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Abstract 

Facilitating indoors with healthy and fresh air along with adequate thermal comfort using less 

energy is a true challenge in buildings located in hot climates. The present work aims to improve 

the thermal comfort of office occupants by incorporating phase change material 

(PCM)/insulation integration coupled with natural ventilation. Four building models integrated 

with various combinations of PCM and insulation were analyzed using DesignBuilder software 

with respect to Chennai climatic conditions. It was understood from the analysis that the PCM 

integration in the building roof and walls of Case 3 did not provide adequate thermal comfort for 

the considered climate. But the presence of insulation in Cases 2 and 4 maintained an average 

hourly operative temperature of 26.8°C and 26.6°C, including extreme summer. These 

temperatures are well within the tolerable temperature range of humans. Also, it is observed that 

Case 4 comparatively reduced the thermal comfort index by a maximum of 0.25 (reduction in 

warm sensation). Further optimization of Case 4 yielded an insulation and PCM thickness of 50 

mm and 30 mm, respectively. The recommended building model was evaluated with a thermal 

comfort index not exceeding 1.7 until the end of office hours, throughout the year for Chennai 

climate. 
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Nomenclature 

Abbreviations 

ACH  – Air Changes per Hour 

ACS  – Adaptive Comfort Standard 

CondFD – Conduction finite difference 

CTF  – Conduction transfer function 

PCM  – Phase Change Material 

PMV  – Predictive Mean Vote 

Symbols 

𝛼  – Thermal diffusivity (m2/s) 

∆𝑡  –   Time step (s) 

∆x   –  Finite difference layer thickness (m) 

i  –  Node being modeled 

i-1   –  Adjacent node to exterior of construction  

i+1   –  Adjacent node to interior of construction 

j   –  Previous time step 

j+1   –  New time step 

k  – Thermal conductivity (W/m.K)  

𝑄𝑐𝑜𝑛𝑣  – The amount of convection between the all of the surfaces in the zone and  

the zone air (kJ) 

𝑄𝑐𝑜𝑛𝑣𝐼𝑛𝑡𝐺𝑎𝑖𝑛𝑠 – The amount of heat convected from internal gains such as people, lights,  

and equipment (kJ) 

𝑄𝑖𝑛𝑓𝑖𝑙  – The amount of heat gained or lost due to infiltration (kJ) 

𝑄𝑠𝑦𝑠  – The amount of heat added to or subtracted from the space due to a space  

conditioning system (kJ) 

ρ   –  Density (kg/m3) 

T  – Temperature (°C) 

t  – Time (s) 

x   – Element thickness (mm) 
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1. Introduction 

Natural ventilation in buildings is preferred for its capability of providing healthy and fresh air, 

diluting the pollutants originating from the building structure, and requiring less energy 

consumption [1]. Natural ventilation could contribute positively to the passive cooling of 

buildings in hot and dry climates through night-time cross-ventilation strategies. These strategies 

reduce the peak indoor air temperature of a day by taking advantage of the low ambient 

temperature of the previous night [2,3]. Implementing night ventilation strategies has 

demonstrated a significant reduction in cooling/heating loads and an enhancement in thermal 

comfort [4]. However, due to low thermal mass and higher temperatures, this strategy is not 

enough to cool the entire space, though it has a favourable impact on the internal air temperature 

of the buildings [5]. Under this scenario, night ventilation strategies in combination with PCM 

techniques are encouraged [6]. PCM integration enhances the thermal mass of modern 

lightweight buildings [7]. PCMs with higher melting points are effectual during warm weather. 

However, extreme temperatures during summer prevents the PCM solidification at night, thus 

reducing its effectiveness [8], which could be overcome through insulation integration. The 

presence of an insulation layer prevents heat gain into the indoors while mitigating the thermal 

stresses developed in the building envelopes [9]. The type of insulation material, its thickness, 

and its position with respect to the building elements should be considered during the selection 

of insulation materials and will vary with respect to the building location and the climatic 

conditions [10].  

