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 15 plus years of presentations on the Building Envelope:

INTRODUCTION - 1

 Is there still something to say or we are at a point where “most that can be said has
already been said”?

 The question could seem to be rhetorical, but it is not and the answers are far for
being trivial.
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INTRODUCTION - 2
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Total = 60’078 papers

Publication  type

Bld.env. Facade Tot.

Journal 15692 21339 37031

Conference 

Proceedings
6949 8340

15289

Book Section 1281 2154 3435

Book 865 375 1240

Generic 1560 1523 3083

Key words for the search: “Building Envelope”, “Façade”
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INTRODUCTION - 2
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 To give an overview of the subjects that were popular in the Building Physics field of
over the years and the ideas that drove the research on the Building Envelope,

 To understand what role can and will play the Building Envelope in the energy
transition.

INTRODUCTION - 3
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Motivations that drive the research – the picture:
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conditioned and unconditioned environment of a building, including the resistance to
air, water, heat, light, and noise transfer” [1],

 “It is a collection of construction components and subsystems that separates interior
conditioned space from unconditioned space or the outdoors. It is the boundary
through which energy and mass can be transferred” [2],

 A building's envelope includes doors, roof, walls, foundation, insulation, seals, and
windows (SEB).

INTRODUCTION - WHAT IS THE BUILDING ENVELOPE?

 The many functions of the building envelope can be
separated into three categories:[3]

o Support (to resist and transfer structural and dynamic
loads)

o Control (the flow of matter and energy of all types)

o Finish (to meet desired aesthetics on the inside and
outside)
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Newton, 1675 "if  [we can] see further, it is by standing on the shoulders of giants”

THE HISTORY: ON THE SHOULDERS OF GIANTS
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THE HISTORY - TRADITIONAL APPROACH TO THE BUILDING ENVELOPE - 1
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THE HISTORY - TRADITIONAL APPROACH TO THE BUILDING ENVELOPE - 2
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THE HISTORY - TRADITIONAL APPROACH TO THE BUILDING ENVELOPE - 3
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THE HISTORY - TRADITIONAL APPROACH TO THE BUILDING ENVELOPE - 3
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This phase can be called the “ ”, where :

 the main goal was to limit the thermal loads caused by the building envelope,

 The concern was essentially the heating energy demand,

 The idea was to maximize the solar and other free gains.

THE HISTORY - TRADITIONAL APPROACH TO THE BUILDING ENVELOPE - 4
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This indeed allowed to significantly improve the overall energy
efficiency of buildings and to reduce the space heating …
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TY keeping to optimize the performance just looking at a single goal (e.g. increasing the

thermal insulation) leads, at a certain point, to hit the wall:
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o Severe problems of overheating
(even in cold climates),

o Transmission losses become small
compared to ventilation losses.

LIMITATIONS OF THE ENERGY CONSERVATION APPROACH - 1

Increase of energy demand for:

o Space cooling,
o Artificial lighting,
o Plug-loads.
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LIMITATIONS OF THE ENERGY CONSERVATION APPROACH - 1

Increase of energy demand for:

o Space cooling,
o Artificial lighting,
o Plug-loads.
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BEYOND THE ENERGY CONSERVATION APPROACH – THE 1ST EVOLUTION - 1

In the first decade of the 2000s there was the
The of a fixed “barrier” component, that is disconnected from the other building
services/functions and does not change its features, behavior and functions, started to
be unsatisfactory and limiting.
The

The new code-words were:

 Responsivity,

 Adaptability,

 Dynamic behavior,

 Integration,

And the optimization started to be on

the basis of a “ ”
IEA, Annex 44 – “Integrating Environmentally Responsive Elements in Buildings”

[7]
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BEYOND THE ENERGY CONSERVATION APPROACH – THE 1ST EVOLUTION - 2



IB
P

C
2

4
 –

TO
R

O
N

TO
M

ET
R

O
P

O
LI

TA
N

U
N

IV
ER

SI
TY

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

60%

65%

70%

75%

80%

85%

90%

95%

100%

2024 2023 2022 2021 2020 2019 2018 2017 2016 2015 before

Share by technology

Integrated Dynamic Active Responsive PCM PV 3D printing/printed/print nanomaterials

BEYOND THE ENERGY CONSERVATION APPROACH – THE 1ST EVOLUTION - 3
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BEYOND THE ENERGY CONSERVATION APPROACH – THE 1ST EVOLUTION - 1

 IEA - Annex 44 “Integrating Environmentally
Responsive Elements in Buildings”

 COST Action - TU1403 “Adaptive Facades
Network”.

