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IEQ and energy performance evaluation — the goal EBC <)

Communities Programme

ANNEX 87 structure

ST-A: Fundamentals ¢ Establish the scientific basis for PECS

ST-B: Applications and

technologies * Characterize existing and emerging PECS technologies

ST-C: Control,
operation, and system
integration

ST-D: IEQ and energy

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

Establish standardized guidelines for evaluating and reporting PECS
performance

evaluation
ST-E: Policy and
marketing actions

performance across IEQ, energy, cost, and modelling domains.

* Identify and address regulatory, standardization, and market barriers
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IEQ and energy performance evaluation —the approach

Systematic review focused on Wearable thermal PECS design
performance evaluation methods - classification scheme (fundamental
- Best practices & future directions aspects for market implementation)
AQ B & =PrL P USC &,
Building and Environment ‘ongcizsclassiﬁcation scheme for
S SEVIER oeral o~ exploring the role of
wearable thermal PECS in a
® changing climate
Personalized environmental control systems (PECS): A systematic review of — |&5%
performance evaluation methods for thermal comfort, air quality
and energy
https://doi.org/10.1016/j.buildenv.2025.113471
3 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)

Racords excluded:
i Fezards ot S v Dupliosias (oui1078)

=z | weewt” | o Databases: Google Scholar, Web of Science, Science
Direct, Pub Med, Scopus, Research Gate

R US| Keywords:
e e s 2 * (i) background environment
. * (ii) PECS environment
f| [ = g * (iii) performance evaluation methods

- ~——=__| » Exclusion criteria: wearables, PECS designed for disabled

g | “mmemex | individuals, special environments

methods (n=44)

«  Gonference papers
{n=173)

Studies included in the review
(n=302)
“Scopus(m208), Web of 3 0 2
s =56), Tayfor & Franci
i s e S papers
RessarchGate (n=2), Google
scholar (n=23)
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A. Performance evaluation methods review - method

Building simulation 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) Functionalit 2) Modalit
(1) Functionality | (2) Modality (3) Mobility

Thermal Heating (TH) Conduction (CD) Building Attached (BA)
- uildin ache
Thermal Cooling (TC) Convection (CV) - :
Radiation (R) Building Semi-Detached (BSD)
Thermal Dual (TD)

Evaporation (E) Building Detached (BD)

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

. Other, e.g., veichle or aircrafts
Air Treatment (AT)
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Performance evaluation methods review - outcomes

Studies analysed based on the implemented evaluation method

SUPPOTING GOAL 250
* 16.6% of BS studies were used to
assess the vyear-round energy 200 4 55
consumption of PECS with
characterized with other methods =10
(namely FS) § Bsupporting
* 4% of CFD studies were used to 1997 Bmain
inform PECS design for CS 50 |
evaluation
* 30% of CS and 24% of FS were 0
used to validate CFD models or to B A
inform boundary conditions of BS. (BS) (CFD)
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Performance evaluation methods review - outcomes

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

-
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TH-CD
\
4 \\ 1 — ~ \\\\\ T»cznscv
PECS SR NN PECS
u 83 / 1 o 2 =
PECS TC-CV + IAQ OASEAT A / 233 PECS it = - TV
% e / A e TR g s oner 4 .
TD-CV + IAQ OASEAT 21 o IAQAT "
THCV 1 7TDCV e ‘i
/ 1700080 L
Io 4 T \ B iy 4 TC-CV+1AQ OASEAT
13 / 3TH-CV4IAQAT 2 BA
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TD-CD 2 N\ 10 TD-CV4IAQ 0AS
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Performance evaluation methods review - outcomes

Spatial coverage

or granularity . BS . CFD
No |
constraints
Multiple _| 7‘7
(gradients) "

2 points (local & _|
background env.)