1.1. Literature review 

The literature review of the performance of buildings with insulation, PCM, and/or natural 

ventilation techniques are presented as follows: Lei et al. [11] investigated the application and 

positioning of PCM with respect to building elements. It was determined that PCM positioned on 

the building outer surface enhanced the thermal performance of the building. Also, it was 

observed that PCM with lesser melting temperature facilitates to achieve a full PCM 

melting/solidification cycle, while that with a higher melting temperature enhances its adaptivity 

to temperature variations, with a trade-off in the achievable energy savings of the PCM. PCM 
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with phase transition temperature from 27o to 29o are appropriate for warmer and hot climates, 

while PCM with phase transition temperature range from 23 to 25 are appropriate for regions 

with cold climates [3,11,12]. Beemkumar et al. [13] experimentally analyzed the effect of 

applying PCM to the roof of a building which is situated in Chennai. It was determined that the 

building with a PCM roof reduced the indoor temperature fluctuations and mitigated the 

temperature by 1 - 2° C compared to that of the conventional building. Kim and Moon [14] 

investigated by applying insulation to the building elements including windows and analyzed its 

impact on building energy utilization through eQUEST software. The simulation was done for 

two climatic zones: Detroit, Michigan (cold climate) and Miami, Florida (hot climate). It was 

concluded that a minimal level of insulation is necessary for both climates, while multiple 

glazing of windows in hot climates is unnecessary and does not yield appreciable heating and 

cooling energy benefits.  

Al-Yasiri et al. [15] analyzed the different window orientations and window-to-wall ratio 

towards enhancing indoor thermal comfort of buildings by employing PCM and natural night 

ventilation strategies. It was concluded that window orientation has less effect towards natural 

night ventilation of the room with PCM, irrespective of the wind direction under hot locations. 

Seyedehniloufar Mousavi et al. [16] studied the impact of various passive techniques such as 

PCM, insulation, reflective paint, etc., on three residential buildings located in Monterrey, 

Mexico (falls under semi-arid climate) using a building simulation software. Based on the annual 

energy saved and cost effectiveness, optimum configuration was recommended, which includes 

insulation, and reflective painting applied on the outer surface of the buildings, combined with 

low-E glazing and shading and it gave an annual energy reduction of more than 50% in all the 

analyzed cases.  

Arumugam et al. [17] optimized the PCM and insulation positions with reference to the building 

elements so as to reduce the cooling energy demands of a commercial building located in India. 

Buildings with different PCM and insulation combinations were analyzed using DesignBuilder® 

software for five different locations in India. It was concluded that PCM and insulation selection 

should be made with reference to the external day and night temperatures of the geographical 
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location where the building is actually situated. Arumugam et al. [6] analyzed the different PCM 

and insulation combinations combined with natural ventilation when applied to office buildings 

situated in various locations. Based on the five climatic types that exists in India, randomly five 

locations were selected and considered for analysis. They are Bangalore (temperate climate), 

Delhi (moderate climate), Pune (warm and humid climate), Jodhpur (hot and arid climate), and 

Guwahati (cold climate). The office building was investigated for the selected five locations. In 

all the analysis, more attention was paid towards achieving adequate thermal comfort in 

buildings through 100% natural ventilation, particularly in summer. Therefore, a PCM with 

melting temperature 27oC was used for all the analysis. The investigation of the buildings under 

all the locations revealed the fact that natural night ventilation is not sufficient to cool the 

thermal mass in the different cases. Hence, the cool energy was generated through an air-

conditioner during the night and stored in the building’s thermal mass, which could be used up in 

the upcoming day. It was determined that the average temperature during the nighttime of 

summer was considered as a key factor in selecting the PCM and insulation combinations 

coupled with 100% natural ventilation during the daytime.  

Summary of the literature review reveals that most of the studies have investigated the separate 

application of either PCM or insulation or night ventilation strategies applicable to buildings, 

while only few recent studies investigated the combination of different passive technologies. 

Applying PCM, insulation, and night ventilation techniques separately to buildings did not yield 

significant results for regions that has hot weather conditions. But, the positive results from the 

few recent studies that analyzed the combination of the above-mentioned technologies gave the 

confidence to proceed further with different combinations of passive technologies. Hence, it was 

decided to investigate and analyze different combinations of insulation and PCM coupled with 

natural ventilation applicable to buildings. The investigation was proceeded PCM types and 

thicknesses to improve the thermal performance of a building with enhanced air circulation in a 

warm and humid climate like Chennai.  

1.2. Objectives 

The objective of the present study is as follows:  
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1. This paper aims to confirm the capability of natural ventilation in combination with 

insulation and PCM techniques to provide adequate daytime thermal comfort and 

fresh air intake inside an office building in Chennai. However, Chennai has a hot 

and humid climate, and night cooling by natural ventilation is not that much 

effective due to higher temperatures in nighttime.  