Design Pyramid

[7], [8]
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 AIF – Advanced Integrated façade (double
skins, climate façade, ventilated façades, …),

 KF - Kinetics Façade - KF

 PCM - Phase Change Materials (integrated in
opaque/transparent components),

 SW (Smart Windows)/SG - Switchable Glazing 
(electrochromic, thermotropic, 
thermochromic, chromogenic, 
photovoltachromic, …) and Shading Devices

 TABE – Thermally Activated Building Elements

 EC - Earth Coupling

BEYOND THE ENERGY CONSERVATION APPROACH – THE 1ST EVOLUTION - 1



IB
P

C
2

4
 –

TO
R

O
N

TO
M

ET
R

O
P

O
LI

TA
N

U
N

IV
ER

SI
TY

 

 

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 1

Transparent ventilated façades:
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Highly integrated “climate” façade:

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 2
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THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 3

Hybrid ventilated façade & AIF prototypes:

Hybrid ventilated façade:

Climate façade

   
Mechanical  ventilation   

 
  Spring: natural 

ventilation 

  Summer: hybrid ventilation  Winter: closed gap 
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Test Sample Ventilation Type Experimental Condition
Air Flow 
Origin

Air Flow  
Destination

(a) EAF MV laboratory interior exterior

(b) SAF MV laboratory exterior interior

(c) RUF unventilated in field - -

(d) OAC NV in field exterior exterior

Opaque integrated façades:

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 4
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THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 5

Opaque integrated façades:
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3) > COP of
HVAC system

4) > IAQ
5) < HEAT LOSS 
REDUCTION

1) INTEGRATING RES 
IN BUILDING 
ENVELOPE

2) RECOVERY
OF THE HEAT 
LOSSES

Philosophy of the total 
building energy approach

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 6
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TY Green Walls/Roofs – Living Wall systems:

 Heat island effect mitigation,
 Extra thermal insulation

(variable),
 Acoustic absorption,
 Potential air purification,
 Lower surface temperatures.

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 7
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THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 8

PCM in glazing and switchable glazing:

Double glass 
with PCM

8/15/6 mm 
clear+ clear

h: 82 cm
L: 140 cm

paraffin R35

Double Glass

8/15/6 mm 
clear+ clear

h: 115 cm
L: 140 cm
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THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 8

PCM in glazing and switchable glazing:

Double glass 
with PCM
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Solid state

Mushy state

Liquid state

Summer - Daytime Summer - Night time

Absorption of the solar 
radiation         Melting of 
the PCM. Energy is 
stopped and stored.

Q

Q

Q
Q

Solidification of the 
PCM         energy is 
released outside the 
room.

THE INTEGRATION AND ADAPTABILITY PHASE – EXAMPLES - 9
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THE CONCEPT EVOLUTION – FROM THE 1ST TO THE 2ND AND 3RD STEP

Energy Conservation phase
’70, ‘80, ‘90

Integration and Adaptability phase
early 2000 - 2010

Active & Multi Functional phase
2010 - 2020

Pursuing a deeper integration, moving 
from an energy passive harvester to an 
energy active envelope, exploiting RES 

at building level.
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THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 1

Multifunctional Façade Modules (MFM) - ACTRESS

The ACTRESS Prototype (ACTive, RESponsive & Solar )

(OSM)(TSM)

 WWR = 50 % (tot. en. optimization for Torino),   

 OSM: Ueq= 0.08 W/(m2K)     

 TSM: Uaverage= 0.60 W/(m2K), ; Uaerogel= 0.55 W/(m2K)
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Winter: Thermal Buffer, Natural Ventilation - Supply Air
Mid Season Supply Air: Natural ventilation or Mechanical Ventilation
Summer Outdoor air curtain: Natural Ventilation or Mechanical 
Ventilation

Posssible ventilation strategies of the ACTRESS MFM - OVF Cavity:

TB SA

NV

MV

NV
SA

NV

THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 2
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THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 3

 EE reduction from 19.1 kWh/m3y to 9.1 kWh/m3y ( 52%),
 Significant reduction in heating loads EEh, due to the use of PV energy to activate the 

PCM in the OSM. 
 The electric (plug loads + lighting) consumption can be almost totally covered, 95% on 

an annual basis, by the PV production. 
 Exploiting the pre-heated air (OSM supply air) during heating and mid-season allows 

an extra energy saving  of about 8 %.

Yearly energy performance (total equivalent electric energy) – Simulation of a reference 
hypothetical office module  6 m x 5 m x 3.5 m South oriented:
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THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 4

Going further with MFM - The POWERSKIN+ Concept:

It is an off-site prefabricated modular system, glazed and 
opaque, integrating smart material
solutions to renovate existing facades 
of both double skin and advanced 
integrated curtain walls. 

