
  

 

 

 

 
 

 

 

 

 

 
 

 
 
 

 

VOLUME 1 
34th International Conference on  

Passive and Low Energy Architecture  

 

Smart and Healthy  

Within the Two-Degree Limit 

 

Edited by:  

Edward Ng, Square Fong, Chao Ren 



PLEA 2018:  

Smart and Healthy Within the Two-Degree Limit 

Proceedings of the 34th International Conference on  

Passive and Low Energy Architecture;  

Dec 10-12, 2018  

Hong Kong, China 

 
 
 
 
 
 
 
 
 
 
 

Organised by: 
  

 
 

 

                                      
 
 

 
 
 

 

 

 

 

  



Conference Chair: 

Edward Ng, 

Yao Ling Sun Professor of Architecture, 

School of Architecture, 

The Chinese University of Hong Kong 

 

Conference Proceedings Edited by: 

Edward Ng, Square Fong, Chao Ren 

 

 

 

 

 

School of Architecture 

The Chinese University of Hong Kong 

AIT Building 

Shatin, New Territories 

Hong Kong SAR, China 

 

Copyright of the individual papers remains with the Authors. 

 

Portions of this proceedings may be reproduced only with proper credit to the 

authors and the conference proceedings. 

 

This book was prepared from the input files supplied by the authors. The editors and 

the publisher do not accept any responsibility for the content of the papers herein 

published.  

 

Electronic version as: 

ISBN: 978-962-8272-36-5 

©Copyright: PLEA 2018 Hong Kong 



 

TABLE OF CONTENTS 
Volume 1 – Long Paper  

(Science and Technology) 

Volume 2 – Long Paper  

(Design and Practice, People and Community, Education and Training) 

Volume 3 – Short Paper 

 
 

Volume 1 – Long Paper 

 

 
1100 
 
 
1105 
 
1114 
 
 
1126 
 
 
1140 
 
1141 
 
 

1146 
 
1150 
 
1171 
 
 
1211 
 

1214 
 
 
1217 
 
 
1237 
 
 
1245 
 
1247 
 
 

Calibrated Urban Systems Design: A Simulation-based Design Workflow using Measured Data Clustering  
to Calibrate Urban Building Energy Models (UBEMs) 2 

Convenience Store: The Unintended Large Energy Consumers in Urban Taiwan 8 

Do Energy Performance Certifications Matter in Housing Selection? Evidence from Choice Experiments in 
Barcelona 13 

Quantification of Airflow Patterns in a Naturally Ventilated Building Simulated in a Water Table 
Apparatus 19 

Impact of Inlet Water Temperature on Cooling from Misting Fans: A CFD Simulation Study 25 

The International Style in Israel. Spatial Comfort Performance of Residential Buildings in Tel-Aviv on the 
1930’s 31 

Environmental Benefits when Reusing Load-Bearing Components in Office Buildings: A Case Study 38 

New Framework for Quantifying Outer Luminous Variation through Dynamic Methods 44 

Optimal Design of Urban Thermal Environment Using 3D City Models and Numerical Simulation: A Case 
Study of a Historical District in China 50 

Summertime Thermal Comfort and Adaptive Behaviours in Mixed-Mode Office Buildings in Harbin, China 56 

Passive Downdraft Cooling Towers Performance Evaluation: Results of Data Collected from Built 
Prototypes 62 

Neutral Global Warming Potential Target of Electricity Storage as Threshold for Greenhouse Gas  
Emission Mitigation in Buildings 68 

Assessing the Adaptability of the Saudi Residential Building’s Energy Code for Future Climate Change 

Scenarios 74 

Green Roofs for Cooling: Tests in a Hot and Dry Climate 80 

Potential Wind Power Utilization in Diverging Passages Between Two High-Rise Buildings:  
Using “Venturi effect” on the Windward Side 86 



 

1254 
 
1255 
 
 
1257 
 
1258 
 
1264 
 
 
1268 

 
1271 

 
 

1275 
 
 

1276 
 
1294 
 
 
1295 
 
 
1297 
 
 
1299 
 
 
1338 
 
 

1342 
 
 

1345 

 
1350 
 
1354 
 

1355 
 
 
1373 
 
1375 
 

 
 
 

3DFOGTECH© Portable Fog Water Station for Water-stressed Environments 92 

An Analysis of a Handful of Solar Decathlon Europe 2014 Prototypes: Thermal and Comfort  
Performances in Local Context 98 

