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Abstract. The paper presents an investigation of the performance of 
thermal mass and night ventilation for passive cooling using a critical 
case study approach. The conceptual Model is based on literature and 
a pre-modern building in a historic world heritage site. The building 
was tested by a field investigation using thermal monitoring and a 
simulation study of the building. Effectiveness is seen with internal air 
and operative temperatures moving 5-6 degrees C well below ambient 
levels which is around 31 degrees C, suggesting efficiency of thermal 
mass with night ventilation for passive cooling and in reducing needs 
for operational energy in warm humid climates. The work provides 
evidence supporting these findings and justifying the conceptual 
Model.        
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1. Introduction 

Research suggests that continued GHG emissions at or above current rates 
would cause further warming and induce many adverse changes in the global 
climate system (IPCC, 2007). Warming climates increase internal tempera-
tures of buildings and studies have shown that this relationship is linear 
(Coley et al, 2010). Furthermore, predicted increase of extreme air tempera-
tures due to climate change effects may considerably impact on the electrici-
ty demand (Howden SM and Crimp S, 2001) and thus emissions. With the 
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projected increase in energy use and the demand for more comfortable in-
door environments in offices, there is a growing concern about high energy 
consumption in commercial office building and its likely adverse impacts on 
the environment. 

Bioclimatic buildings (Olgyay, 1963) are seen as a solution to these prob-
lems through climate responsive design. This solution can be effective in 
skin dependant buildings because of the potential interaction between cli-
mate, buildings and occupants but empirical evidence of the effectiveness of 
this approach is less visible (Ismail LH, 2006). This paper illustrates oppor-
tunities for cooling indoors arising from the use of innovative climate re-
sponsive building forms in warm humid climates (Hyde R.A, 2000). It uses a 
pre-modern building as a point of departure since these buildings form a 
model which has been optimized through the experience of time (Hyde, 
2000)  

1.1. PASSIVE ARCHITECTURE      

An experimental study involving passive design priorities to restrict dynam-
ics of external heat loads with external shading devices, insulation, solar 
control glass, and to remove internal heat loads with night ventilation and 
slab cooling shows that the primary energy use of office buildings can be re-
duced to about one-third of the average building stock and kept within a lim-
it of 100 KWh per net floor area and year. (Voss. K et al, 2007). 

There has been a good deal of interest in the use of double skin facades in 
building envelopes due to the advantages claimed for this high-tech technol-
ogy in terms of energy savings in both cold and warm seasons (Gratia E et 
al, 2007). In the case of double skin facades interventions can be applied to 
optimise natural light, promote solar protection and ventilation to maintain 
indoor comfort and energy optimization.   

A study by Wagner (Wagner et al, 2003) demonstrates that requirements 
in terms of summer thermal comfort in medium rise office buildings could 
be achieved by passive influence of the building section involving internal 
passive areas like atriums and high thermal mass in the ceilings creating 
stack ventilation. Even under extreme outdoor temperatures, comfort condi-
tions can be reached with passive cooling potential of the envelope in place 
of technical installations of the building services system. 

Application of building geometry as an “air fluid composition” consider-
ing a multitude of design drivers such as structure, space planning, number 
of floor plates, disposition of open plan cellular spaces, the number of stacks 
and style of atriums and light wells seems to offer benefits for operational 
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energy saving, indoor air quality provisions and the likely tolerance to cli-
mate change effects (Lomas K.J, 2007).  

The use of passive influence of building section with night ventilation 
and mechanically driven hybrid day ventilation can be effective in improv-
ing thermal comfort without increasing the electricity demand. The simula-
tion based methodology used by Pfafferott J, et al, 2004) for data evaluation 
of a multi-level office building in Germany permits a precedent to highlight 
the efficiency of night ventilation and heat transfer from inside to outside 
with the air fluid effect of building section and envelope in maintaining in-
door comfort in summer seasons.  