2. To circumvent the above problem, it is decided to store the cool thermal energy in 

the building elements by operating the air conditioner during night and then to 

utilize the stored cool energy through natural ventilation during office hours.  

3. To assess and confirm the potential of the above-said concept when applied to a hot 

climate, simulation analysis was performed, and the results were discussed.  

4. To recommend an optimised PCM/insulation technique for an office building 

located under Chennai climatic conditions. 

The novelty of the present work lies in the application of the similar concept for a geometric 

location like Chennai, which is different from the previous work. Since level of adequate thermal 

comfort varies from region to region, investigations are necessary in this regard. Added to that, 

investigations are done with different PCM types, thicknesses, and insulation thickness. Also, 

recommendation of the optimised model for the considered building was done in this work. 

2. Research motivation 

The reasons that motivated the present research work are given as follows:  

• Well ventilated indoors are necessary to avoid the spread of viral diseases. 

During the recent pandemic, the use of air conditioners was not recommended because closed 

spaces might increase the spread of the virus [18]. It was also confirmed that most of the virus 

spread happens in indoor spaces like hospitals, offices, and large community halls without proper 

ventilation. The amount of virus found to be low in the case of well-circulated indoor spaces [19]. 

Also, the preferred relative humidity level for humans is 40% to 70% to prevent problems from 

pathogens [20]. On a global scale, it is understood that corona spread is high in cold countries 
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during the winter season and in hot countries during the summer season. This might be due to the 

operation of the air-conditioner to meet the occupant comfort during extreme climatic conditions, 

which in turn increases the virus concentration in the air [21].  

• Modulating the energy supply/demand through PCM/insulation integration in building 

envelopes  

Overnight cooling of the building thermal mass acts as a heat sink; this in turn could be used up 

in the daytime [22]. The building’s thermal mass and heat gain in indoors have a major effect on 

the cooling and comfort of the occupants [23]. Since the nighttime temperatures are 

comparatively lesser than that of the daytime temperatures, cooling PCM during the night using 

an air conditioner mitigates the energy used for cooling. Since this idea uses energy during the 

night, it in turn yields the benefit of using off-peak energy at lower cost. 

• Adaptive principle 

“If a change occurs such as to produce discomfort, people react in ways which tend to restore 

their comfort” is the adaptive principle [24]. The thermal performance analysis of a naturally 

ventilated commercial building located in Quito-Ecuador showed that the office occupants 

reacted in such a way to match their comfortable temperature to some extent with reference to 

the prevailing external temperature. Also, the adaptive model EN15251 is an optimal approach to 

evaluate thermal comfort in buildings equipped with natural ventilation [25]. ACS is a model 

based on the mean outdoor air temperature, which shows acceptance levels of 80% and 90% of 

the total population in terms of indoor operative temperature [5,26,27].  

3. Material and methods 

The type of building selected for analysis is an office building. Since energy demand will be 

generally higher in office buildings, this type is selected for investigation purpose. The building 

size was selected randomly because the model represents a typical office building in a small 

scale, which operates with few office staffs and equipments such as computers, copiers etc. The 

dimension of the building and other data considered are kept as simple as possible because, more 
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attention was paid towards the impact and analysis of the techniques towards the thermal 

performance of buildings.  

 

(a)                                                                      (b) 

Fig. 1. External ambient temperature profiles of Chennai (a) summer week (b) winter week 

The building considered for investigation was located in Chennai, Tamil Nadu, India, 

characterized by higher temperatures throughout the year except for two months in winter 

(December and January). However, heating is also not required for these two months as the 

weather is comfortable, whereas cooling is necessary for ten months of a year. The external 

ambient temperature profiles for the analyzed peak summer and winter weeks are shown in Fig. 

1. It is proposed to stock the cool thermal energy in the building elements during the night and 

later use the stored cool energy to enhance the thermal comfort of the office occupants during the 

day. Since Chennai is reported to have a hot and humid climate with warmer nights, night 

cooling was achieved by operating the air conditioner during the early morning hours for 3 hours 

and allowing the building envelopes to store the cool energy. Operating an air conditioner 

between 3 a.m. and 6 a.m. is recommended for two reasons: Firstly, the external temperature will 

be comparatively lower than the other hours of the particular day. Secondly, the use of off-peak 

energy contributes to lower operating costs. However, during office hours, the air conditioner is 

not in operation. The stored cool energy in the building envelope will be used up gradually 
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through natural ventilation and provide the required comfort. Since the energy is stored in the 

building wall and roof, the performance could be enhanced in two ways: (i) Adding insulation to 

the building surface reduces heat loss to the surroundings [28], and (ii) Improving the building 

thermal mass by adding PCM with phase transition temperature within the comfortable range 

[29]. To confirm the feasibility and potential of the above-said concept when applied to a city like 

Chennai, simulation analysis was performed and the results were analyzed. The investigation is 

presented in detail in the upcoming sections. 