Building Energy Models in the Operational Phase: Automation of the Model Calibration Process 104 

Building-Integrated Carbon Capturing 2.0: Moving a Concept from R&D to a Prototype 110 

Statistical Analysis of Architectural Features Effects on Indoor Environmental Conditions in a Plus  
Energy House Prototype 116 

Reducing Thermal Stress in Philippine Classrooms: Review and Application of Passive Design 
Approaches 122 

Physical Monitoring of Replacement Infill Panels for Historic Timber-Framed Buildings in the UK:  
Comparing Hygrothermal Simulations and Dual Climate Chamber Testing 129 

Embodied Carbon Benefits of Reusing Structural Components in the Built Environment: A Medium-rise 
Office Building Case Study 133 

Findings from a Survey on the Current Use of  Life-Cycle Assessment in Building Design 139 

Passive Cooling with Phase Change Materials: Integrative Method for Design of Dendritic Encapsulation 
Prototype 145 

Optimization of Intensive Daylight Simulations: A Cloud-based Methodology using HPC  
(High Performance Computing) 151 

Dynamic Microclimate Modelling for Urban China: Assessing Pedestrian Comfort, Air Quality and   
Building Ventilation Potential 157 

Artificial Neural Network Based Smart Forecast Models: High-Performance Close-Control and  
Monitoring in Art Gallery Buildings 164 

Experimental Study on an Air-Phase-Change-Material Unit for Summer Thermal Comfort in a Naturally 
Ventilated Building 170 

Investigation of the Implications of Future Bioclimatic Potential on Annual Heating And Cooling  
Energy Load In Residential Buildings In India 176 

Evaluation of Soil-Cement Blocks: Response to Water Tightness Factor, Heat-Shock Action 183 

Development of an Energetic Profile of Buildings: From Current Status to Achievable Improvement 188 

Shadowing Windows with BIPV Blinds: Delicate Balance for Office Buildings in Low Latitudes. 194 

Downscaling Climate Models: Running Nested Simulations in the Microclimate Model ENVI-met.  
A Case Study Using WUDAPT2ENVI-met Simulation Data 200 

Variations of Microclimatic Conditions in Residential Neighbourhoods in Ho Chi Minh City 206 

Predicting Changes in Spatial Planning Using Artificial Neural Networks on the Basis of Satellite Images: 
Examples of Selected Cities in Lodz Agglomeration (Poland) 212 



 

1392 
 
 
1400 
 
1409 
 
 
1412 
 
1418 
 
 
1424 
 
 

1430 
 
 
1439 
 
 
1452 
 
 

1455 
 
 
1459 

 
1464 
 
1481 
 
 

1491 
 
1494 
 
 
1496 
 
 

1497 
 
1499 
 
 
1510 
 
 
1518 
 
1545 
 
 

Sizing Natural Ventilation Systems for Cooling: The Potential of NV Systems to Deliver Thermal Comfort 
While Reducing Energy Demands of Multi-Storey Residential Buildings in India. 218 

Vehicular Anthropogenic Heat in the Physical Parameters of an Urban Canyon for Warm Humid Climate 225 

Smart and Healthy Buildings Factor of Reality: A Comparative Analysis of Green Buildings Performance  
between Design Predictions and Actual Performance 231 

Effects of Urban Space Opening Layouts on Pedestrian-level Wind Conditions 237 

Reducing Building Waste through Light Timber Frame Design: Geometric, Assembly and Material 
Optimisations 244 

Unmanned Aerial System (UAS) Applications in Energy Audits: Towards Standardizing Automated  
Building Inspections Using Drones 250 

Enhancement of the WUDAPT Portal Tool WUDAPT2ENVI-met: Introducing Site-Specific Local Climate  
Zones to WUDAPT2ENVI-met 256 

A Parametric Study to Optimize the Thermal Performance of Mongolian Self-built Houses in Terms of 
Energy Efficiency: Towards a Cleaner Environment for Ulaanbaatar 262 

Sensitivity of Passive Design Strategies to Climate Change: Thermal Comfort Performance of Natural 
Ventilation in the Future 268 

Heat Stress Pattern of Air-Conditioned Buildings with Shallow Plan Forms and Single Skin Facades:  
Colombo as a Case Study 275 

Simplified Sensing and In-situ Measuring Approach for Building Window Properties 281 

