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Research shows that approximately 40 percent of commercial building users 
are dissatisfied with their thermal environments, achieving just half of the 
industry goal of 80 percent, and thereby representing one of the most 
bothersome aspects of indoor environments. 

This class will cover key concepts of thermal comfort, how it can be improved, 
and how this knowledge can be used to create low-energy and comfortable 
buildings, including in buildings with radiant systems and ceiling fans that can 
provide equivalent or superior comfort. Finally, the course will discuss the 
relationship of the thermal environment to work performance. 

Course Description
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9:30 am Background and course overview

9:40 am Overview of comfort 
fundamentals

10:20 am Demonstration of the online CBE 
Thermal Comfort Tool

10:30 am   Temperature ranges and low-
energy solutions using radiant 
systems and fans

10:45 am Q&A

11:00 am Conclude and course feedback

Agenda



What is thermal comfort ?

• ASHRAE* definition:
“…that condition of mind which expresses 
satisfaction with the thermal environment”

• But thermal discomfort is easier to define and 
measure, as a result ….

• Engineer’s view:
Comfort 
=  absence of discomfort 
= “neutrality”

* American Society of Heating, Refrigerating, and Air-Conditioning Engineers



Thermal neutrality or thermal delight?

Onsen at Miyajima



CBE Indoor Environmental Quality survey

cbe.berkeley.edu/survey  Leader: Lindsay Graham

Overall building 

Overall workplace 

Acoustic quality 

Air quality 

Cleanliness & maintenance 

Lighting 

Office furnishings 

Office layout 

Thermal Comfort 



Building occupant satisfaction

Graham, Parkinson, Schiavon 2021 Buildings and Cities



WELL Standard V2

https://v2.wellcertified.com/en/wellv2/thermal%20comfort/feature/2



Overcooling and gender

• Office temperatures are 1.8x more likely to 
be uncomfortable for women

• Uncomfortable temperatures for women are 
more likely to be cold than hot, regardless of 
season

Parkinson, Schiavon, Brager, de Dear 2021 Nature Scientific Reports



Photo by S. Schiavon

Code compliance may not be sufficient



Kresge Foundation HQ, US, by Valerio Dewalt Train Associates

Good design may not be sufficient
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Good design may not be sufficient



Green certification may not be sufficient

Altomonte & Schiavon 2013 Building and Environment



WHAT CAN WE DO?



Personal is the best option out there

Left: George Washington’s Fan Chair, Mt Vernon, VA, circa 1790,  Right: CBE Personal Comfort Chair



https://www.numaproducts.com/



WELL Standard V2

https://v2.wellcertified.com/en/wellv2/thermal%20comfort/feature/4



Body heat balance 

Source: https://www.mdpi.com/2073-4433/10/12/769/htm



Heat gains and losses

Source: https://nzebnew.pivotaldesign.biz/knowledge-centre/passive-design/thermal-comfort/



Source: Emanuele Nabboni



Physiological control mechanisms: Involuntary 

1. Blood flow 
- vasoconstriction
- vasodilation

2. Sweating

3.  Shivering

4.  Goosebumps



Behavioral control mechanisms: Voluntary

Environmental
• Turning on/off 

– Fan
– Heating/Cooling

• Opening/closing
– windows
– blinds & shades



Behavioral control mechanisms: Voluntary

Personal
• Changing clothing
• Changing activity
• Changing posture
• Eating/drinking something cold 

or hot

Source:  http://gawker.com/



Major variables influencing thermal comfort 

Personal
1. Metabolic activity
2. Clothing

Environmental
1. Air temperature
2. Mean radiant temperature
3. Air Velocity
4. Humidity

Image courtesy of:  Paul Schwer, PAE engineers



Dry-bulb (air) temperature (DBT)

DBT is the temperature of air 
measured by a thermometer 
freely exposed to the air but 
shielded from radiation and 
moisture



Effect of air temperature & heat loss

https://comfort.cbe.berkeley.edu/



Temperatures in a complex environment

Villa Savoye by Le Corbusier and Pierre Jeanneret



Temperatures in a complex environment

Source: Caroline Karmann



Temperatures in a complex environment

Source: Caroline Karmann



Air temperature

Source: Caroline Karmann



Surface temperatures

Source: Caroline Karmann



Surface temperatures

Source: Caroline Karmann



Mean radiant temperature

Source: Caroline Karmann



Mean radiant temperature

Source: Caroline Karmann

• MRT: the uniform surface temperature of an imaginary black 
enclosure in which an occupant would exchange the same amount of 
radiant heat as in the actual nonuniform space

• In a non uniform thermal environment the MRT change in each point 
of the room



Globe thermometer

http://dx.doi.org/10.1016/S0263-2241(00)00033-6



Sendai Mediatheque by Toyo Ito



Garden by the Bay, Singapore. Source: Atelier Ten



Hearst Tower By Norman Foster, NY, US





Operative temperature

Operative temperature: the uniform temperature of an imaginary black 
enclosure in which an occupant would exchange the same amount of 
heat by radiation plus convection as in the actual non-uniform 
environment.