3.1. Building details 

An office building of size 4.6 m (15’) X 6.1m (20’) X 3m (10’) [6] was modeled and simulated 

using DesignBuilder software. The building was modeled with a door on the north side, along 

with the parameters indicated in Table 1. Totally nine windows were added to the building, to 

have appreciable fresh air circulation. All the walls possess two windows each, except the wall 

on the south side, which has three windows. The internal heat loads considered for the analysis 

were ten employees with four computers, along with a natural ventilation of 5 ACH [30], an 

infiltration of 0.05 ACH, and lighting of 5W/m2 – 100 lux. The characteristics of the proposed 

PCM and insulation materials are presented in Table 2. PCMs were incorporated into the 

building elements in layers with pouches for filling PCMs. In DesignBuilder software, PCM's 

phase change enthalpy contributions are added to the enthalpy resulting from the constant 

specific heat of the pouch material.  

Table 1 Details of various parameters considered for building analysis 

Sl. 

No. 
Parameters Details Remarks 

1.  
Building purpose Office building 

Working hours 9 AM to 5 PM [with an 

assumption that part of the office staffs will 

stay morning hours (7 AM to 9 AM) and 

evening hours (5 PM to 7 PM )] 

2.  
Location Chennai 13.0827°N, 80.2707°E 
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3.  Wall/roof 

specification 

1.25cm plaster+11.25cm brick (wall)/10 

cm RCC (roof) +1.25cm plaster 
Bureau of Indian Standards [31] 

4.  
Window size 0.9m (3’) x 1.5m (5’) 

9 windows [window to wall ratio of 17% 

and single glazing (Generic CLEAR 6 mm)] 

5.  
PCM  BioPCM

®
Q27 and BioPCM

®
Q29 Phase change temperature 27°C and 29°C  

6.  
Insulation material  XPS extruded polystyrene – HFC blowing Upper deck insulation  

 

Table 2 Characteristics of the building materials 

Material 
Thickness 

(mm) 

Thermal 

conductivity 

(W/m.K) 

Density 

(kg/m3) 

Specific 

heat 

(J/kg.K) 

Remarks 

Cement/plaster, sand aggregate 1.25 0.72 1860 840  

Brick 11.25 0.62 1700 800  

Reinforce cement concrete (RCC) 10 2.5 2400 1000  

BioPCM
®

Q29 37.1 0.2 235 1970 

Latent heat of PCM 

210 – 250 J/g [32] 

BioPCM
®

Q27 20.8 0.2 235 1970 

Latent heat of PCM 

210 – 250 J/g [33] 

XPS Extruded polystyrene – HFC 

blowing 
50/100 0.03 35 1400 Upper deck insulation 

 

3.2. Simulation 

DesignBuilder® software was used for simulation and analysis purposes. DesignBuilder® 

software (developed by DesignBuilder® Pvt. Ltd., United Kingdom) is a simulation software 

used to analyse the thermal performance of buildings by considering whole building simulation 

approach. The DesignBuilder® software is a graphical user interface for the EnergyPlus™ 

program (developed by the U.S. Department of Energy), where EnergyPlus™ is a simulation 
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program used for energy and thermal load analysis. EnergyPlus™ does building simulations over 

specified time periods with fair computational time and resources.  

The building under analysis is discretized into different thermal zones. Each zone can be a single 

or multiple rooms that have uniform state variables, e.g., temperature, pressure, and density. 

EnergyPlus™ is capable of predicting precise temperatures in spaces since it is based on an 

integrated simulation approach (loads determined at a specific time step are then transferred to 

the simulation module at the same time step) [34]. The various loads calculated are space load, 

system load, and central plant load, while the simulation module estimates the reactions of the 

heating/cooling systems and electrical systems. EnergyPlus™ accomplishes load calculations 

based on ASHRAE’s preferred heat - balanced approach based on surface heat balance and zone 

air heat balance [35].  