Experimental Biases in Discomfort Glare Evaluations 288 

Investigating the Impact of Architectural Form and Wind Direction on the Performance of a Passive 
Downdraught Evaporative Cooling Tower in Saudi Arabia 295 

Improving Louvers with Indirect Evaporative Cooling as Heat Exchanger: Hot Sub-humid Climate 301 

The Partial Replacement of Ordinary Portland Cement with Rice Husk Ash to Stabilize Compressed  
Earth Blocks for Affordable Building Materials 307 

Summertime Overheating and Heat Stress in Multi-Family Colonial Revival Style Timber-Frame  
Buildings 312 

Retrofitting Strategies for Social Housing Buildings in  Different Climate Conditions. 318 

Vegetation as a Potential Tool for Improving Thermal Comfort and Exposure to Solar Radiation in the 
Streets of Quito: Comparative Analysis of Two Streets in the Center of the City 324 

Two-Phases Evaporative Cooling for Better Outdoor Thermal Comfort in High-Density Tropical Cities:  
A Computational Parametric Study 329 

CFD Analysis on Irregular Breezeway Patterns  in High-Density Asian Urban Areas 335 

Integration of LCA Tools in BIM toward a Regenerative Design 341 



 

1547 
 
 
1548 
 
 
1551 
 
 
1556 
 
1564 
 
1573 
 
 

1575 
 
1582 
 
 
1586 
 
1598 
 
1602 
 
 

1607 
 
1620 
 
 
1624 
 
 
1631 
 
 
1653 
 
 
1654 
 
 
1692 
 
 

1696 
 
 
1701 
 
 
1729 
 

Assessment of the Building-Integrated Photovoltaic Potential in Urban Renewal Processes in the Swiss 
Context: Complementarity of Urban- and Architectural-Scale Analyses 347 

Development of an Adaptive Passive Façade: A Replicable Approach for Managing Multiple Design 
Solutions 353 

Influence of Office Building Height in Urban Areas on Surrounding Microclimate and Building 
Performance 359 

Study on Firewood Consumption Patterns in Dhading District of Nepal 366 

Passive Down-Draught Evaporative Cooling Applicability and Performance in Single Family Houses 372 

Daylighting in Sacred Buildings: Application of Dynamic Brightness Balance and Contrast in Divine  
Luminous Environment for Energy Saving and Visual Comfort 377 

Urban Microclimate and Energy Performance: An Integrated Simulation Method 384 

Evaluating Computer Aided Design Tools  for Building Performance: Trusting and Defining the 
Predetermined Automated Inputs 390 

Indoor Air Quality and Its Effects on Health  in Urban Houses of Indonesia: A Case Study of Surabaya 396 

Study on the Thermal Performance of Office Spaces in the Tropics: A Case Study in Singapore 403 

Estimating Impact of Green-Blue Infrastructure on Air Temperature Using Remote Sensing: Case Study  
of Sabarmati Riverfront, Ahmedabad, India 409 

Development of the Adaptive Thermal Comfort Model for Sustainable Housing Design in Japan 414 

Development of an Affordable Sensing and Monitoring System for Post-Occupancy Building  
Performance Evaluation 421 

An Empirical Investigation of the Link between Indoor Environment and Workplace Productivity  
in a UK Office Building 427 

The Impact of Urban Form on Summer Time  Air Temperature and Energy Demand: A Case Study at  
Dhaka, Bangladesh 433 

Effect of Intra-Climate Variation in Thermal Performance of Public Housing in a Composite Climate Of 
India 439 

Assessing the Glare Potential of Complex Fenestration Systems: A Heuristic Approach Based on Spatial  
and Time Sampling 445 

A Comparative Study of Hygrothermal Simulations for a Bamboo Wall System with Natural Wool 
Insulation 451 

Particulate Concentrations in Bedrooms in Airtight Dwellings: Findings from Eleven Dwellings in 
Scotland 457 

Impact of Apartment Room Layout in Reducing Unwanted Temperature-Rise in Rooms Adjacent to  
Kitchen: A Case from Dhaka City 464 

Breaking the Glass Box: Strategies to reduce the Energy Consumption in 24/7 IT Offices in Delhi NCR 470 



 

1732 
 
 
1761 
 
 
0132 

Integrating Hydroponics into Office Buildings: Model and Presentation of the Impacts of Edible Plants   
on the Indoor Environment on Occupants 476 

Recycled Materials Impact on Thermal Comfort of Low-Cost Housing in Latin America.  
Case Study: Bogota D.C, Colombia 482 

