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IEA Energy in Buildings and Communities TCP

• Personal Environmental Control System (PECS) with the functions of 

heating, cooling, ventilation, lighting and acoustic has advantages of 

controlling the localized environment at occupant’s workstation by 

their preference instead of conditioning an entire room. 

• This improves personal comfort, health and energy efficiency of the 

entire heating, ventilation and air-conditioning (HVAC) system 

substantially. 

• Personalized ventilation will also protect against cross contaminations, 

which are critical in open plan offices and work places with close 

distance. 

WHAT IS PECS?

IEA Energy in Buildings and Communities TCP

Source: Melikov 2010

Source: Watanabe et al. 2010 Source: Zhang et al. 2010
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IEA Energy in Buildings and Communities TCP

• Establish design criteria and  operation 

guidelines for PECS

• Quantify the benefits regarding health, 

comfort and energy performance. 

• Control concepts and guidelines for 

operating PECS in spaces with general 

ambient systems for heating, cooling, 

ventilation and lighting.

OBJECTIVES

IEA Energy in Buildings and Communities TCP

• Includes all types of PECS for local heating, cooling, 

ventilation, air cleaning, lighting and acoustic. 

• Includes desktop systems, which are mounted on desks or 

integrated in a furniture

• Chairs with heating/cooling and ventilation. 

• Wearables, where heating/cooling and ventilation are 

included in garments or devices attached to occupants’ 

body. 

• Not including cars

SCOPE
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IEA Energy in Buildings and Communities TCP

• Manufacturers (who need design guidelines)

• Building owners and consultants (who need information on 

performance, advantages, problems, operation, how PECS 

is operated together with other building systems)

• Users (need same info as building owners and for home 

workplaces) 

• Standardisation Bodies (revision of standards for indoor 

environmental quality).

TARGET AUDIENCE

IEA Energy in Buildings and Communities TCP

• January 2022-December 2022: Preparation phase

• January 2023-December 2025: Working phase

• January 2025-December 2026: Reporting phase

Schedule
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IEA Energy in Buildings and Communities TCP

• Leader

– Mariya P. Bivolarova, Technical University of Denmark, Denmark

• Co-leader: 

– Dolaana Khovalyg, EPFL, Switzerland 

• Activity A1: Definition and identification of the requirements of 

PECS in terms of localized and background Indoor Environmental 

Quality (IEQ) i.e., thermal, air quality, lighting, and acoustics.

• Activity A2: Outline the benefits of PECS regarding comfort, 

health and productivity based on literature and new research.

• Activity A3: Outline the minimum energy cost requirements for 

PECS.

Subtask A: Fundamentals

IEA Energy in Buildings and Communities TCP

• Leader: 

– Kai Rewitz, RWTH Aachen University, Germany

• Co-leader

– Joyce Kim, University of Waterloo, Canada

• Activity B1: Summarize the working principles, capabilities and 

limitations of existing PECS, based on literature.

• Activity B2: Identify future development and improvement 

suggestions for PECS for optimal energy, IEQ and cost 

performance.

Subtask B: Applications and Technologies
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IEA Energy in Buildings and Communities TCP

• Leader: 

– Joon-Ho Choi, University of Southern California, USA

• Co-leader

– Bin Yang, Tianjin Chengjian University, Tianjin, China

• Activity C1: Identify and summarize existing methods for 

controlling PECS (including sensors used for control).

• Activity C2: Develop guidelines on integrating PECS with 

ambient conditioning systems in buildings.

Subtask C: Control, operation and system 

integration

IEA Energy in Buildings and Communities TCP

• Leader: 

– Douaa Al-Assad, KU-Leuven, Belgium

• Co-leader

– Marco Perino, Politecnico di Torino, Italy

• Activity D1: Collection of existing methods of studying and 

testing PECS.

• Activity D2: Identification of generic power requirements for 

PECS to achieve energy savings compared to ambient conditioning 

systems.

• Activity D3: Development of universal and standardized ways of 

evaluating and reporting performance of PECS.

Subtask D: IEQ and Energy Performance 

evaluation
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IEA Energy in Buildings and Communities TCP

• Leader: 

– Rajan Rawal, CRABSE, CEPT University, India????

• Co-leader:TBD

• Activity E1: Summary of national and international building codes 

and standards regarding PECS.