The basic assumptions made in the model are that every space inside the building has a uniform 

temperature as it is well mixed. Also, it is assumed that all room surfaces have (a) uniform 

surface temperature, (b) uniform long and short-wave irradiation, (c) diffuse radiating surfaces, 

and (d) one dimensional heat conduction. Also, the time step represents the interactive time 

between the heat zones and the surroundings and could range between 1 and 60 minutes. 

EnergyPlus™ software is used to compute the energy consumption, thermal load demands, and 

the dynamic change in energy consumption in buildings [36]. 

Fig. A (given in detail in the supporting information file) represents the work flow in 

DesignBuilder software. As a first step, the building location and appropriate weather file are to 

be given as input. Weather files are available in the database of the software, and they represent 

the hourly ambient conditions like temperature, humidity, air velocity, solar radiation, etc. for 

various geographical locations. The geometry of the building (could be developed in 

DesignBuilder software or the same can be imported from any CAD software), construction 

details, occupancy, lighting, window openings, and HVAC details are provided in the 

consecutive steps. The software correlates the given inputs and estimates the thermal load and 

occupant thermal comfort through the governing equations and hence presents the building 

thermal performance for the required period [37]. 

DRAFT



12 
 

The building element was considered as a 1D element with convective heat transfer in an 

unsteady state and without internal heat generation. The heat balance equation is given through 

Equation (1) [35]. Solution methods such as sequential iteration and predictor-corrector for zone 

and system integration were used. The building elements are discretized into uniform nodes, and 

then appropriate heat transfer equations are solved for each node using the finite different 

scheme. Under the finite difference scheme, the fully implicit scheme was used to calculate the 

solution through Equation (2) [38]. Conduction through a wall can be calculated using the CTF 

or CondFD solution algorithm as selected by the user. CondFD can handle both phase change 

materials and materials with variable thermal conductivity. The condFD model is composed of a 

well-validated algorithm [39–41] and is used for the assessment of PCM performance in 

buildings. The algorithm is coupled with enthalpy-temperature function, and hence, any change 

in enthalpy would be converted into specific heat value of the PCM for a given phase change 

temperature. Therefore, Equation (2) includes the sensible heat of solid and liquid PCM and also 

latent heat of PCM during phase change.  

𝐶
𝑑𝑇

𝑑𝑡
= 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑐𝑜𝑛𝑣𝐼𝑛𝑡𝐺𝑎𝑖𝑛𝑠 + 𝑄𝑖𝑛𝑓𝑖𝑙 + 𝑄𝑠𝑦𝑠      (1) 

𝐶𝜌∆𝑥
𝑇𝑖
𝑗+1

−𝑇𝑖
𝑗

∆𝑡
= [𝑘𝑖𝑛𝑡

𝑇𝑖+1
𝑗+1

−𝑇𝑖
𝑗+1

∆𝑥
+ 𝑘𝑒𝑥𝑡

𝑇𝑖−1
𝑗+1

−𝑇𝑖
𝑗+1

∆𝑥
]      (2) 

The number of time steps used in this work for calculating the solutions is 30 per hour, with a 

time step duration of 2 minutes [42]. Six warm-up days were used while carrying out the 

simulation to ensure the stability of the results. Input data to the software includes building 

geometry and construction, occupancy, and lighting details. 

As per Table 3, four cases were analyzed to investigate the effect of insulation/PCM when 

integrated with the building elements. It is to be noted that the thickness of the insulation/PCM 

was determined through trial and error. To analyze the requirement under the worst weather 

conditions, the performance of all the cases was investigated on May 28th during peak summer 

and then for one week each of peak summer and peak winter. Historical weather data (an average 

of the previous weather data) for many locations is available inbuilt in the DesignBuilder 
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software as weather files. The external air temperature on May 28th was around 40°C, which is 

the typical summer temperature in Chennai. The peak week weather data are used for 

cooling/heating load calculations and sizing the cooling/heating equipment. In all four cases, the 

air conditioner was operated between 3 a.m. and 6 a.m. to cool the building thermal mass, which 

has the impact of the earlier day's solar radiation. 

Table 3 Details of the four cases analysed 

 

 

 

 

Case 

No. 