Innovative RES Solutions for Isolated Territories: Hydrogen as a Storage Medium Integrated with 
Renewable Energy Sources 488 

 

 

 

 

 

  



PLEA 2018 HONG KONG 
Smart and Healthy within the 2-degree Limit 

 

531 

Assessment of ThermODrain System on Thermal Comfort: 
Study of a Multi-Storied Office Building in Nashik, India  

 
ROSHNI UDYAVAR YEHUDA1, DR. ARCHANA BHATNAGAR1  

 
1Department of Resource Management, SNDT University, Juhu, Mumbai, India 

 
ABSTRACT: A ThermODrain (TOD) is a system that uses water cooled by night sky to drain the radiant heat within a 
building. In office buildings, ‘all air-cooled’ systems are most prevalent. The study aimed to assess the thermal comfort 
of occupants in a ground and two storied naturally ventilated office building in the composite climate of Nashik in India 
where TOD system was installed. Assessment was conducted by taking hourly readings over a 25-hour period in peak 
summer of May 2017. Primary data collected included Dry Bulb Temperature (DBT) and Relative Humidity (RH) indoors, 
surface temperature of top and bottom of roof slab and Globe temperature within the office. Secondary data for the 
same period was obtained from the Indian Meteorological Department (IMD). Monthly electricity bills were used to 
measure the Energy Performance Index (EPI). The Tropical Summer Index (TSI), an index suggested in the National 
Building Code (NBC) 2016 of India, was calculated. Results show that the indoor operative temperature in the peak of 
summer with outdoor temperature of 36.30C was found to be close to the neutral temperature of 27.50C. The EPI of 
26.5 kwh/m2/year falls within the BEE 5-star rating of below 40 kwh/m2/year. 
KEYWORDS: ThermODrain (TOD) system, Thermal Comfort, Office Building, Tropical Summer Index (TSI), Energy 
Performance Index (EPI)  

 
 
1. INTRODUCTION  

A ThermODrain   (TOD) system is not a common 
practice in modern office buildings where predominantly 
air-cooled systems prevail. Unlike radiant cooling 
systems with active coolants and pump, the ThermO-
Drain system uses water cooled by night sky as a sink to 
drain radiant heat from the structure. 

As per the data from the Indian Meteorological 
Department (IMD), the city of Nashik in Maharashtra 
located at an elevation of 700m above mean sea level, 
has a maximum Dry Bulb Temperature (DBT) of 370C in 
April and May, while minimum temperatures can reach 
100C in January and February. Daily diurnal range of 
temperature is about 150C. Average annual rainfall is 
about 705mm.Relative humidity fluctuates significantly 
in a single day.  

The case study office building is a ground + 2 storied 
building with flat roof admeasuring 258.5 sq.m carpet   
area.   The   building   is   oriented   north-south. Entrance 
is from the North while South wall is common to adjacent 
plot building. WWR (Wall Window Ratio) on North is 
35%, East 20% and West 57%. Overall WWR is 30%. 
Windows are well shaded and have an overall equivalent 
SHGC of 0.66. Passive design strategies used in the 
building include appropriate orientation (South side is a 
common wall with neighboring building), use of double 
wall in the building envelope made of fly ash bricks and 
Gujarat brick cladding with air gap, use of turbo 
ventilators to facilitate stack ventilation and use of high 
albedo reflective paint with SRI>0.5 to reduce heat gain 
from horizontal surfaces. The plan and section of the 
building are shown in Figure 1a and b.  

 

 
 

Figure 1: (a) Plan and (b) Section of the office building in 
Nashik 

 
2. THERMO-DRAIN (TOD) SYSTEM 

ThermODrain (TOD) system is a method based on the 
principal of removing heat from the floor and roof of the 
structure by laying a loop of plastic pipes between the 
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slab screed and the tiling. Water from an underground 
water tank is circulated in the pipes that are cooled by a 
radiator that cools the water through night sky radiation.  
Figure 2a and b show the TOD system on terrace slab - 
during construction and post construction - the finished 
terrace slab.   
 