EU – H2020 project (2019-2024)
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THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 5

The transparent module:

Used Car Batteries of EV 
HybV (circularity)
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THE ACTIVE & MULTIFUNCTIONAL PHASE – EXAMPLES - 6

The opaque module:
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IMPLICATION ON MODELLING & ACHIEVEMENTS – FROM 1ST TO 3RD PHASE

Active + 

Multifunctional 

means

Energy 

conservation 

approach

Integrated Dynamic

Integrated



MF & Active

+ Active & Multifunctional 

Positive Energy
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IMPLICATION ON MODELLING & ACHIEVEMENTS – FROM 1ST TO 3RD PHASE

Active + 

Multifunctional 

means

Energy 

conservation 

approach

Integrated Dynamic

Integrated



MF & Active

+ Active & Multifunctional 

Positive Energy
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THE CONCEPT EVOLUTION – FROM THE 1ST TO THE 2ND AND 3RD STEP

Energy Conservation phase
’70, ‘80, ‘90

Integration and Adaptability phase
early 2000 - 2010

Active & Multi Functional phase
2010 - 2020

…and what next ?
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EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 1

New & better performing materials with added functionalities:

2) Adavanced Porous 
materials (APM)

1) Vacuum Insulation     
Panels (VIP)

3) Reflective 
insulation 

4) Cool coatings
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EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 2

Not only thermal and lighting, but also RH control (and IAQ) :

Vincenzo Gentile, Juan Diego Vargas Velasquez, Stefano Fantucci, Giorgia Autretto, Roberta Gabrieli, Pardeep Kumar Gianchandani, Marco Armandi, Francesco Baino, «3D-printed clay components with high surface 
area for passive indoor moisture buffering», Journal of Building Engineering, Volume 91, 2024, https://doi.org/10.1016/j.jobe.2024.109631.

3D-printed clay wall 
components for passive indoor 
control of the RH and moisture 
buffering with high surface area.
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TY Better multifunctional integration (not only Building Physics) & 3D printing:

EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 3

[9]
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EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 4
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EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 5
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EXAMPLES OF NEW RESEARCH STRANDS AND OUTLOOK - 5

Personalised
Features/aims
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THE CONCEPT EVOLUTION – BEYOND THE 3RD STEP ?

?? and beyond …??

Energy Conservation phase
’70, ‘80, ‘90

Integration and Adaptability phase
early 2000 - 2010

Active & Multi Functional phase
2010 - 2020

To go there, we must 
be imaginative
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Passive radiative cooling technologies PaRaMetric
- EURAMET project

“Visionary” materials & Technologies: Exploiting the “Sky transparency window”

BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 1

[10]
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BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 2
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TY Not only Building Physics – The Building envelope as a huge “Interface” with 

the outdoors – the Sphere at the Venetian Resort:

BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 3

1.2 million of LED panels (2.5 x 1.2 m), resolution 14’000 x 9’000 pixels (126 Mpixels)
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THE CONCEPT EVOLUTION:

RETHINKING THE APPROACH TO THE INDOOR

ENVIRONMENTAL CONTROL:

BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 4
Fig 1A – Mixing systems

    T(x,y,z) = Tset-point

    C(x,y,z) = Cexhaust

            = RHset-point

(A) Mixing system

THE PRISTINE IDEA
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Fig 1B – Displacement systems

    = Tset-point

    <        

     = RHset-point

T  Tset-point

      

    RHset-point

(B) Displacement system

THE FIRST EVOLUTION

THE CONCEPT EVOLUTION:

RETHINKING THE APPROACH TO THE INDOOR

ENVIRONMENTAL CONTROL:

BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 4
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THE PECS CONCEPT

Fig 1C – PECS systems

P
E

C
S

RHset-point

Tset-point

 =   =     

Back-ground Environment

Micro-environment

(Loose control)

Tb  Tset-point

     

     RHset-point

(Reinforced control)

(C) PECS System

THE CONCEPT EVOLUTION:

RETHINKING THE APPROACH TO THE INDOOR

ENVIRONMENTAL CONTROL:

BEYOND THE 3RD STEP – LOOKING FOR “GAME CHANGER” - 4
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This definition encompasses a number of previous classifications, like TAC, PCD, PCS, PV,
PTMS.

What characterizes and unifies all these systems is the central idea of directly targeting
the environmental control of the “personal space” instead of the entire built volume, in
contrast to conventional heating, ventilation, and air conditioning (HVAC) systems.