B cs B rs

resources

Single p P 7
point* [ ® ‘b @
Temporal coverage
} } } } Il } rrer
T T T T T T capabilities
<1-3 1-7 1-2 2-6 1 year 1+
hours days weeks months years
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Performance evaluation methods review - outcomes

Spatial coverage
or granularity

“Bs ECFD ® Cs B FS

Optimal PECS
component design

CFD
Heat and mass transfer

mechanisms
No
constraints | ‘
P cs
wutpe | % | /// User-PECS interaction
2, and inter-individual
! )/ differences
oints (local - /
st | @ ® 0/ %/ T INFORM L
Single | ® Y ] PECS individualized
control
<1-3 1-7 1-2 2:6 1 year 1+
hours days weeks months years Dep[oyment of the
device
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Performance evaluation methods review - outcomes

Spatial coverage
or granularity

“Bs ECFD ® Cs B fS

No |
constraints

2 points (local & _|
background env.)

Multiple _| . ‘ %
‘ P

Single

point* ] ®

<13 17 1-2 2-6 1 year 1+
hours days weeks months years

Deployment of the
integrated system

Case-study optimal
PECS design

— INFORM |~

BS
IEQ + Energy
performance throughout
seasons

FS
Occupants’ behaviour
long-term habituation

< INFORM L

Optimal building systems
management

Optimal PECS
component design

CFD
Heat and mass transfer
mechanisms

CS
User-PECS interaction
and inter-individual
differences

< INFORM L

PECS individualized
control

Deployment of the
device
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Performance evaluation methods review - outcomes

Spatial coverage
or granularity

“Bs ECFD ® Cs B FS

No |
constraints

Multiple _| . ‘ % i
® ' '\

2 points (local & _|
background env.)

TESTING

Single 7
pont | ® ® %

<13 17 1-2 2-6 1 year 1+
hours days weeks months years

Deployment of the
integrated system

Case-study optimal
PECS design

BS
IEQ + Energy
performance throughout
seasons

FS
Occupants’ behaviour
long-term habituation

Optimal building systems
management

Optimal PECS
component design

CFD
Heat and mass transfer
mechanisms

CS
User-PECS interaction
and inter-individual
differences

PECS individualized
control

Deployment of the
device
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Performance evaluation methods review - outcomes

Deployment of the
integrated system

Case-study optimal Optimal PECS
PECS design component design
__________ N
BS CFD ot
Taoew WpBS MCFD M CcS M Fs Periofmance throughottaggy H°7" o moss transter §
1

seasons

N | A T AREL VAL IDATION vie EXYPERIMENTAI DATARE ~ YT T T
constraints

MODEL VALIDATION via EXPERIMENTAL DATA

o
p I CS
Multiple _| . /%‘ I Z FS a a
e’ | 1 //' : c|7) Occupants’ behaviour U:ﬁg';ﬁg?_;:é?\;%‘ﬁzn
2 poins (local & /?/7/9 i long-term habituation differences
background env.) | Q . édyﬁ / ‘\ l___ _______
R77% /
e ® ® ] Optimal building systems PECS individualized
management control
<1I.3 117 112 216 1 ylear 1I+
hours days weeks months years Deployment Of the
device
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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

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

Records identified through
database searching (25'883)
Scopus (n=9'667)
Taylor & Francis (n=3'948)

Racords removed befora screening
o|  Duplicate records removed by the

Time range: 2020-2025

@ ey « Databases: Google Scholar, Web of Science,
. ; : = Science Direct, Pub Med, Scopus, Research
vy a2 e | Gate
8 — lm e Keywords:
N £ 7 Revn whovprors * (i) background environment
e * (ii) PECS environment
N — i | * Further selection criteria: wearable PECS with
- thermal management as the primary
2 N .
- é’ 5‘“_‘":;5"“3“"’“" inroview Repé:;:):cItl‘d;g(;;:?n)veluted to PECS fu n Ct Iona l'lty
é Reason 2 duplicate records
B R —— 81 papers, 113 PECS
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Wearable thermal PECS classification - method
Expanding the 3-layered classification to a 7-levels scheme
w
L1 - FUNCTIONALITY
L2 - MODALITY

L3 -MOBILITY

L4 ACTIVATIONMODE | [Peseive, Se) PERFORMANCE-ORIENTED
SRRSO LLUIEIN  16-zone manikin [ISO 14505] DIMENSIONS

L6 — TECH-ORIENTED how'the inteqqu effect is tg(?hnically achieyed [energy requirements,
sensing capabilities, controllability and automation ]

