
Editors in Chief:

Andreas Luible 
Susanne Gosztonyi

Editors:

Mauro Overend  
Laura Aelenei 
Aleksandra Krstic-Furundzic 
Marco Perino 
Francesco Goia  
Frank Wellershoff 
Shady Attia 
Uta Pottgiesser 
Ulrich Knaack  
Christian Louter 

      Facade 2018 - 

adaptive!

Editors in Chief:

Andreas Luible 
Susanne Gosztonyi

Editors:

Mauro Overend  
Laura Aelenei 
Aleksandra Krstic-Furundzic 
Marco Perino 
Francesco Goia  
Frank Wellershoff 
Shady Attia 
Uta Pottgiesser 
Ulrich Knaack  
Christian Louter 



Proceedings of the COST Action TU1403

Adaptive Facades Network Final Conference 
 
 
 
 
Facade 2018 - Adaptive! 
 
 
Lucerne University of Applied Sciences and Arts 
Lucerne, Switzerland 
26-27 November 2018 

Editors in Chief
Andreas Luible (Lucerne University of Applied Sciences and Art, Lucerne, Switzerland)
Susanne Gosztonyi (Lucerne University of Applied Sciences and Art, Lucerne, Switzerland)

Editors:
Mauro Overend (University of Cambridge, Cambridge, United Kingdom)
Laura Aelenei (Laboratório Nacional de Energia e Geologia, Lisbon, Portugal)
Aleksandra Krstic-Furundzic (University of Belgrade, Belgrade, Serbia)
Marco Perino (Politecnico di Torino – DENERG, Torino, Italy)
Francesco Goia (NTNU, Trondheim, Norway)
Frank Wellershoff (HafenCity University, Hamburg, Germany)
Shady Attia (Université de Liège, Liège, Belgium)
Uta Pottgiesser (University of Antwerp, Antwerp, Belgium)
Ulrich Knaack (TU Delft, Delft, Netherlands)
Christian Louter (TU Delft, Delft, Netherlands)

Proceedings of the COST Action TU1403 – Adaptive Facades Network Final Conference:

Facade 2018 - Adaptive!

This book is based upon work from COST Action TU 1403 adaptive facade network, supported by COST 

(European Cooperation in Science and Technology).

COST (European Cooperation in Science and Technology) is a pan-European intergovernmental framework. Its mission is to 
enaEle Ereak�WhroXJh sFLenWL¿F anG WeFhnoloJLFal GeYeloSPenWs leaGLnJ Wo neZ FonFeSWs anG SroGXFWs anG WhereE\ FonWrLEXWe  
to strengthening Europe’s research and innovation capacities.

,W alloZs researFhers� enJLneers anG sFholars Wo MoLnWl\ GeYeloS WheLr oZn LGeas anG Wake neZ LnLWLaWLYes aFross all ¿elGs oI 
science and technology, while promoting multi- and interdisciplinary approaches. COST aims at fostering a better integration of 
less research intensive countries to the knowledge hubs of the European Research Area. The COST Association, an internation-
al noW�Ior�Sro¿W assoFLaWLon XnGer %elJLan /aZ� LnWeJraWLnJ all PanaJePenW� JoYernLnJ anG aGPLnLsWraWLYe  IXnFWLons neFessar\ 
for the operation of the framework. The COST Association has currently 36 Member Countries. 

www.cost.eu

Editors in Chief 
Andreas Luible 
Susanne Gosztonyi

Cover image 
Susanne Gosztonyi

Layout 
Usch Engelmann

Publisher 

TU Delft Open

The editors and/or authors worked intensively to collect all copyrights of pictures/graphs. In the unforeseen case of using unau-
thorized pictures/graphs the editors ask to get in contact with them. 

7hLs Zork Ls sXEMeFW Wo FoS\rLJhW� $ll rLJhWs are reserYeG� ZheWher Whe Zhole or SarW oI Whe PaWerLal Ls FonFerneG� sSeFL¿Fall\ 
Whe rLJhWs oI WranslaWLon� reSrLnWLnJ�re�Xse oI LllXsWraWLons� reFLWaWLon� EroaGFasWLnJ� reSroGXFWLon on PLFro¿lPs or Ln oWher Za\s� 
and storage in data banks. For any kind of use, permission of the copyright owner must be obtained. 



5

Contents
Preface     9

Conference Organisation     10

6FLenWL¿F &oPPLWWee     10

Conference Sponsors     11

Supporting Organisations     15

Adaptive Facades Network     17

COST Action TU1403 - Adaptive Facades Network     19

Activity report Working Group 1 (WG1) - Adaptive Technologies and Products     25

Activity report Working Group 2 (WG2) -  
Component Performance and Characterization Methods     29

Activity report Working Group 3 (WG3) -  
Whole %XLlGLnJ ,nWeJraWLon anG Whole�/LIe (YalXaWLon 0eWhoGs oI $GaSWLYe FaFaGes     33

Activity report Working Group 4 (WG4) - Dissemination and Future Research     39

Keynote Presentations     43

Cities Alive: Green Envelope     45

The Maersk Tower Facade     47

High Comfort - Low Impact     49

Multidisciplinary Approach Towards Design of Kinetic Lightweight Sun Shading Facade     51

Adaptive Solar Facade     53

Sessions     55

S 1

What is an Adaptive Façade? –  
$nal\sLs oI 5eFenW 7erPs anG 'e¿nLWLons IroP an ,nWernaWLonal 3ersSeFWLYe     57