With additional shading on the external envelopes by self-shading capaci-
ty of geometries of multi-level buildings there have been improvements in 
the energy performance of buildings (Capeluto I.G, 2002). With this kind of 
approach, the opportunity has arisen to investigate the potential of architec-
tural attributes such as building sections, envelopes and internal passive 
zones in a holistic manner by reference to new and even retrofitting existing 
commercial office buildings (Hyde, 2013). Further research is required to 
investigate the potential of this intervention in warm humid climates. This 
paper develops a holistic approach for passive climate modification in warm 
humid climates involving air flow in three dimensional forms of buildings. 
The significance of this lies in the need for passive cooling.   

2. The Need for Passive Cooling in the Tropics  
Passive cooling in a building design approach focuses on heat gain control 
and heat dissipation in order to improve the indoor thermal comfort with low 
or nil energy consumption (Santamouris. M, 1996). Ventilation can create a 
heat gain in buildings in warm climates and summer seasons. This results in 
the interests of controlling overheating and the role of natural ventilation be-
ing in conflict. Thus, a reduction of radiant heat in the incoming air is of 
high priority. Controlling radiant heat at the microclimatic level by good 
shading can reduce the radiant heat and temperature of incoming air. Under 
these conditions, ventilation may contribute for space and structural cooling. 
The efficiency of this technique is limited due to the slight diurnal tempera-
ture range in tropical climates but can be enhanced in summers with the 
large diurnal temperature range characteristics in moderate climates (Ra-
japaksha.U, 2003). 

2.1. LIMITATIONS OF COOLING EFFECT OF AIR MOVEMENT  

From the collective evidence of eleven different studies by others, Szokolay 
(2000, 1997) compares the cooling effect (extensions to the comfort zone) of 
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different air velocities and proposes a reasonable medium of cooling effects 
associated with such air velocities up to 2m/s.    

The work of Givoni (1991:179) suggests, in the absence of any solar or 
internal heat gain, the indoor air temperature closely follows the outdoor 
level with daytime ventilation. It also conforms that an air velocity of 1m/s is 
capable of extending upper limits of acceptable dry bulb temperatures by 3.7 
degrees C under warm humid conditions, in a situation, where occupant wear 
light clothing (less than 0.5clo.) for activity level less than 1 met. The evi-
dence indicates a linear function of the cooling effect by air velocities up to 
1m/s but effect is diminishing with elevated velocities after the limit of one 
metre per second.  
    Having applied the medium cooling effect of an air velocity of 1m/s as 
proposed by Szokoloy, an indoor air movement of 1m/s can extend the upper 
limit of comfort zone, 28 degrees C, up to 31.7 degrees C, without causing 
sensible thermal discomfort during summer. At the highest level of applica-
bility, an air velocity of 1.5m/s can extend the comfort zone by 5 degrees K 
up to 33 degrees C. A closer look at ambient climatic conditions for a typical 
summer day in this climate reveals that that daytime dry bulb temperature 
remains around 34 degrees C or higher. This is quite extensive given the 
daytime humidity around 80 percent and the air velocity up to one metre per 
second, meaning that there is a need for lowering the swing of indoor air 
temperature below the level of ambient. 

2.2 THERMAL MASS AND VENTILATION   

Buildings with thermal mass provide "inertia" against temperature fluctua-
tions, i.e. the “thermal flywheel effect” (Koenigsberger, Szokolay, S.V, 
1973). When outside temperatures are fluctuating throughout the day, a large 
thermal mass within the insulated portion of the building form can serve to 
"flatten out" the daily temperature fluctuations. Thermal mass will absorb 
thermal energy when the surroundings are higher in temperature than the 
mass, and give thermal energy back when the surroundings are cooler, with-
out reaching thermal equilibrium. This is distinct from a materi-
al's insulative value, which reduces a building's thermal conductivity, allow-
ing it to be heated or cooled relatively separate from the outside, or even just 
retain the occupants' thermal energy longer (Rajapaksha,I. (2004).     

When an insulated high-mass building is ventilated at night its structural 
mass is cooled by convection from the inside, by-passing the thermal re-
sistance of the envelope. During the daytime, the cooled mass, if of suffi-
cient amount and surface area and adequately insulated from the outdoors, 
can serve as a heat sink. It absorbs, by radiation and natural convection, the 
heat penetrating into and generated inside the building, and thus reduces the 

http://en.wikipedia.org/wiki/Thermal_equilibrium
http://en.wikipedia.org/wiki/Thermal_insulation
http://en.wikipedia.org/wiki/Thermal_conductivity
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rate of indoor temperature rise. This is the process of passive cooling of 
buildings that are not ventilated during daytime in hot dry climates. This re-
search investigates potential of this fundamental behavior for warm humid 
tropics using a field investigation and simulation.  