 
 

 
Figure 2: Top (a)Laying out of the TOD system during 
construction and below (b) the finished terrace slab with the 
TOD system within 

 
The TOD system installed at the office building in 

Nashik comprises of 21 mm diameter plastic pipes laid 
out in a grid at 0.3m center to center distance on the 
plinth of all floors.  The system is designed to remove 242 
Btu/ sq. ft. / hour (763 W/m2) of heat from the    plinth    
mass    of    the    structure. The    thermal conductance of 
the pipe in the grid is 4.5 W/m2C. Thus heat removed by 
the pipe is 77 Btu/ Hr (22.56 W) for every 1 m of the pipe. 
The schematic layout of the system is shown in Figure 3. 

The water picks up the roof heat (water absorbs 4100 
joules per liter per Deg. C) and passes through a radiator 
which rejects most of it. Lukewarm water is stored in the 
tank and re-cycled through the radiator at night, when 
the cool night air absorbs the residual heat. The cycle 
starts again the next morning. Energy for the pump and 
the fan is supplied by solar PV system.  
 

 
Figure 3: Schematic Layout of the ThermODrain (TOD) system 
used in the office building at Nashik, India 

 
3. RATIONALE FOR TOD SYSTEM 

Indoor Thermal comfort means that a body can 
effortlessly remove its metabolic heat from itself. Air 
conditioning uses chilled air in sufficient quantity to 
remove the heat and moisture gains from the space and 
maintain its temperature and humidity to specified 
values. It also provides treated outside air to maintain 
indoor air quality through ventilation. However, the 
assumption is that all solar gains, both direct and 
transmitted, are sensible loads to be absorbed by air and 
carried away before they reach the occupants. 

This assumption is true in the Temperate zone. The 
houses are light-weight and insulated. They are designed 
to reduce the heating load during the cold winters by 
keeping the heat in. Summers are mild. So the cooling 
loads are low and so are the energy rates.  

In India, we have hot summers and buildings are un-
insulated. They absorb the solar heat and pass it inside. 
The interior surfaces get heated up and radiate heat. In a 
tropical country like India, the challenge is to keep the 
heat out. Instead conventional structures allow it to 
come in (through the structure) and then use an energy 
hungry technology of air conditioning to pump it out.  

There is sufficient evidence today to show that un-
insulated buildings in India have a typical thermal 
behavior pattern wherein they absorb solar radiation 
during the day and release it in the night [7]. Figure 4 
indicates the typical pattern of temperature indoors and 
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outdoors in naturally ventilated buildings. This affects 
the comfort level of occupants and the resulting energy 
usage to reduce the heat load.  
 

 
Figure 4: Indoor and outdoor DBT in a naturally ventilated 
residential building in Mumbai, June 2008 indicated equal or 
higher indoor temperatures than outdoors. 

 
An ASHRAE study [1] conducted in 1938 shows that 

the ratio of radiant to evaporative cooling changes with 
the environment (Figure 5). At 900F (32.20C), about three 
quarters of the body heat is rejected as perspiration, 
which is easily absorbed by the low humidity in the room. 
The indoor building surface temperatures in summer are 
at or above the human skin temperature during the day. 
Under these conditions, a person sitting in still air will be 
sweating all the time. Since still air can carry very little 
convective heat, the person will be very uncomfortable. 
We can also conclude that if the structure is below the 
body temperature, it will absorb its heat. If it is above, 
then it transmits heat to the body through radiation.  

The disadvantage in using air for cooling is that it has 
very low capacity for absorbing heat. One liter of air 
weighs one gram and can absorb only one Joule of heat 
per Kelvin. So to remove 150 watts (150 Joules/sec) 
would require 150x3600=540,000 liters /hour of air per 
person. For 10 K rise, the required flow would be 54000 
Lit/hour. This figure will increase due to low coefficient 
of convective transfer for air. While dry air does not need 
much energy to cool, the moisture in it condenses while 
chilling and releases its latent heat. Pumping this heat 
out through refrigeration requires tons of energy. 
 

 
Figure 5: Body heat production and environmental heat 
exchanges for a healthy, young man seated at rest (Source: 
ASHRAE, 1938) 

 
4. METHODS 

The study used observation and instrumentation to 
record hourly data. Hourly surface temperature of top 
and bottom of the terrace slab with and without high 
albedo paint were measured using     Ambetronics     T-
800D     8-channel calibrated data logger attached to K-
type thermocouple sensors; Hourly   indoor   air   
temperature /dry   bulb temperature   (DBT)  and   relative   
humidity   (RH)   were measured   using   EBRO   BI   20TH1   
temperature   and humidity   logger;   Hourly   radiant   
temperatures   were manually    recorded    using    JRN    
76mm    black    globe thermometer.    The    
measurements    and    observation were carried out over 
a period of 25hours in May 2017 (peak summer). Hourly 
DBT and RH data for Nashik was obtained from the Indian 
Meteorological Department (IMD). Hourly   Wet   bulb   
temperatures   were   interpolated. Average wind speed 
for the two days was considered at 1.6m/s based on IMD 
data. Monthly electricity bills were obtained from the 
office to determine Energy Performance Index (EPI) and 
compared with prevailing benchmarks provided by the 
Bureau of Energy Efficiency. 

