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Advancing Performance Assessment and Standardization of PECS

IEQ and energy performance evaluation – the goal
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ST-A: Fundamentals

ST-B: Applications and 
technologies

ST-C: Control, 
operation, and system 

integration
ST-D: IEQ and energy 

performance 
evaluation

ST-E: Policy and 
marketing actions

• Establish the scientific basis for PECS

• Characterize existing and emerging PECS technologies

• Develop strategies for PECS control and coordinated integration with
ambient building systems

• Establish standardized guidelines for evaluating and reporting PECS
performance across IEQ, energy, cost, and modelling domains.

• Identify and address regulatory, standardization, and market barriers

ANNEX 87 structure
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IEQ and energy performance evaluation – the approach
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https://doi.org/10.1016/j.buildenv.2025.113471

Systematic review focused on 
performance evaluation methods

Best practices & future directions

1 Wearable thermal PECS design 
classification scheme (fundamental 
aspects for market implementation)
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Ongoing (ST-B+D): Measuring PECS Success: A Stakeholder Perspective
https://forms.office.com/r/Wnvg0J39Uq
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Performance evaluation methods review - goal

• To establish the foundations for standardized assessment and reporting 
methods.

• To develop a comprehensive evaluation framework supporting PECS 
development from concept to market.
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Performance evaluation methods review - method

• Time range: 1990-2023 (+2024, 2025)
• Databases: Google Scholar, Web of Science, Science 

Direct, Pub Med, Scopus, Research Gate
• Keywords:

• (i) background environment
• (ii) PECS environment
• (iii) performance evaluation methods

• Exclusion criteria: wearables, PECS designed for disabled 
individuals, special environments
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302 papers
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A. Performance evaluation methods review - method
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Building simulation CFD Chamber study Field study
Investigation scale Mesh details Duration (minutes) Duration (days)

Weather data Boundary conditions Exposure patterns Investigation scale

Occupancy schedule Manikin geometry PECS control Survey response rate

PECS integration Control group

Validation Monitoring setup

Time stamp Sample size

… … … …

(1) Functionality (2) Modality
Thermal Heating (TH) Conduction (CD)

Convection (CV)
Radiation (R)
Evaporation (E)

Thermal Cooling (TC)

Thermal Dual (TD)

Indoor Air Quality (IAQ) Outdoor Air Supply (OAS)
Air Treatment (AT)

(3) Mobility
Building Attached (BA)

Building Semi-Detached (BSD)

Building Detached (BD)

Other, e.g., veichle or aircrafts
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Performance evaluation methods review - outcomes

Studies analysed based on the implemented evaluation method
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SUPPOTING GOAL
• 16.6% of BS studies were used to

assess the year-round energy
consumption of PECS with
characterized with other methods
(namely FS)

• 4% of CFD studies were used to
inform PECS design for CS
evaluation

• 30% of CS and 24% of FS were
used to validate CFD models or to
inform boundary conditions of BS.
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Performance evaluation methods review - outcomes

Investigated PECS (3-layered classification scheme) per evaluation method

8

BD
16

Other
1

BSD
4

PECS
22

TH-CD
5

TH-RAD
4

TH-CD&CV
2

TC-CV
4

TC-CV+IAQ OAS
1

TC-CV+IAQ OAS&AT
2

TD-CV+IAQ OAS
2

TD-CV+IAQ OAS&AT
2

IAQ AT
1

BA
1

BS CFD CS FS

29% also IAQ 23% only T 52% BD
Lower TRL

73% BD
Higher TRL
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Temporal coverage 
capabilities

Spatial coverage 
or granularity

1-7
days

<1-3
hours

1-2 
weeks

2-6 
months

1 year 1+ 
years

Single 
point*

2 points (local & 
background env.)

Multiple 
(gradients)

No 
constraints

Capable but no 
studies in literature

BS

CFD

CS

FS

Tested in literature

BS CFD CS FS

Performance evaluation methods review - outcomes
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Computational/human 
resources
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Performance evaluation methods review - outcomes
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Deployment of the 
device

CFD
Heat and mass transfer 

mechanisms

CS
User-PECS interaction 

and inter-individual 
differences

PECS individualized 
control

Optimal PECS 
component design

INFORM

INFORM
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Tem

Spatial coverage 
or granularity

1-7
days

<1-3
hours

1-2 
weeks

2-6 
months

1 year 1+ 
years

Single 
point*

2 points (local & 
background env.)

Multiple 
(gradients)

No 
constraints

BS CFD CS FS
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Deployment of the 
integrated system

Tem

Spatial coverage 
or granularity

1-7
days

<1-3
hours

1-2 
weeks

2-6 
months

1 year 1+ 
years

Single 
point*

2 points (local & 
background env.)

Multiple 
(gradients)

No 
constraints

BS CFD CS FS

Performance evaluation methods review - outcomes
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BS
IEQ + Energy 

performance throughout 
seasons

FS
Occupants’ behaviour
long-term habituation

CFD
Heat and mass transfer 

mechanisms

CS
User-PECS interaction 

and inter-individual 
differences

Optimal building systems 
management

PECS individualized 
control

Optimal PECS 
component design

Case-study optimal 
PECS design

INFORM INFORM

INFORM INFORM

Deployment of the 
device
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Tem

Spatial coverage 
or granularity

1-7
days

<1-3
hours

1-2 
weeks

2-6 
months

1 year 1+ 
years

Single 
point*

2 points (local & 
background env.)