General and unifying definition of PECS (IEA - Annex 87):

“A Personalized Environmental Control System (PECS) is a system that can provide
individually controlled thermal, air quality, acoustic or luminous environments in the
immediate surroundings of an occupant, without affecting directly the entire space and
other occupants’ environment”.

WHAT IS A PECS (PERSONALIZED ENVIRONMENTAL COMFORT SYSTEMS)?

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 1
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General and unifying definition of PECS (IEA - Annex 87):

“A Personalized Environmental Control System (PECS) is a system that can provide
individually controlled thermal, air quality, acoustic or luminous environments in the
immediate surroundings of an occupant, without affecting directly the entire space and
other occupants’ environment”.

WHAT IS A PECS (PERSONALIZED ENVIRONMENTAL COMFORT SYSTEMS)?

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 1

ECBCS

The new paradigm on which PECS are based is:

IEA – EBC - Annex 87 - Energy and Indoor Environmental Quality Performance of Personalised Environmental Control Systems (PECS)”.
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TY 3 THERMODYNAMIC SYSTEMS (OR CONTROL VOLUME) INVOLVED WITH PECS:

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 3
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 With general, traditional HVAC systems, the enclosed space is the object towards
which attention is focused. The HVAC system aims at modifying the environmental
conditions.

 The relevant energy and mass exchange are those with the room environment (AHB).
The comfort conditions are reached by varying the environmental parameters:

∆L = M − W −  C∗ +  ∗ + Ck
∗ +  Res

∗ + Esk
∗   0

WHAT SUBSTANTIALLY CHANGE IN THE METHODS FOR THE THERMO FLUID DYNAMIC ANALYSIS?

o With PECS the actions are focused towards the human body/skin,

o The relevant energy and mass exchanges are those with the person. Comfort
conditions are reached the by modulating the energy dissipation of the body
(providing/extracting a certain “ ”, [11]) and acting on the
qualities of the inhaled air:

∆L = M − W −  C∗ +  ∗ + Ck
∗ +  Res

∗ + Esk
∗  + ∆L∗

 0

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 4
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Example of the Supplementary power ∆L∗vs operative temperature (1 person), for
various environmental conditions of the background environment (Fanger model).

Ta [°C] RH [%] Var [m/s] Tmr [°C] Icl [clo] 

8 - 32 30-70 0.15 – 0.90 8.3 – 34.2 0.7 - 1 

 Ta [°C] RH [%] Var [m/s] Tmr [°C] Icl [clo] 

8 - 32 30-70 0.15 – 0.90 8.3 – 34.2 0.7 - 1 

 

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 5
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 Two commercially available bladeless fans were tested. The micro-environment for
heating & cooling, and other metrics (PECS and the CP - Corrective Power) were
measured.

 

 

PECS 

Automatic 

positioning 

systems 

 

 

PECS 

Automatic 

positioning 

systems 

 

 

PECS 

Automatic 

positioning 

systems 

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 6

Example of PECS:

 The following threshold values were chosen: v = 0.40 m/s,
T = 22 °C.



IB
P

C
2

4
 –

TO
R

O
N

TO
M

ET
R

O
P

O
LI

TA
N

U
N

IV
ER

SI
TY

PECS “A”      PECS “B” 

  

Velocity micro-environment (“Cooling”/Isothermal Mode):

RETHINKING THE APPROACH TO THE INDOOR ENVIRONMENTAL CONTROL - 7

 Improvements of the occupant’s satisfaction and health conditions (IAQ). Lower installed power.
Energy savings of final energy use for indoor environmental control. Support to the
electrification of the heating and cooling sector.

 Provide a promising tool to aid the Energy Flexibility (they can provide both the traditional
Energy Flexibility over time, but also add a further meaning, a Energy Flexibility over space).
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CONCLUSIONS - 1

From “Blade Runner” – 1982 – Ridley Scott
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CONCLUSIONS - 1

From “Blade Runner” – 1982 – Ridley Scott
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CONCLUSIONS - 2

A visionary then went (far) beyond the fiction of Ridley Scott
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CONCLUSIONS - 3

 Reducing the final energy uses for HVAC and artificial lighting,

 In promoting the energy flexibility (space/time),

 Allowing to interface buildings each others and with other energy actors and
infrastructures (Energy Communities, aiding Smart Grids management),

 A lot can still be done by continuing and deepening the traditional and current
research activities (new/improved materials & technologies),

 Technical Standards must evolve and new KPI have to be conceived and used to
support designers in their choice,

 Design methods must keep the pace with the new technologies and challenges,
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Toronto is in the “Dish With One Spoon” territory. The Dish With One Spoon is a treaty 

between the Anishinaabe, Mississaugas and Haudenosaunee that bound them to share the 

territory and protect the land.
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