L7 —- MARKET-ORIENTED real-world feasibility, market uptake, and long-term adoption of wearable
PECS technologies. [wearability, durability, sustainability]
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Wearable thermal PECS classification - outcomes

L1 - Functionality

m Heating

m Dual
purpose

D g

= Near
comfort

Kim et al., 2024

= Not
specified
(low TRL)

Fig.1 The 'mal manikin wearing an air-cooling vest (a), liquid- cooﬂng vest (b), and an evaporative cooli ng
vest (c). An evaporative cooling vest could also be used with a combination of phase-change material inserts
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Wearable thermal PECS classification - outcomes

L2 — Modality

50
45
40
35
30

25
20
15
10
s b |
0

Convectlon Radiation Evaporation

Kim et al., 2024

B Cooling mHeating ™ Dual purpose

Fig. 1 Thermal manikin we: air-cooling vest (a), liquid-cooling vest (b), and an evaporative cooling
vest (c). An evaporative cooling vest could also be used with a combination of phase-change material inserts
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Wearable thermal PECS classification - outcomes

L2 — Modality
50
& (.
45 " Thermal
40
\ AY)
35 | 7 o o
5 « ]
30 * 2 i )
25 4 a0 o
20 100 100 o
o
15 _ 8otk ... A 80 N
S| B v g =
10 > 60} . = Cooling Side . 60 >
5 = : ==z Thermal Insulation Side : wal B
3 40} ! 2 §40 8
o - g | i F e E
Conducti c ) Radiati E ) @ 20;  AM1.5 J?fmospheric Transparent 20 W
onduction onvection adiation vaporation 0 Solar Spectrum Spectral Window 5
H Cooling mHeating ™ Dual purpose 05 1 15 2 2V?Iave5Iength (pm1)0 15 20
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Wearable thermal PECS classification - outcomes

Performance-oriented (L4 — Activation mode + L5* — Targeted body parts)

50
45
40
35

30

25

20

15

10

. B 0
0 | [ | .

Passive Active Hybrid

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

Nr. targeted body segments

W Cooling W Heating M Dual purpose *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

35 (65%) studies do not specify power requirements

Power [W]

O = N W » OO N

5 10 20 40 80 160 320

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

maximum, 461 Wh [Wang and Zhao, 2023]

48 papers report battery integration

12 studies specify battery capacity identifying a range between
minimum, 12 Wh [Zhao et al., 2021]

RLInLunmn pump

Tunpgruluru Controller
Circula xlym pump

LJ/

Portable power supply Seitch
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Wearable thermal PECS classification - outcomes

L6* - Tech-oriented (2/2): PECS operational control

m Single level
(on/off)

= Multiple levels,

discrete

m 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
e 8 environmental signal(s): near-body temperature and relative

humidity
* 3both

Only 5 devices use environmental data to automatically regulate

PECS operation

R F

Gr/CB@TPU-Fabric

Sab W B

GHCB solution Gr/C'B dispersion GriCB ink

(i) Sand-milling Graphite and Carbon Black Exfoliation MWMWMFMMM

VZOZ ‘lels sueyy
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Wearable thermal PECS classification - outcomes

L7* - Market-oriented

APPLICATION CONTEXT WEARABILITY

16
14
12

m Outdoors

[o2)

® Indoors

‘ = Both

N Y 97 NN g

oONDMO

Q7 o7 ©
Wheight [kg]

*Analysis limited to 86 devices (73 Durability assessed in 12 studies (fabrics development)

cooling, 11 heating, 2 dual purpose) Sustainability never considered
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Performance evaluation methods - limitations & challenges

= Unclear definitions of metrics, indices, and KPls
limit actionable insights.

= | ack of standardization of KPls, preventing
comparability and benchmarking across different L.

PECS. e $
= Current measurement methods are too complex @ A
b == T—

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

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.

Quick screening, initial
feasibility

Tier 1: Basic

Tier 2:

. Compare, optimize, design
Intermediate P P g

Tier 3: Performance validation, new
Advanced knowledge

bNE6ETOSAUAA/I/WUOD 8010 SWI0///-SATIY
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Q&A time!
Thanks for your attention

Ilaria Pigliautile Measuring PECS success: a

ilaria.pigliautile@outlook.it

stakeholder perspective survey