Concepts 

investigated 
Construction details 

Cross section of the RCC/walls (figures not 

to scale) 
Remarks 

1.  No insulation and 

no PCM 

Conventional building 

construction 

 

 

2.  
With insulation  

Upper deck insulation 

with 100mm thickness 

 
Type/thickness of 

the insulation/PCM 

were arrived 

through trial and 

error for Cases 

from 2 to 4 

3.  
With PCM 

BioPCM
®

Q29 with 

37.1 mm thickness at 

the interior surface 

 

4.  With insulation 

and PCM 

Upper deck insulation 

with 50 mm thickness 

and BioPCM
®

Q27 with 

20.8 mm thickness at 

the interior  
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3.3. Data analysis 

The results obtained from the analysis were interpreted based on the Fanger PMV index and the 

indoor operative temperatures recommended in the ACS model. Researchers have explored the 

thermal, physiological, and psychological responses of people to their environment and 

developed mathematical models to predict these responses. The PMV model developed by 

Fanger [43] is one such model that aids to assess the occupant comfort in the indoors. The PMV 

index, which was used here to interpret thermal comfort, was evaluated using indoor air 

temperature, thermal radiation, humidity, air speed, level of metabolic activities, and occupant 

clothing. The seven-point scale for PMV index is shown in Fig. B (given in the supporting 

information file), where -3 indicates the maximum sense of coolness, +3 indicates the maximum 

sense of hotness, and zero indicates no cool or warm sense. Even though the ACS model is an 

extension of the PMV method, previous studies confirmed that the ACS model of ASHRAE 

gave better results than the PMV model in the case of naturally ventilated buildings [44].  

Fig. C (given in detail in the supporting information file) shows the acceptable indoor operative 

temperature range of the ACS model based on the mean monthly outdoor temperature for any 

location. The temperature range within the 90% acceptable limit indicates the comfortable 

temperatures accepted by 90% of the people for a specific mean monthly outdoor temperature, 

whereas the temperature range within the 80% acceptable limit gives the temperature values 

comfortable for 80% of the people. These temperatures will vary depending on the average 

monthly outdoor temperature of the location [45]. In this work, thermal comfort evaluation in 

terms of PMV indices and the ACS model is used to interpret the results of the analysis. 
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4.2. Effect on thermal comfort parameters 
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                                                          (b) 

Fig. 3. Thermal comfort parameter variations on May 28th (worst summer day) (a) Operative 

temperature (b) PMV index 

Fig. 3 (a) shows the hourly variations of the indoor operative temperature on May 28th. 

According to Fig. 3 (a), the hourly average outdoor temperature was 34.9°C, while the average 

hourly operative temperature for Cases 1 to 4 was 31.6°C, 27.8°C, 30.3°C, and 27.6°C, 

respectively. A peak temperature of 41.1°C, 38.4°C, 31.2°C, 36.1°C, and 30.8°C were noted, 

respectively, for the outer temperature and the indoor temperature for the four cases considered 

between 4 and 5 p.m. The building model in Case 1 showed a higher temperature than the other 

cases because of the lower thermal mass. In Case 3, from 8 a.m. to 11 a.m., it is noted that the 

slope of the operating temperature is minimal, thus showing the PCM effect. After 11 a.m., the 

operative temperature slope of the building in Case 3 (building with PCM) started to increase. 

This is mainly because the cool energy stored in the PCM got exhausted around 11 a.m. and 

hence, melted PCM will simply act as an added thermal mass to the building elements. Buildings 

in Cases 2 (with insulation) and 4 (with PCM and insulation) showed almost equal operative 

temperatures, which is mainly due to the addition of an insulation layer. The buildings in Cases 2 

and 4 comparatively performed better than the buildings in the other two cases in terms of 

operative temperatures. 
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The same was confirmed through the graph, which shows the corresponding PMV indices (Fig. 3 

(b)). Despite adding PCM, low performance in Case 3 is noted. Though PCM was frozen through 

mechanical cooling for three hours, it is understood that the entire PCM was not frozen because 

of its higher thickness, which led to an incomplete melting/solidification cycle. The same was 

confirmed by extending the air conditioner’s operating time by a couple of hours. Also, 

proportional improvement was noted in the thermal comfort indices and operative temperature. 

However, mechanical cooling beyond three hours is not encouraged in this work because it will 

shoot up the building’s operational cost. With respect to Cases 2 and 4, the presence of an 

insulation layer prevents heat gain into the indoors. On the other hand, it prevents the leakage of 

stored cool energy into the external environment. However, the stored cool thermal energy is 

used to regulate the indoor air temperature when it goes higher than the temperature of the stored 

energy. It is noted from Fig. 3 (b) that the PMV index for Cases 2 and 4 is 2 and 1.9, which 

confirms that both cases are capable of modulating the indoor operative temperature while 

maintaining the indoor spaces with a tolerable PMV index. 