A recent study of authors shows that the use of high thermal mass is ben-
eficial in warm humid climates in promoting passive cooling in both day and 
night, but subject to satisfying the pattern of ventilation. Compact house 
forms found in Historic Galle Fort in Sri Lanka provide evidence for this 
(Rajapaksha M et al,  2013). The integration of thermal mass with a building 
design becomes significant but depends primarily on the pattern of ventila-
tion during day and night. Providing daytime ventilation can limit the poten-
tial of thermal mass for passive cooling. However, with the presence of diur-
nal ranges like 6-8 degrees C, cooling effect of thermal mass can be seen 
very effectively in these compact building forms provided there is night time 
ventilation (Hyde RA, 2000). The study investigates a pre-modern building, 
as this is a tested example which can form the basis for establishing climate 
responsive form and fabric for new modern buildings.  

3. Methodology 

The research plan involved three stages. First, a pre-modern building was 
selected as a critical case which has extensive thermal mass in the envelope 
and therefore appears to have the potential for passive cooling with night 
ventilation if introduced. The second stage was to explore climate response 
of this building. Importantly to look at the high thermal mass building form 
and identify challenges and situations associated with these interventions. 
Architectural characteristics and thermal performances were compered and 
investigated. Outcome of this and literature review contributed to develop 
the conceptual model. Third, a monitoring system was used to examine its 
thermal performance and simulation study was used to validate the model. 
The process aimed at identifying the level of passive climate modification 
and its pattern. The difference of air temperature between ambient and in-
door average was taken as the indicator of passive climate modification.   

3.1. THE PRE MODERN BUILDING AND CONTEXT   

The pre-modern 16th Century building which is located in a world heritage 
site in Galle Fort in Sri Lanka has been adapted to a Museum.  

Climate of Galle in Sri Lanka is found to be warm humid with daily max-
imum reaching 34-35 degrees C and relative humidity around 70-80 percent 
(Met Dept.SL). Sri Lanka is now experiencing more clear skies and large di-
urnal ranges around 6-8 degrees C which is quiet unusual which in turn sug-
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gest a potential for night cooling with thermal mass. The study has been 
conducted during northeast monsoon season where dry wind blowing from 
the Indian terrestrial massing. The cloud cover has been minimal during this 
period and no rain was recorded. Wind direction during the study period was 
primarily from south west with a speed around 0.8m/s.   

The building investigated is a linear rectangular two storied construction 
which is oriented approximately on the east west axis with a slight angle to 
“north-east” and “south-west” direction, facing the building’s longer axis 
into north south direction. The western and eastern facades do not have large 
openings and the ground level of the western façade acts as an underground 
structure while the upper floor only have an opening acting as an entrance 
door in the west – east facades. Plan depth is 14 meters.  

The building has window openings in the northern and southern facades. 
The thickness of the walls is approximately around 1.6 m approximately 
made out of coral stones, sand and termite clay with a 1.5cm plaster layer of 
termite clay. The roof is a timber truss covered with Calicut tiles and no roof 
openings are present and no insulation. The window openings and doors are 
made out of hardwood timber. Building does not accommodate any glazing 
in its internal or external facades. The roof eave does not give additional 
shading to the building envelope and windows are kept closed during opera-
tional and non-operational time periods of the day.  

The research investigated situations in respect to indoor overheating and 
cooling in order to identify problems and opportunities with integration of 
thermal mass characteristics of building design. The research hypotheses an 
agreement for the integration of thermal mass with building sectional charac-
teristics when designed and enhanced with night ventilation. The investiga-
tion involved a diagnosis and simulation. 