• Activity E2: Develop ways of overcoming current barriers for a 

wide implementation of PECS in buildings.

• Activity E3: Provide input to existing national and international 

standards about requirements, characteristics, and performance of 

PECS.

Subtask E: Policy and advisory actions

IEA Energy in Buildings and Communities TCP

1. Guidebook on requirements for PECS

2. State-of-the-art report on PECS

3. Guidebook on PECS design, operation and implementation in 

buildings (including integration of PECS with ambient 

conditioning systems)

4. Report on test methods for performance evaluation of PECS

5. Universal criteria about requirements, characteristics, and 

performance of PECS to be used in national and international 

standards

DELIVERABLES
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Desk Mounted Personalized Ventilation Systems

Ongun Berk Kazanci, PhD

Associate Professor in IEQ and HVAC Systems at Technical University of Denmark

Senior Engineer Building Physics at Buro Happold

12. Dec. 2022 AIVC Webinar on Annex 87

Indoor Environmental Quality and Personalized 
Environmental Control Systems (PECS)
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Personalized Environmental Control Systems 
(PECS) – Personalized Ventilation (PV)

2

• PECS condition the immediate surroundings of the occupants, creating a ”personalized” space

• PECS provide individual control of indoor environmental quality (IEQ) factors

• Heating / cooling, ventilation, lighting, and acoustics

• Why is PECS particularly important and relevant right now?

• COVID-19 pandemic

• Increased interest in infection control -> personalized ventilation can provide fresh air more efficiently

• Climate change

• Resiliency to climate-related disruptions, e.g., heatwaves, wildfires and outdoor air pollution, etc.

• Energy efficiency, carbon neutrality

• Comfort and health of indoor occupants -> interaction of multiple IEQ factors

12. Dec. 2022 AIVC Webinar on Annex 87

Indoor Air Quality – Personalized Ventilation (PV)

3

We would hesitate to drink water from a swimming pool polluted by human bioeffluents. 
Still, we accept consuming indoor air that has previously been in the lungs of other persons

and is polluted by human bioeffluents and other contaminants generated in the space.

– P. O. Fanger, 2001

“
”
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Personalized Ventilation (PV) Systems

4

• Local volume conditioning: it aims at supplying the clean and cool air close to an occupant before it is 
mixed with the room air 

• The most important advantage of personalized ventilation is its potential to provide clean, cool and dry air 
at inhalation (breathing zone)

Melikov, 2010

12. Dec. 2022 AIVC Webinar on Annex 87

PECS and PV Studies
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• Personalized heating, cooling, and ventilation

• Earlier studies had more focus on personalized ventilation, and individual needs and preferences

• Different Air Terminal Devices (ATDs)

• Different systems and combinations

• Approaches:

• Physical measurements

• Measurements with (breathing) thermal manikins

• Human subject experiments

• Field measurements
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PECS and PV Studies
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Bauman et al., 1998
Kaczmarczyk et al., 2006

12. Dec. 2022 AIVC Webinar on Annex 87

PECS and PV Studies
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Melikov, 2016

Bivolarova et al., 2017
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Melikov, 2016

PECS and PV Studies

Zhang et al., 2009

Watanabe et al., 2010

12. Dec. 2022 AIVC Webinar on Annex 87

Development of PECS Prototypes at DTU

9

Air terminal 
device

Desktop Unit
• UVGI
• Touch screen 

for system 
control

Heating 
Panel

• Air Terminal Device (ATD)
• Recirculation + Filter

• 3 Independent Heating Panels
(for thighs, shin, and feet)

• Improved ATD
• Recirculation + Filter
• Cooling mode (Peltier element, 

waste heat dissipation by air)
• Same heating panel as v1

• Improved ATD
• Recirculation + Filter + UVGI
• Cooling mode (Peltier element, 

waste heat removal by water)
• Single Flexible Heating Panel

Mockup: Flexible Heating Panel (FHP)

v1

v2

v3

PECS v3
(Current Version)

Settings (Discrete)

Ventilation 1 – 10

Cooling 1 – 5

Heating 1 – 10
Kazanci et al., 2022 and Shinoda et al. 2022
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Summary and next steps

10

• Development and improvement of PECS with functions that could address multiple IEQ factors

• Guidance (unified method) in performance evaluation, installation, and operation

• Research gaps that need to be addressed:

• Integration with the ambient (main HVAC) system

• Building codes/regulations, standards

• Commissioning and maintenance

• User interfaces and interaction with occupants

• Sizing

• Cost-benefit and productivity

• To be addressed in IEA EBC Annex 87 - Energy and Indoor Environmental Quality Performance of 
Personalised Environmental Control Systems (https://annex87.iea-ebc.org)

Bivolarova, M. (2022) Knowledge gaps regarding Personalised Environmental Control Systems (PECS). CLIMA 2022 Congress. Seminar | New IEA EBC Annex on Personalized 
Environmental Control Systems (PECS)

12. Dec. 2022 AIVC Webinar on Annex 87

Thank you for your attention

Ongun Berk Kazanci, PhD
onka@dtu.dk

ongun.kazanci@burohappold.com



Hui Zhang
Center for the Built Environment (CBE)
University of California Berkeley

IEA-EBC Annex 87 workshop, Dec. 2022
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, MN

Why Personalized Environmental Control Systems? 

Hoyt, T., E. Arens, and H. Zhang. 2015. Extending air temperature setpoints: Simulated energy savings and design 
considerations for new and retrofit buildings. Building and Environment 88, 89-96
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Perception varies across the body

IEA-EBC Annex 87 workshop, Dec. 2022

Human testing of sensations for 16 individual body parts

Zhang, H. 2003. Human thermal sensation and comfort in transient and non-uniform thermal environments, Ph. D. Thesis
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Thermal sensation and comfort scales

very hot

hot

warm

slightly warm

neutral

slightly cool

cool

cold

very cold

Please rate your overall thermal sensation:

very comfortable

comfortable

just comfortable

Please rate your overall thermal comfort:

very uncomfortable

uncomfortable

just uncomfortable

IEA-EBC Annex 87 workshop, Dec. 2022

Cool environments: Extremity dictates whole-body discomfort
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Cool environments: Extremity dictates whole-body discomfort

IEA-EBC Annex 87 workshop, Dec. 2022

Cool environments: Extremity dictates whole-body discomfort

Arens, E., H. Zhang, C. Huizenga. 2006. Partial- and whole body thermal sensation and comfort, 
Part I:  uniform environmental conditions.  Journal of Thermal Biology, 31, 53 - 59. 
Zhang, H. 2003. Human thermal sensation and comfort in transient and non-uniform thermal 
environments, Ph. D. Thesis
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Warm environments: Head dictates whole-body discomfort

IEA-EBC Annex 87 workshop, Dec. 2022

Warm environments: Head dictates whole-body discomfort
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Warm environments: Head dictates whole-body discomfort

Arens, E., H. Zhang, C. Huizenga. 2006. Partial- and whole body thermal sensation and comfort, 
Part I:  uniform environmental conditions.  Journal of Thermal Biology, 31, 53 - 59. 
Zhang, H. 2003. Human thermal sensation and comfort in transient and non-uniform thermal 
environments, Ph. D. Thesis

IEA-EBC Annex 87 workshop, Dec. 2022

Selective brain cooling in animals

Panting cools blood vessels near brain

Schmidt-Nielsen (1971) “How animals work”
Cabanac (1988): Selective brain cooling in humans
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In humans, forehead has the highest sweat production

Smith and Havenith (2011)

Kuno (1956)

Kuno Y (1956), Human Perspiration
Smith, CJ and G. Havenith. 2011, Body mapping of sweating patterns in male 
athletes in mild exercise-induced hyperthermia, Eur J Appl Physiol (2011) 
111:1391–1404

IEA-EBC Annex 87 workshop, Dec. 2022

Personal comfort systems (PCS)

•

•

Fannon, D. 2015. Developing low-energy personal thermal comfort systems: design, performance, testing, and research methods.
Zhang, H., E. Arens, M. Taub, D. Dickerhoff, F. Bauman, M. Fountain, W. Pasut, D. Fannon, Y.C. Zhai, and M. Pigman. 2015. Using 
footwarmers in offices for thermal comfort and energy savings. Energy and Buildings, 104 (3), 233 – 243.



IEA-EBC Annex 87 workshop, Dec. 2022

Footwarmer+fan assembly (!)