Mean Radiant Temperature

MRT is a spatial property, it may change in every point of the room and depend on people position. Source: Avit et al 2022. 



CBE MRT Tool        centerforthebuiltenvironment.github.io/mrt



Humidity

Souirce:  https://en.wikipedia.org/wiki/Humidity

Humidity



Measures of humidity

RH Relative Humidity (%) 

DP Dew Point temperature (ºF)

WB Wet-Bulb temperature (ºF)

W Humidity ratio (lb,water / lb,air)

http://en.wikipedia.org/wiki/Humidity



Major variables influencing thermal comfort 

Environmental
1. Air temperature
2. Mean radiant temperature
3. Air Velocity
4. Humidity 

Personal
1. Metabolic activity
2. Clothing

Measurable factors that influence the  body’s heat balance



Metabolic activity: Heat produce

• 1 MET = 18.4 Btu/ft2-hr (58 W/m2)  = Sedentary activity
• Approx. equivalent to a 100 W light bulb

Source: Emanuele Nabboni. Table of activity & met values - See http://cbe.berkeley.edu/comforttool/



Clothing insulation

Source: Emanuele Nabboni

1 CLO = 0.88 (hr ft2 ºF/Btu), 0.155 m2 C/W
1 CLO = typical 3-piece suit



Clothing adaptation

Source: https://de.wikipedia.org/wiki/Datei:Nivkh_men.jpg



ASHRAE Thermal Comfort Standard

American Society of Heating, Refrigerating, and Air-Conditioning Engineers



ASHRAE Std 55-2020: PMV / PPD

PMV: Predicted Mean Vote
PPD: Predicted Percentage of Dissatisfied. 



http://comfort.cbe.berkeley.edu/



DEMO



pythermalcomfort

https://pypi.org/project/pythermalcomfort/

Python package to calculate thermal comfort 
indices.

Comfort models available:
• Predicted Mean Vote (PMV);
• Standard Effective Temperature (SET); 
• Adaptive model (ASHRAE and EN);
• Solar gains estimation on people.



On the accuracy of the PMV-PPD model

Cheung, Schiavon, Parkinson, Li, Brager 2019 Building and Environment

PMV predicted thermal sensation 
correctly only 

one out of three times



On the accuracy of the PMV-PPD model

Cheung, Schiavon, Parkinson, Li, Brager 2019 Building and Environment

PPD model should not be used in 
practice nor in 

thermal comfort standards



Is a uniform environment more comfortable?





Adaptive model



BCA ZEB Plus, Singapore



500 – 1500 W
Thousands $

Energy savings and comparative costs

2-100 W
Hundreds $



Saving energy with a wider dead band

§ Wider dead band reduces 
HVAC energy 7-15% per 
degree C

Schiavon & Melikov 2008 Energy and Buildings - Hoyt et al. 2015 Building and Environment



Lipczynska, Schiavon and Graham 2018 Building and Environment

23°C
73°F

No fan

26°C
79°F
Fan

27°C
81°F
Fan

0 20 40 60 80

Thermal sensation acceptability (%)

58%

91%

77%

33% increase in thermal comfort with ceiling fan and higher temperature setpoints in 
commercial office in Singapore

Ceiling fans with warm temperatures



Commonwealth Club, San Francisco, CA



Tartarini, Schiavon, Jay, Arens, and Huizenga (2021) Building and Environment



Can we increase the temperature in a space?

Increasing the indoor 
temperature from 72 °F to 77 
°F will reduce the work 
performance of employees by 
2.5%, which means yearly losses 
for an organization of about 
~$5,000 per employee

Porras-Salazar, Schiavon, Wargocki, Cheung, Tham 2021 Building and Environment 



Does the thermal environment affect productivity in typical 
indoor conditions? Probably not

Porras-Salazar, Schiavon, Wargocki, Cheung, Tham 2021 Building and Environment 



Thermal comfort for radiant vs. all-air systems

Do radiant systems provide a better thermal comfort than all-air 
systems?

73 papers found 
53 papers excluded
20 papers kept
8 judged conclusive

Karmann C, Schiavon S, Bauman F 2017 Building and Environment



Temperature satisfaction for radiant vs. all-air systems

Karmann et al 2017 Building and Environment

Radiant and all-air spaces have 
equal indoor environmental 

quality with a tendency towards 
improved temperature 

satisfaction in radiant buildings



MRT vs Air temperature

• Thermostat readings of air 
temperature are appropriate 
estimates of MRT

• In general, MRT = Air 
temperature + 0.5 °F

Megan Dawe et al. 2018
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https://www.linkedin.com/in/stefanoschiavon/recent-activity/posts/



"PG&E" refers to Pacific Gas and Electric Company, a subsidiary of PG&E Corporation. ©2020 Pacific Gas and Electric Company. All rights reserved. These offerings are funded by California utility customers and administered by PG&E under the auspices of the 
California Public Utilities Commission.
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