3.1.1 Diagnosis 

Diagnosis stage was aimed at identifying general thermal behavior patterns 
of the building. The pilot study collected field measurements for three days. 
(December 27-30th, 2013). Air temperature (indoor and ambient), Relative 
Humidity (indoor and ambient), and wind velocity data (indoor and ambient) 
were considered. Air Temperature and relative humidity readings were taken 
in 2 minute intervals using HOBO data loggers. Surface temperature using 
K-alloy thermocouples and Wind velocity data using VelociCalc- model TSI 
9565 were also taken in three hour intervals. Ambient climatic data were 
downloaded from Met, Dept.    

3.1.2. Simulation 
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Design-Builder computer based simulation program was used to further in-
vestigate the building performance. Three stages were used.  

First, a Base Case study was created using the data of the physical pa-
rameters of the pre-modern building. The data for the weather from the Di-
agnostic study was used to reflect the conditions on the site. Side walls with 
neighboring structure were kept as adiabatic. Additional data of location, 
site, weather, activity, occupancy, materials, openings and lighting were 
considered as input to the model, in building level and zone level.  

Second, sensitivity study was carried out to calibrate the model similar to 
a previous research (Rajapaksha. M, 2013). This involved variations to input 
data and simulation when testing the thermal performance of the Base Case. 
A number of assumptions were made for example, ventilation rates kept as 
zero, since windows in the building are not opened and approximation to the 
R value of the materials due to the historic nature of the construction materi-
al.  

Third, parametric variations were made to the physical form and fabric to 
promote night ventilation and therefore improve passive cooling perfor-
mance. The outcome of the simulation results interpreted into a new concep-
tual building form and reproduced using designbuilder program. The objec-
tive of the simulation associated with new conceptual form is to see the 
applicability of thermal mass and night ventilation in modern complex multi-
level buildings. The new conceptual form was integrated with high thermal 
mass double skin envelopes for night ventilation. Wind forced ventilation 
was controlled during daytime and stack forced ventilation was promoted 
during day and night. Results will be discussed in a forthcoming paper. 

4. Results and Analysis 

The Diagnostic investigation revealed that thermal mass contributes to delay 
heat gain from outside to the building. Passive climate modification is visi-
ble during day time and strongly related to the ventilation pattern of the 
building. Lowering of indoor air temperature by 1-2 Degrees C than ambient 
was seen during the daytime. However, nights were 3 Degrees C warmer 
than ambient due to lack of night ventilation potential of building design. 
There was a diversity of behaviors in respect to time-lag (Figure 1). 
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Figure 1, Thermal performance results of building during December 27-30 2013  

 The air temperature performance graph indicates that, the ambient air 
temperature reaches its peak at about 12.30noon. The ground floor maxi-
mum air temperature reaches its peak at about 18.30pm resulting in a time 
lag of six hours. The building is usually closed throughout the day due to an 
operational practice, therefore ventilation was less permeable.  

However, “indoor overheating conditions” were seen in the upper floor. 
Air temperatures moved well above ambient up to 37 degrees C during day-
time due to heat gain through roof and some windows along the road.  

4.1. INDOOR AIR AND WALL SURFACE TEMPERATURE  

Surface temperatures of two long external walls and an internal wall were 
also tested in order to identify the heat transmission through the building and 
its delay in inward heat transfer. The Figures 3 shows a similarity in the 
thermal performance behavior of the building with its wall surface tempera-
tures. An increase of external wall surface temperature from 26 to 34 De-
grees C during morning hours coordinates with the relatively slower increase 
of internal wall surface temperature suggesting heat absorption by the ther-
mal mass (Figure 2). During this period, indoor air temperature shows a 
cooling mode (Figure 1). The ambient and indoor air temperature reaches 
their peaks during 12.30 am and 18.30 pm respectively. This means the time 
– lag in climate modification is around six hours.  

 
Figure 2, Wall surface temperature behavior during December 27-30 2013   
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Maximum daytime ambient and minimum night air temperature during 
the investigation was 31 and 25 Degrees C respectively. This shows a diur-
nal range of 6 degrees C. Findings indicate relatively warm indoor night 
conditions during investigation which can be a usual behaviour as well.  