IEA-EBC Annex 87 workshop, Dec. 2022
Zhang et al. (2015)
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A field study in a campus building: 6 months in winter
Objectives

Method

Results

Period 1    2       3       4      5      6      7      8      9       10   Period 11

PCS
21.1

20.6

20

19.4

18.9

18.3
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tp
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(°
C)

Zhang, H., E. Arens, M. Taub, D. Dickerhoff, F. Bauman, M. Fountain, W. Pasut, D. Fannon, Y.C. Zhai, and M. Pigman. 
2015. Using footwarmers in offices for thermal comfort and energy savings. Energy and Buildings, 104 (3), 233 – 243.
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Measured power usage by footwarmer is negligible
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Thermal perception at a more 
detailed scale

IEA-EBC Annex 87 workshop, Dec. 2022

Thermal sensitivity: test method

Filingeri, D., H. Zhang, E. Arens. 2018. Thermosensory micromapping of warm and cold sensitivity across 
glabrous and hairy skin of male and female hands and feet, Journal of Applied Physiology, 125: 723–736
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FE
M

AL
E

Warm sensation Cold sensation

FE
M
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E

FE
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Warm/cool sensitivity maps of hands and feet

Filingeri, D., H. Zhang, E. Arens. 2018. Thermosensory micromapping of warm and cold sensitivity across 
glabrous and hairy skin of male and female hands and feet, Journal of Applied Physiology, 125: 723–736

IEA-EBC Annex 87 workshop, Dec. 2022

Tests of spot-heated insoles on foot sensation

very hot

hot 

warm  

sl. warm 

neutral 

sl. cool

cool 

cold  

very cold
1.2 Watts

Luo, M., E. Arens, H. Zhang, A. Ghahramani, Z. Wang. Thermal comfort evaluated for 
combinations of energy-efficient personal heating and cooling devices. Building and 
Environment. 2018, 143: 206-216
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Going further with comfort: 
alliesthesia

IEA-EBC Annex 87 workshop, Dec. 2022

What is alliesthesia? (Cabanac 1969)

Cabanac M. 1969.  Plaisir ou deplaisir de la sensation thermique et homeothermie. Physiology 
and Behavior 4:359–64.

Zhang H, E. Arens, C. Huizenga, T. Han. 2010. Thermal sensation and comfort models for non-
uniform and transient environments: Part II: local comfort of individual body parts. Building and 
Environment, 45(2), 389 - 398.

de Dear RJ. Revisiting an old hypothesis of human thermal perception: Alliesthesia. Building 
Research & Information, 2011, 39(2):108-117. 

Parkinson T, de Dear R, 2014, Thermal pleasure in built environments: physiology of 
alliesthesia, Building Research Information. In press.

Zhang, H., E. Arens, and Y. Zhai. 2015. A review of the corrective power of personal comfort 
systems in non-neutral ambient environments. Building and Environment, 91, 15-41. 

Brager, G., H. Zhang, and E. Arens. 2015. Evolving opportunities for providing thermal comfort. 
Building Research and Information, Vol. 43, No. 3, 1–14 
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Early studies of transient alliesthesia

Cabanac M. Plaisir ou deplaisir de la sensation thermique et 
homeothermie. Physiology and Behavior 1969;4: 359-364. 

IEA-EBC Annex 87 workshop, Dec. 2022

Early studies of transient alliesthesia

Adapted from Mower DM. Perceived intensity of peripheral thermal stimuli is independent of internal 
body temperature. Journal of Comparative and Physiological Psychology 1976;90(12):1152–5

(warm body)

(cold  body)

Stimulus temperature (oC)

(neutral body)

A hand into a bucket of water

Cabanac M. Plaisir ou deplaisir de la sensation thermique et 
homeothermie. Physiology and Behavior 1969;4: 359-364. 
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Early studies of transient alliesthesia

Adapted from Mower DM. Perceived intensity of peripheral thermal stimuli is independent of internal 
body temperature. Journal of Comparative and Physiological Psychology 1976;90(12):1152–5

(warm body)

(cold  body)

Stimulus temperature (oC)

(neutral body)

A hand into a bucket of water

Cabanac M. Plaisir ou deplaisir de la sensation thermique et 
homeothermie. Physiology and Behavior 1969;4: 359-364. 

