typology three, there is a short circuit too but in this case, the main air flow pattern is 
intensively in contact with the element 3, allowing removing a big amount of heat from 
this wall. 

 

INFLUENCE OF THE THERMAL INERTIA IN EACH CLOSING WALL. 

As it has been point out herein, a certain air flow pattern is so much the more effective 
for increasing the total capacity to store energy of the enclosure, if the velocity of the air 
is higher on the elements with more thermal inertia. On the other hand, it is not very 
effective to increase equally the velocity of the air in all the elements of the building 
without taking into account the different thermal inertias. 



 

In order to quantify the capacity to store energy as a function of the thermal inertia of 
each element which constitutes the room, the time constant (τ) is used.  

A whole theory description of time constant is described by Salmerón et al 2007. By 
this way, it can be solved the equations for calculating the time constant of each closing 
wall and subsequently, for calculating the time constant of the whole enclosure. The 
time constant of the whole enclosure is more interesting for evaluating the potential of 
the nigh cooling ventilation because it takes into account the interaction of the different 
elements in the room. These interactions are decisive so that the techniques of passive 
cooling can work properly. 

 

As well known, the time constant of one system is useful for quantifying its response 
time. The response speed of one system increases when its response time decreases, in 
this case, it is said that the system has low thermal inertia, and vice versa, one system 
has high thermal inertia when its time response increases and the response speed 
decreases. 

 

Figure 5 shows the capacity to store energy versus the storing time. Each curve has been 
calculated for one different thermal inertia and therefore for one different time 
constants. 

 

Figure 5- Influence of the time constant on the capacity to store energy. 
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In the Figure 5, it can be appreciated that when the time constants increase, the storage 
efficiency grows more slowly. From this point, important conclusions can be inferred 
related to the use of natural ventilation with the aim of fight against the cooling demand.  

 

COMBINED INFLUENCE OF THE THERMAL INERTIA AND FLOW PATTERN IN EACH 
CLOSING WALL.  

 

This combined influence is called “selective position of the massive walls in the 
enclosure”, and means that we can change the mass of the closing walls of the enclosure 
to achieve that those walls that are more in contact with the circulating air has the higher 
level of mass; while those walls that are less in contact with the air flow have a lower 
inertia. This selective position of the masses into the enclosure can increase the storage 
efficiency. 

  

In order to determine the walls that are more affected by the circulating air flow we can 
see the convective coefficients in each wall. For example, the next table shows the 
convective coefficients for the walls of the configuration 1. Here we can see that walls 1 
and 2 have always the higher convective coefficients, as a consequence if all the mass of 
the enclosure were concentred in those the storage efficiency would increase. 

 

Configuration 1 

Inlet air 
velocity 

(m/s) 

Convective coefficient (W/m2K) 

Wall 1 Wall 2 Wall 3 Wall 4 

   

   

1

2

3

4

 

   

   

1

2

3

4

 

 

0,5 4.07 2.06 1.99 1.76 

1,0 6.43 3.66 3.51 2.70 

1,5 8.60 5.20 4.97 3.57 

Table 1. Convective coefficients over each wall of enclosure type 1 as a function of the 
inlet air velocity. 

 



Graphically, the contact of the air flow and the walls can be seen in the next sequences 
of graphics. 

 

 

 

 

  

Figure 6. Sequential air flow in configuration 1. 

Next table summarizes the convective coefficients for each wall for the 7 configurations 
of ventilation described. These values have been obtained in steady-state as a function 
of the inlet air velocity. 



V (m/s) h1 (W/m
2
K) h2 (W/m

2
K) h3 (W/m

2
K) h4 (W/m

2
K)

0,5 4,07 2,06 1,99 1,76

1,0 6,43 3,66 3,51 2,70

1,5 8,60 5,20 4,97 3,57

0,5 4,06 1,65 1,82 2,62

1,0 6,43 3,00 3,27 4,14

1,5 8,61 4,31 4,68 5,57

0,5 1,33 2,18 4,38 1,68

1,0 2,38 3,77 6,92 2,52

1,5 3,36 5,26 9,26 3,30

0,5 1,36 1,77 1,36 2,92

1,0 2,37 3,02 2,37 3,98

1,5 3,33 4,21 3,33 4,82

0,5 1,24 1,52 1,97 2,88

1,0 2,11 2,68 3,43 3,92

1,5 2,88 3,85 4,86 4,75

0,5 1,36 1,47 1,36 2,83

1,0 2,38 2,51 2,38 3,81

1,5 3,32 3,54 3,32 3,93

0,5 2,39 3,53 2,39 3,83

1,0 3,87 5,98 3,87 4,91

1,5 5,15 8,29 5,15 5,68

4

6

7

5

1

2

3

 

Table 2. Convective coefficients for each wall for the 7 configurations described. 

 

 

CONCLUSIONS  

 

The results obtained can be summarized with the following statement: “The position of 
the inlets/outlets openings in the enclosure together with the position of the massive 
walls is essential to reduce the cooling demand due to the night ventilation”. 
Quantitatively, it has been proof that one configuration can store and release five times 
more energy than another configuration because of the convective coefficients over the 
closing walls. 

Other conclusions or recommendations which can be drawn from the mathematical 
development of equations for the time constant and the storage efficiency are presented 
next: 

• The more the time constant increases, the more time is needed to reach fixed 
storage efficiency. This happens because a high time constant means the system 
responds slowly to an excitation.  

• On the other hand, the storage efficiency increases when the charge time grows 
up, for a specified time constant. 



• Finally, as the most important conclusion, if the charge time is kept constant, the 
higher the storage efficiency, the lower the time constant is.  

The third statement must be clarified because it can be contradictory if the interpretation 
is that the best way to have high storage efficiencies is to reduce the time constants in 
the enclosure and therefore the thermal inertia. It is clear that it is easier to fill fully a 
container when this is small and although the filling efficiency would be high, the 
content could be much more reduced than in other cases with bigger containers almost 
empty. To sum up, the most favourable situation to fight against the cooling demand 
using natural ventilation, it would be to have high time constants (container) and high 
storage efficiencies (filling efficiency).  

 

If the storage efficiency is high, there will be high capability to store heat during the day 
in the building structure and to release it during the night. If the time constant is also 
high, the release of stored will be delayed until the time the night cooling ventilation 
starts, and vice versa, the storage of heat will begin some hours later of the end of the 
night ventilation. These delays and the planning of the operation schedules is the base of 
the strategy described in the article, the defined parameters (time constant and storage 
efficiency) help to get this objective. 

 

In order to guarantee the good performance of the night cooling ventilation, it is 
essential to combine high storage efficiencies with high thermal inertia or, what is the 
same thing, high time constant of the enclosure. This can be achieved with the next 
strategies: 

• The storage efficiency can be increased if there exists a suitable air flow pattern 
in the space, therefore the position inlet/outlet openings and the air velocity must 
be analysed in order to make a right choice.  

• The time constant of the enclosure increases, as it has been mentioned 
previously, if the thermal inertia of each element which constitutes the room 
increases but above all, of the elements touched directly by the air flow. 

 

Summarizing, the design of the air flow pattern and the calculation of the thermal inertia 
in the enclosure must be done together because of their joint influence on the natural 
ventilation.  
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