 
5. THERMAL COMFORT STANDARDS 

Since the office building under consideration is 
naturally ventilated day-time use building, the ASHRAE 
standard 55, 2013 and National Building Code (NBC) of 
India, 2016, were reviewed. The ASHRAE standard 55 
defines thermal comfort as  

That condition of mind which expresses satisfaction 
with the thermal environment and is assessed by 
subjective evaluation‛, while the National Building Code 
defines it as ‘Thermal comfort is that condition of 
thermal environment under which a person can maintain 
a body heat balance at normal body temperature and 
without perceptible sweating‛. 

The 2013 version of ASHRAE standard 55 
incorporates the model of ‘Adaptive Thermal Comfort’ 
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especially in naturally ventilated spaces based on 
operative temperature range [2]. However, this standard 
is approved for a outdoor mean temperature range 
between 100C and 300C. 

The National Building Code  (NBC) 2016 India  [3] 
refers    to    3    thermal    comfort    indices that    find 
applications    for    Indian    climate    viz. a) Effective 
temperature (ET), b) Tropical summer index (TSI), and c) 
Adaptive thermal comfort. Since Effective temperature 
or ET “appears to have an inherent error if used as an 
index of physiological strain, the error increasing with the 
severity of the environmental conditions” as per NBC, it 
was not considered. For IMAC standards, running mean 
outdoor temperature for 30 days is required.  Hence 
Tropical Summer Index or TSI was used as a benchmark.  
Operative    temperature    was    calculated    using    the 
formula below [4]: 
 

θc = θai √(10ν) + θr (1) 

1 + √(10ν) 
 

TSI is defined as the temperature of calm air at 50% 
relative    humidity    that    imparts    the    same    thermal 
sensations as the given environment.  Mathematically, 
TSI (°C) is expressed as: 
 
TSI = 0.745tg + 0.308 tw – 2.06√(v+0.841)                 (2) 
 
Where tw = wet bulb temperature, in °C;   
tg = globe temperature, in °C;   
and V = air speed, in m/s.   
 

The   thermal   comfort   of   a   person   lies   between   
TSI values of 25°C and 30°C with optimum condition at 
27.5°C.    As    per    the    index, the warmth of    the 
environment was found tolerable between 30°C and 
34°C  (TSI), and too hot above this limit. On the lower 
side, the   coolness   of   the   environment   was   found 
tolerable between 19°C and 25°C (TSI) and below 19°C 
(TSI), it was found too cold.  
 
6. RESULTS AND DISCUSSION 
6.1 Diurnal range of temperature 

Outdoor diurnal range of Dry Bulb Temperature (DBT) 
was 14.70C as compared to indoor DBT range of 30C. 
Outdoor diurnal range of Relative Humidity (RH) was 71% 
in contrast to indoor RH range of 27.6%. The indoor RH is 
governed by the moisture content of the outside air that 
is drawn in by the toilet exhaust system. As dry outside 
air is drawn in by the ventilation system, it mixes with the 
room air, making it drier – reaching up to 30.4%. 
However, towards the evening, the outside RH increases 
resulting in increased room RH – up to 57% (Figure 6). 
 

 
Figure 6: Diurnal range of temperature indoors is a mere 30C 
as compared to diurnal range of temperature outdoors, 
which his nearly 150C 

 
6.2 Surface temperature of Terrace RCC slab 

Surface Temperature of top of Terrace RCC slab with 
TOD system and high-albedo paint is found to be 30C 
lower than the bottom of the slab for the 24 hour period. 
It is noted that slab bottom temperature is higher than 
slab top during day-time (office hours) by an average 
1.30C while slab bottom is lower than slab top by average 
60C during night-time (Figure 7). 
 

 
 

Figure 7: Comparison of top and bottom surface temperature 
of terrace slab with TOD system and high albedo paint 

 
In the absence of high albedo paint, the slab bottom 

temperature   is   lower   than   slab   top   by   an average 
4.280C during 24-hour period and an average 1.090C 
during night-time. 