4.3. Thermal performance during summer and winter design weeks 
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(d) 

Fig. 4. Thermal comfort parameter variations (a) operative temperature for peak summer week 

(b) PMV index for peak summer week (c) operative temperature for peak winter week (d) PMV 

index for peak winter week 

Extreme weather data is mainly considered for HVAC design in order to size the air-conditioner 

that is required to fulfil the comfort requirements of any building. Hence, the analysis was 

carried out for a peak summer week from May 22nd to May 29th. Figures 4 (a) and 4 (b) show the 

daily variations in the operative temperature and PMV index pertaining to the peak week of 

summer. The hourly outdoor temperature and building operative temperature for cases from 1 to 

4 were noted as 33.6°C, 30.2°C, 26.8°C, 28.9°C, and 26.6°C, respectively. The average peak 

temperatures for the entire week for the outdoor and indoors were observed as 38.5°C, 36°C, 

29.8°C, 33.5°C, and 29.3°C, respectively. Again, it is evident from Fig. 4 (a) that Case 2 and 

Case 4 were capable of providing better indoor operative temperatures with naturally ventilated 

spaces throughout the days of the summer week, despite the higher ambient temperature. Also, 

Case 4 was able to provide slightly better thermal comfort (reduced up to a maximum of 0.25 

PMV index) than Case 2 (Fig. 4 (b)) due to the presence of PCM. However, the consideration of 
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pure PCM in the walls and ceilings (Case 3) is not effective as it produces a negligible effect on 

the comfort index, as explained in the earlier section. 

Similarly, Figures 4 (c) and 4 (d) show the indoor air temperature and thermal comfort index for 

the days of the peak week of winter. The external temperature ranged between 20°C and 30°C. 

In Case 1, the building’s operative temperature shoots up more than the external temperature due 

to the internal heat gain in the room. In Case 2, the operative temperature was reduced by an 

average of 5°C compared to Case 1. This is because the presence of an insulation layer prevents 

solar gain, while internal heat gain is balanced by utilizing the cool thermal mass. The building’s 

thermal mass gains cool energy from the air that enters through the open windows. In Case 3, 

PCM was activated whenever the temperature went beyond its phase transition temperature of 

29°C and stored the available cool energy. Hence, a reduction in average operative temperature 

of around 4°C compared to Case 1 was observed in Case 3. Case 4 performed almost the same as 

Case 2 with respect to operative temperature and PMV index. This is because of the prevention 

of solar gain by the insulation and managing the internal heat gain through the combined effect 

of building thermal mass integrated with PCM. Hence, Case 4 is taken for further analysis due to 

the better comfort provided during the analysed weeks. 

4.4. Effect of insulation and PCM thickness on thermal comfort parameters 

Various combinations of insulation and PCM thicknesses with respect to Case 4 were analyzed 

during the worst summer day (i.e., May 28th). The insulation thickness was varied as 40 mm, 50 

mm, and 60mm, while the PCM thickness was varied as 25 mm, 30 mm, and 35 mm. The 

resulting indoor temperature and thermal comfort index were used to interpret the results. 

DRAFT



22 
 

    

(a)      (b) 

      

(c)      (d) 

Fig. 5. Thermal comfort parameter variations on May 28th (a) Operative temperature for constant 

insulation and various PCM thicknesses (b) PMV index for constant insulation and various PCM 

thicknesses (c) Operative temperature for constant PCM and various insulation thicknesses (d) 

PMV index for constant PCM and various insulation thicknesses 

Figures 5 (a) and 5 (b) indicate the operative temperature and thermal comfort variations on May 

28th, for different combinations of constant insulation thickness (50 mm) and varying PCM 

thickness. The average hourly temperatures were noted as 27.6oC, 27.5oC and 27.4oC for the 

models with PCM thicknesses of 25 mm, 30 mm, and 35 mm, respectively. However, only a 
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marginal improvement of about 0.1oC was noted when the PCM thickness varied from 25 mm to 

30 mm and from 30 mm to 35 mm. On analysing the Fig. 5 (b), which shows the variations of 

thermal comfort indices of the analysed models, it is noted that the PMV index was reduced by 

0.1 for the model with a PCM thickness of 30 mm, while it marginally increased in the case of 

PCM with a thickness of 35 mm. Since the analyzed day is the worst summer day, a reduction in 

the thermal comfort index of about 0.1 is considerable. Hence, the PCM thickness was fixed at 

30 mm for further proceeding the analysis. 