Multiple 
(gradients)

No 
constraints

BS CFD CS FS

Performance evaluation methods review - outcomes
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BS
IEQ + Energy 

performance throughout 
seasons

FS
Occupants’ behaviour
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CFD
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CS
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Optimal building systems 
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control
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PECS design
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Tem

Spatial coverage 
or granularity

1-7
days

<1-3
hours

1-2 
weeks

2-6 
months

1 year 1+ 
years

Single 
point*
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Multiple 
(gradients)

No 
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Performance evaluation methods review - outcomes
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BS
IEQ + Energy 

performance throughout 
seasons

FS
Occupants’ behaviour
long-term habituation

CFD
Heat and mass transfer 

mechanisms

CS
User-PECS interaction 

and inter-individual 
differences

Optimal building systems 
management

PECS individualized 
control

Optimal PECS 
component design

Case-study optimal 
PECS design

MODEL VALIDATION via EXPERIMENTAL DATA
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Wearable thermal PECS classification - goal

Motivation for thermal wearable PECS dedicated review:
• peculiar characteristics of this type of PECS
• relevance in a changing climate
• great potential for personal data collection
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PECS

pe of PECS

ollection
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Goal: to test a 7-level classification 
scheme intended to support the diffusion 
of wearable thermal PECS
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Wearable thermal PECS classification - method

• Time range: 2020-2025
• Databases: Google Scholar, Web of Science, 

Science Direct, Pub Med, Scopus, Research 
Gate

• Keywords:
• (i) background environment
• (ii) PECS environment

• Further selection criteria: wearable PECS with 
thermal management as the primary 
functionality
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81 papers, 113 PECS
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Wearable thermal PECS classification - method
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Expanding the 3-layered classification to a 7-levels scheme

how the intended effect is technically achieved [energy requirements, 
sensing capabilities, controllability and automation ]

real-world feasibility, market uptake, and long-term adoption of wearable 
PECS technologies. [wearability, durability, sustainability]

L1 – FUNCTIONALITY

L2 – MODALITY

L3 – MOBILITY

L6 – TECH-ORIENTED

L7 – MARKET-ORIENTED

L4 – ACTIVATION MODE

L5 – TARGETED BODY PARTS

Passive, active, hybrid

16-zone manikin [ISO 14505] 

PERFORMANCE-ORIENTED
DIMENSIONS

1
2

3
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71%

26%

3% Cooling

Heating

Dual
purpose

Wearable thermal PECS classification - outcomes
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L1 – Functionality
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L2 – Modality
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Wearable thermal PECS classification - outcomes
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L2 – Modality
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Wearable thermal PECS classification - outcomes
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Pian et al., 2024
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Wearable thermal PECS classification - outcomes

Performance-oriented (L4 – Activation mode + L5* – Targeted body parts)
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40
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Nr. targeted body segments

Figure modified based on 16-zone 
manikin figure from ISO 14505-2:2004

*Analysis limited to 81 devices. 32 devices at conceptual or
early lab stage did not specify targeted body parts
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Wearable thermal PECS classification - outcomes

L6* - Tech-oriented (1/2): energy requirements
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*Analysis limited to 86 devices (73
cooling, 11 heating, 2 dual purpose)
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Power [W]
35 (65%) studies do not specify power requirements

48 papers report battery integration

12 studies specify battery capacity identifying a range between
• minimum, 12 Wh [Zhao et al., 2021]
• maximum, 461 Wh [Wang and Zhao, 2023]

Advancing Performance Assessment and Standardization of PECS

Wearable thermal PECS classification - outcomes

L6* - Tech-oriented (2/2): PECS operational control 
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1
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3
35%

10%
8%

47%

Single level
(on/off)

Multiple levels,
discrete

Multiple levels,
continuous

Not specified

*Analysis limited to 86 devices (73
cooling, 11 heating, 2 dual purpose)

Only 13 investigated devices have integrated sensing components
• 2 physiological signal(s): skin temperature and pulse rate
• 8 environmental signal(s): near-body temperature and relative

humidity
• 3 both

Only 5 devices use environmental data to automatically regulate
PECS operation

Zhang et al., 2024
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Wearable thermal PECS classification - outcomes

L7* - Market-oriented
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*Analysis limited to 86 devices (73
cooling, 11 heating, 2 dual purpose)

Durability assessed in 12 studies (fabrics development)
Sustainability never considered

38%

32%

30%
Outdoors

Indoors

Both

APPLICATION CONTEXT WEARABILITY
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Unclear definitions of metrics, indices, and KPIs 
limit actionable insights. 
Lack of standardization of KPIs, preventing 
comparability and benchmarking across different 
PECS. 
Current measurement methods are too complex 
and costly for widespread use. 
Key adoption factors not included (usability, 
integration with central systems, lifecycle cost, and 
maintainability).
Simulation tools lack the granularity to model per 
person zones. 
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Performance evaluation methods – limitations & challenges
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Performance evaluation methods – limitations & challenges

Annex87 work in progress (STB&D)
We are seeking your professional insight! As experts shaping the 
standards for indoor environmental quality and building performance, 
your perspective on how to quantify the "success" of PECS systems is 
critical. 
This work aims to bridge the gap between technical innovation and 
industry adoption by defining success metrics across energy 
performance, occupant comfort, and system integration.
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https://form
s.office.com

/r/W
nvg0J39U

q

Tier 1: Basic Quick screening, initial
feasibility

Tier 2: 
Intermediate Compare, optimize, design

Tier 3: 
Advanced

Performance validation, new 
knowledge

Advancing Performance Assessment and Standardization of PECS

Ilaria Pigliautile
ilaria.pigliautile@outlook.it

Q&A time!
Thanks for your attention

Measuring PECS success: a 
stakeholder perspective survey