IEA-EBC Annex 87 workshop, Dec. 2022

Transient extends to spatial alliesthesia

Japanese hot spa
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Variation and pleasantness

Similar to taste, color…

A watercolor by me: Double bridge, Shanghai, China

IEA-EBC Annex 87 workshop, Dec. 2022

Closing comments

°

Image source: WikiHow
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Thank you!
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Wearable Heating and 
Cooling Technology

Joon-Ho Choi, PhD, LEED AP, Assoc. AIA

Associate Professor of Building Science

Associate Dean of Research and Creative Work

Director, Center for Wellness in the Built Environment

School of Architecture

University of Southern California

Annex 87  Subtask C - Leader 1

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

Dec. 12, 2022

HVAC Controls

2

Single 
zone 

control

Zonal 
control

Multi-
zone 

control

Individual 
ambient 
control

Micro 
control 

(via 
contact)

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87
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http://ben-grossman.com/google-glass-brands-wearable-technology-landscape-pt-13
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Whole 
building 
control

Zonal 
control

Personal 
control

Individual 
ambient 
control

Micro 
control 

via 
contact

Energy 
efficiency

Comfort

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

HVAC Controls
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Single 
zone 

control

Zonal 
control

Multi-
zone 

control

Individual 
ambient 
control

Micro 
control 

(via 
contact)

?
Wearable 
cooling/ 
heating

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87
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We already have a wearable conditioning 
strategy?

Earlier generation of wearable cooling/ heating ?

5

Thermal sensitivity

Local body thermal sensation

Whole body thermal sensation

(Meh, D., Denislic, M., 1994)

6

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87
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Thermosensitivity
and thermal 
sensation map of 
the human body

(Luo, M., et al., 2020) 7

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87
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(Luo, M., et al., 2020)
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Wearable thermo device
(SONY REON POCKET , 
2019)

• COOL/WARM automatically 
starts when the main unit is 
attached to the neck, and 
automatically stops when the 
main unit is removed and placed 
on a desk 

• Battery—power based

• Cooling mode: 8 hours

• Heating mode: 27 hours

9

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

GEMM, 2021: 
A pocket-sized, wearable 
cooling and heating device

• Thermo-electric technologies 
to bring an instant cooling or 
heating at the touch of a button. 

• Manual control

• Plug & Play 

• Battery-based

• It can be worn on the outside 
or inside of clothing.

(POLAR SEAL, 2020)
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QOOLA WEARABLE 
AIR-CONDITIONER

It can dissipate cooling for users in hot 
weather and generate heating in cold 
weather. It is suitable in both Winter 
and Summer.

11
(Geeky Gadgets, 2022)
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‘UCOOLITY’ WEARABLE 
AIR CONDITIONER

13

1. A solution for sports enthusiasts and workers alike to help 
them maintain their routine when dealing with high 
temperatures

2. Delivers up to 10-hours of use per charge to easily 
accommodate all-day use

3. Keeps the user up to 33-degrees Fahrenheit cooler 
compared to the surrounding environment

(Trendhunter, 2022)

USB Cooling 
Jacket with Fans 

• The upgraded 90mm fans are 
more powerful to provide stronger 
wind to the body and distribute air 
more evenly. 

• Thanks to the ergonomic design, 
this cooling fan jacket can promote 
sweat evaporation, improve 
ventilation and increase air blow to 
the whole body, finally effectively 
reduce body temperature. 

14
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Heated Jacket 
with Battery 
Pack
• Battery heated coats. Up to 10 

hours of heat with best 
insulation. Powered by ORORO 
UL-certified rechargeable 
batteries.

15
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THERMOELECTRIC 
GENERATORS FOR 
WEARABLE BODY HEAT 
HARVESTING (TEGS)

• A significant advance in the design of 
thermoelectric generators (TEGs) for body heat 
harvesting applications is reported.

• A comprehensive quasi-3D analytical model was 
developed to optimize the thermoelectric 
materials and device parameters.

• The fabricated TEGs exhibited 4-7X higher power 
density than commercial TEGs on human body.

17

(Nozariasbmarz, et al. , 2020)

Power Generation using a Wearable

(University of Missouri., 2020)

What is missing in the current products / 
state of the arts? 

Heating WearableCooling

Neck 
Back 

(Torso)

Human 
body as a 
generator

Power
Thermoele
ctric power 
generator

? Local body conditioning 

Automatic control
- Model-based control

- AI-driven control
- Feed-back control

- Feed-forward control
- others

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

17

18



Technical needs to accommodate each user’s input in an unobtrusive and natural way

19

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

Bio-sensing 
thermal comfort 
modeling

Where to measure on the body to develop a thermal comfort 
model as a function of skin temperature.