Surface Temperature of top of Terrace RCC slab 
without high albedo paint is higher than the surface with 
paint by an average 1.280C throughout the day and an 
average and 2.10C during office hours (Figure 8). 
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Figure 8: Surface temperature of Roof Slab without high 
albedo paint is higher than Roof slab with paint by an average 
1.280C 

 
6.3 Tropical Summer Index 

Comparison of indoor operative temperature with 
Tropical Summer Index:  Indoor operative temperature 
of Green Space Realtors in May 2017 at outdoor max.DBT 
of 36.30C was found to be 27.40C, which is within the 
range of acceptable TSI values of 25°C and 30°C and close 
to optimum value of 27.50C. 
 
6.4 Energy Performance Index (EPI) 

The EPI, an outcome-based metric for building energy 
performance, was calculated based on electricity bills 
obtained from the office administration from June 2016 
to May 2017. The EPI for the office building in Nashik was 
calculated to be 26.5 kwh/m2/year, which can be 
categorized under the BEE’s voluntary 5-star benchmark 
for energy efficient buildings (less than 50% air-
conditioned) for composite climate of <40 kwh/m2/year, 
and way below the national benchmark of 86 
kwh/m2/year for commercial buildings in this climate 
zone [6]. Monthly electricity bills for the office building 
are shown in Figure 9. 
 

 
Figure 9: Average monthly electricity consumption in the 
office building in Nashik is 581.5 kwh 

 
 

6.5 Envelope Thermal Transmittance 
Thermal transmittance is a measure of the thermal 

effectiveness of the building envelope. It is an 
amalgamation of the thermal conductance of each 
material that is used in the building envelope. It is, 
however, calculated indirectly by finding out the thermal 
resistance of each layer including the air layer inside and 
outside. Cavity spaces or air gaps are also taken into 
consideration in the thermal transmittance calculations.  

For the office building in Nashik, the U-value of roof 
and wall were calculated based on the cross section 
(Figure 10a and b) and available data on thermal 
conductivity from ECBC 2007 and CARBSE, Ahmedabad, 
India. The U-value of roof was calculated as 0.965 W/m2K 
and the U-value of wall was calculated as 1.85 W/m2K. 
Both of these do not meet the ECBC 2007 benchmarks of 
0.409 and 0.44 W/m2K for roof and wall in composite 
climate.  
 

 
Figure 10: a. Cross section of Wall and b. Roof for calculation 
of Thermal Transmittance 

 
7. CONCLUSIONS 

The   study   shows   that   structural   cooling system    
drastically    reduced    the    diurnal    range    of 
temperature and relative humidity within the structure.  
With an average 4.280C difference between slab top and 
bottom, the TOD system drains out radiant heat from the 
building that remains cools even when naturally 
ventilated. The indoor operative temperature in the peak 
of summer with outdoor temperature of 36.30C, were 
found to be close to the neutral temperature of 27.50C 
(Figure11) even though the thermal transmittance of 
roof and wall are much higher than prescribed national 
standards.  

The system prevents the solar heat re-radiation from 
roof and floors by absorbing it before it adds   to   the   
sensible   heat   load   and   cause   thermal discomfort to 
the occupants. Even in the hottest day of summer, the   
TOD   system   is   able   to maintain   the   floor   
temperature   below   human   skin temperature, allowing 
a person to feel   thermally comfortable sitting and 
walking on such floor with bare feet [5]. 
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In terms of capital cost, the structural cooling system 
is 50% less costly than a conventional HVAC system and 
the recurring energy cost is a mere 8.7% of a 
conventional system. The total life cycle costing (capital 
and running cost) of the TODsystemfor a period of 10 
years amounts toRs. 6/ sq. ft./ year (US $ 1 per sq. m) as 
compared to Rs.  30/sq. ft./yearfora conventional HVAC 
system.  

The system is passive except for 3 elements – Pump 
for the pipes grid, Fan for Radiator and Pump for 
Overhead Tank. The total energy consumption of these 
amount to 3000 kwh/ year as compared to 34,560 kwh/ 
year required for 12 Tr of conventional HVAC system(at 
1.2kw/ Ton of refrigeration) required for the building. 
The difference in energy consumption is more than 10 
times. The active components of the system are supplied 
energy primarily from solar PV panels.  
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