4.1.1 Thermal mass and night cooling  

Indoor air temperature during night moved above the levels of ambient tem-
perature (Figure 1). The advantage of cool night ventilation is not properly 
integrated with the building design for the reduction of indoor air tempera-
ture during night or following day. There are no openings found at the upper 
floor level in the building section for the removal of hot air in the night by 
stack effect.   

A collaborative reduction of indoor air temperature at both ground and 
upper floor was seen when main external wall surfaces reach maximum 
remperature absorbing heat. It suggests that the walls have absorbed heat 
gradually resulting in lower air temperature inside. The decrease of wall 
surface temperatures when ambient was reaching to a lower level, suggest 
the removal of absorbed heat from walls. The reaction of wall surfaces with 
night cooling was visible. Its effects on passive cooling on the following day 
was evident with the lowering of indoor air temperatre but 3 nights were 
observed with indoor overheating conditions, an effect which can attribute to 
building design without any provision for night ventilation.  

4.2 SIMULATION STUDY  

Stage Three of the simulation involved interventions introduced to the build-
ing section of the case study building for night time ventilation. Long open-
ings were introduced to roof and lower level of the upper floor. Simulation 
was aimed at exploring these solutions made to the building section to pro-
mote stack and night ventilation and thus passive cooling in night and to see 
its effect on the following day.   

Calibrated simulation results provide evidence of passive cooling due to 
night ventilation on the previous night. The issue of high air, radiant and op-
erative temperatures during daytime at first floor level as seen with the on-
site investigation can be resolved by providing appropriate night time venti-
lation through stack force in the previous night in this building. Indoor air 
temperature levels were seen moving 2- 3 Degrees C below the ambient lev-
els with the integration of long openings at the roof level in building section. 
These openings were introduced to lee ward side. In addition, controllable 
openings to the high thermal mass wall were introduced at the lowest level 
of one long wall.  The evidence suggests that high thermal mass in building 
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forms of this nature can be integrated with unique building sectional design 
characteristics with the potential for night time ventilation for passive cool-
ing.   
  

    
Figure 3: Simulation results showing overheated conditions in first floor of building before 

introducing night ventilation – similar to actual behavior   

    
Figure 4: Simulation results showing passive cooling condition at first floor after creating an 

opening at roof level for night ventilation 
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5. A Conceptual 3D Massing    

A conceptual three dimensional massing (the Model) used for the next study. 
Architectural characteristics are shown in Table 1.  

      Table 1, Architecture of conceptual three dimensional spatial massing 

Architectural attributes  
Area and Significance  Climate response  
Plan form orientated along east –west axis 
Double skin envelopes with cavities facing east - west   

Solar defense, protected 
daytime ventilation 

Sectional form to form diverse air temperature fields 
and thus pressure fields  

Stack flow  
Night ventilation  

Envelope with high thermal mass, cavity walls and 
heat resistant glass for views   

Heat gain control, night 
cooling  

  

5.1. DESIGN INTERVENTIONS AND COOLING LOADS   

Several important design interventions in respect to plan form, sectional 
form and envelope with orientation determine the interplay between building 
and climate. The work is underway and expected to be published at next 
ASA conference in 2015. The outcome of the conceptual form in the aspects 
of thermal performance and cooling loads are being investigated using 
DesignBuilder program.  Initial effectiveness is seen with internal air and 
operative temperatures moving 8- 9 degrees C well below ambient levels 
which is around 33 degrees C, suggesting efficiency of the conceptual form 
in reducing needs for operational energy in warm humid climates.   

6. Conclusion 

The integrating night time ventilation with high thermal mass building enve-
lopes is beneficial in warm humid climates in promoting passive cooling in 
day and night. This is evident with the filed investigation and simulation re-
sults. Further, the concept can be innovatively applied with any complex 
building forms if plan and sectional from allow it for creating diversified air 
temperature and air pressure fields within the building’s selected volume for 
night cooling and stack forced ventilation. The work is underway involving a 
simulation program and more investigations. The objective of presenting 
conceptual form is to suggest potential applicability of thermal mass and 
night ventilation for passive cooling in more complex buildings. This may 
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pave way for achieving near zero emission building practices and for adap-
tive reuse of buildings in the future. 
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