Figures 5 (c) and 5 (d) show hourly indoor air temperature and PMV index variations on May 

28th for the models with constant PCM and varying insulation thicknesses. The average hourly 

operative temperature was noted as 27.7oC, 27.5oC and 27.3oC for the models with insulation 

thicknesses of 40 mm, 50 mm, and 60 mm, respectively. A reduction in the operative 

temperature of around 0.2oC was noted for an increase of 10 mm in the insulation thickness (i.e., 

from 40 to 50 mm and 50 to 60 mm). The PMV index for the above models was noted as 1.85, 

1.7, and 1.62, respectively (Fig. 5 (d)). On analysing the performance of building models with an 

insulation thickness of 40 mm and 50 mm, the later one performed better in terms of PMV index. 

At the same time, when comparing the performance of building models with insulation 

thicknesses of 50 mm and 60 mm, the later one showed only a marginal improvement of around 

0.08 in the comfort index. Based on the above analysis, optimized thickness values of 50 mm 

and 30 mm were obtained for the insulation and PCM layers.  

4.5. Impacts on power consumption 

Fig. E (given in the supporting information file) shows the monthly power consumption of the 

regular air-conditioned office building (with air conditioner set temperature of 26°C) and the 

building with the optimized configuration. The average power consumption was noted as 122 

kWh and 47 kWh per month for the regular building with air conditioning and the recommended 

office building. It is understood that the total power consumed was 61% less than that of the 

regular office building with air conditioning. 
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As per the Fanger thermal comfort model, PMV index 2 indicates warm. Similarly, with respect 

to ACS model, an operative temperature of 30°C is recommended for 90% acceptability limits 

and 31°C is recommended for 80% acceptability limits based on the average monthly outdoor 

temperature of Chennai which is 32°C. Fig. F (given in the supporting information file) shows 

the year-round performance output of the recommended building configuration calculated 

through DesignBuilder software. The above figure shows the operative temperature, external 

temperature, relative humidity and PMV index for the entire year. It is seen in Fig. F, the thermal 

comfort index was limited to less than 2 for the entire year, indicating a bearable warm thermal 

sensation by most of the people. Also, operative temperature fluctuates between 25°C to 30°C 

during office hours. As per ACS model, this indicates a comfort level accepted by 90% of the 

population during summer and winter weather conditions. These were achieved by modulating 

the energy supply and demand in combination with insulation/PCM integration while 

complementing healthy fresh air. 

5. Conclusions 

The effectiveness of integrating insulation, PCM, and/or natural ventilation techniques into an 

office building located in Chennai, India, was investigated for the summer and winter weeks. 

The conventional building (Case 1) and three other buildings incorporating insulation (Case 2), 

PCM (Case 3), and insulation and PCM (Case 4) were analyzed through DesignBuilder software. 

Extruded polystyrene and BioPCM® with melting points 27°C and 29°C were used as insulation 

and PCM materials. The simulation results were interpreted using operative temperatures, the 

thermal comfort index, and adaptive comfort models.  

On analysing the results, Case 2 and Case 4 showed more or less similar average hourly 

operative temperatures of 26.8°C and 26.6°C in comparison to 30.2°C in Case 1 during the 

summer. However, Case 4 showed a slight reduction in the thermal comfort index by a 

maximum of 0.25 (reduction in warm sensation) compared to Case 2. Also, during the winter 

week analysis, all the buildings except Case 1 were found to show acceptable comfort with no 

significant difference. Since Chennai is characterized by hot weather conditions for most of the 

year, Case 4 was found to be appropriate for the Chennai climate. The results obtained from the 
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previous study were therefore confirmed. Further, parametric analysis and optimization of Case 4 

yielded a final insulation thickness of 50 mm and a PCM thickness of 30 mm.  

The recommended building configuration has a comfort level accepted by 90% of the population 

for the whole year, with a maximum PMV index of 1.7. The same comfort level was achieved 

throughout the year, including in extreme summer, without air conditioner during office hours 

(daytime in this case). The proposed model showed a power reduction of 61% in comparison to 

the traditional building with air conditioning during the day. The proposed method will provide a 

pathway for healthy comfort in buildings located in hot countries and could be applied to 

existing and new buildings. 
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