• 10 local body segments have been mostly selected in the 
existing studies. 

20

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

(Choi’s Human-Building Integration, 2018-2021)
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Large variations of skin temperatures per subject
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Boxplot of Skin Temperature: Arm
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(Choi et al., 2018)

Skin temp. Variations per Thermal Sensation

Forehead Arm

Wrist (back) Wrist (front)

22
(Choi et al., 2019)
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Thermal sensation prediction model as a function of Machine Learning algorithms (ANN)
- Combinations of Significant Attributes of Estimation Accuracy  (using absolute level of skin temperatures)

23

# Baseline Combination of Attributes Accuracy

1

Gender

&

BMI

Human factors only 35.99%

2 Waist 76.03%

3 Arm 70.19%

4 Wrist (front) 68.45%

5 Forehead 68.04%

6 Wrist (back) 65.36%

7 Neck 64.01%

8 Wrist (front)         Wrist (back) 87.17%

9 Waist Arm 93.02%

10 Waist Wrist (front) 92.51%

11 Waist Wrist (back) 92.41%

12 Waist Arm Wrist (front) 95.87%

13 Waist, Arm, Wrist (front), Forehead, Wrist (back), Neck 95.27%

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87

Thermal sensation prediction model as a function of Machine Learning algorithms 
- Results of Estimation Accuracy based on Single Body Areas/Segments (Skin temp. + Gradient)

24

# Baseline Combination of Attributes Accuracy

1

Gender

&

BMI

Chest 89.56 %

2 Waist 91.91 %

3 Arm 91.24 %

4 Wrist (front) 91.27 %

5 Forehead 88.21 %

6 Wrist (back) 93.45 %

7 Neck 89.39 %

8 Belly Arm 81.56 %

9 Wrist (front and back) 94.39 %

IEA – EBC Annex 87: Personalized Environmental Control Systems                                                                  AIVC Webinar on Annex 87
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CoBi setpoint Skin temp. at wrist Air temperature

Clo. Insulation Overall sensation* Overall comfort**

Standby                      Clo (1.1)                                           Clo (0.8)                                                  Clo (0.5)

Skin temperature as a thermal sensation estimation index results 
in 104 correct predictions out of 110 (95+% accuracy).

1:00 2:00 3:000:15
Time (hour)

“Very satisfied / 
satisfied”

Skin temperature Neutral sensation

Air temperature

Clothing 
insulation
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Lessons from the project

1. A human data-driven thermal sensation model can be 
established by using advanced computational algorithms. 

2. Human bio-signals tell us a lot of significant information. 

3. Environmental comfort is significantly affected by Individual 
physiological characteristics, such as gender, age, and/or 
ethnic origin.

4. A conventional/general comfort model is still effective but 
limited in prediction accuracy for an individual level. 

5. A  thermal sensation / comfort model can be established 
per individual user with the help of advanced sensing and 
computational technologies but require a lot f technical 
procedures to be defined (: Big Data and AI are a must). 
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What should be done in future research?

Heating WearableCooling

Neck 
Local body 

conditioning 
Back 

(Torso)

Human 
body as a 
generator

Power
Thermoele
ctric power 
generator
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Future Work

28

Develop a robust sensing-based thermal sensation/comfort model of for an individual user with 
considering individual physiological characteristics. 

Establish a thermal sensation/comfort modeling design guideline as a function of critical sensing 
points on the human body per environmental condition.

Integrate the modeling results with the existing wearable system for sensing and controls.

Consider multiple parameters in terms of indoor, outdoor, building typologies, climate and 
seasonal conditions, activity level,  multiple ambient environmental condition, etc. 

Net-zero energy feature: A thermo-electric generation as a cooling or heating resources while 
contributing to the power source (for wearables) is a novel technical platform. 

28
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Annex 87 - Subtask C: 
Control, operation and system 
integration

30

• Activity C1: Identify and summarize existing 
methods for controlling PECS (including sensors 
used for control).

• Activity C2: Develop guidelines on integrating 
PECS with ambient conditioning systems in 
buildings.
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joonhoch@usc.edu
Always looking for great collaborators 

and partners!

joonhoch@usc.edu
Always looking for great collaborators 

and partners!

Thank you.
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