Towards New Metrics for the Characterisation of the Dynamic Performance of Adaptive Façade 
Systems     59

Smart and Multifunctional Materials and their possible application in façade systems     61

S 2.1

Passive Adaptive Façades – Examples from COST TU1403 Working Group 1     63

Practitioners’ View on the Implementation Potential of Adaptive Façades with focus on The 
Netherlands     73

(nerJ\ eႈFLenW anG Xser orLenWeG Sre�IaErLFaWeG IaFaGe e[WensLons     81



6 7

$SSlLFaWLon oI +olloZ *lass %loFks Ior FaFaGes� FXll 6Fale 7esW oI Wall &reaWeG ZLWh 9LWraloFk 
System     265

Thermo-mechanical analysis of GFRP-glass sandwich facade components       277

Thermal assessment of glass façade panels under radiant heating - Experimental and preliminary 
numerical studies     289

S 3.4

Dynamic Analysis of Climatic Conditions for deriving suitable Adaptive Façade responses      291

Optimising parameters for dynamic solar shading     303

0oGellLnJ (nYeloSe &oPSonenWs ,nWeJraWLnJ 3hase &hanJe 0aWerLals �3&0s� ZLWh Whole�%XLlGLnJ 
Energy Simulation Tools: a State of the Art     313

Performance Evaluation of Adaptive Facades: A case study with electrochromic glazing     315

S 4.1

$n LnsLJhW on SossLEle FlassL¿FaWLon anG PeWrLFs� e[SerLPenWal WesWLnJ anG nXPerLFal PoGellLnJ Ior 
adaptive facades - Activity report from the ‘Structural’ Task Group     325

$ sLPXlaWLon Wool Ior Whe IaoaGe aesWheWLF aSSearanFe ± %,2�eYer SroMeFW aSSroaFh     337

7herPal resSonse oI Whe ELonLF IaoaGe Ln GLfferenW FlLPaWLF FonGLWLons     347

([SerLPenWal 7esWLnJ oI 'LssLSaWLYe FaoaGe %raFkeWs     357

S 4.2

Post-Occupancy Evaluation for Adaptive Façades     369

2FFXSanW�$GaSWLYe FaoaGe ,nWeraFWLon� 5elaWLonshLSs anG &onÀLFWs     371

,PSaFW oI IaoaGe W\Ses on Xser FoPIorW anG healWh Ln oႈFe EXLlGLnJs     379

FXWXre FaoaGes oI +osSLWal %XLlGLnJs� $ 8ser�&enWereG $SSroaFh Wo ,GenWLI\ 1eZ 3erIorPanFe 
Requirements     391

S 4.3

Responsive facades evolution: the microscale to the macroscale     403

Temperature-responsive systems:  
passive strategies for building envelopes     425

3oWenWLals Ior Whe Xse oI IerroÀXLGs Ln LnsWanWl\�reaFWLnJ solar shaGLnJ      433

7eFhnoloJLFal anG (FonoPLF $ssessPenW oI 'LfferenW 0oGels oI *eoPeWrLFall\ &oPSle[ ForPs oI 
Glass Envelopes     441

S 4.4

Updated Urban Facade Design     453

A Redesign Procedure to Manufacture Adaptive Façades with Standard Products     463

Designing Adaptive Facades with a new holistic Eco-Design Approach     465

Adaptive Façades and Topology Optimization     473

S 5

'\naPLF anG &lLPaWe�6ensLWLYe %LonLF FaoaGe     487

Designing an adaptive shading pavilion for hot arid climates     93

S 2.2

Parametric nodes from idea to realization     101

'eYeloSPenW oI an aGaSWLYe shaGLnJ GeYLFe EaseG on Àe[LEle sWrXFWXral elePenWs anG 60$ 
springs     113

Possibilities and constraints for the widespread application of solar cooling integrated façades     121

3ossLEle Eene¿Ws oI FaSLllar\ ÀoZ Jla]LnJ Ln WranslXFenW Zall elePenWs     123

S 2.3

Comparison of conventional and adaptive façades: Increasing application of adaptive facades in R. 
of Macedonia     131

Who Ls 'rLYLnJ an $GaSWLYe %XLlGLnJ (nYeloSe     139

Opportunities and Challenges for Performance Prediction of Dynamic Complex Fenestration 
Systems (CFS)     147

$nal\sLs oI +eaWLnJ (ffeFWs anG 'eIorPaWLons Ior a 67$F 3anel ZLWh a &oXSleG &F' anG F(0 
Simulation Method     149

S 2.4

An innovative adaptive multilayer façade: 
eYalXaWLon Ln Whe WesW Fell /$%,0('     151

6WXG\ oI %XLlGLnJ ,nWeJraWeG 3hoWoYolWaLF�7herPal 'oXEle�6kLn FaFaGe Ior &oPPerFLal %XLlGLnJs Ln 
Sydney, Australia     163

Ageing of adhesive connections for façade applications     175

3ossLELlLWLes anG FhallenJes oI GLfferenW e[SerLPenWal WeFhnLTXes Ior aLrÀoZ FharaFWerLsaWLon Ln Whe 
air cavities of façades     181

S 3.1

6olar (nerJ\ %alanFeG FaoaGe     183

$n LnLWLal sWXG\ Ior Whe GeYeloSPenW oI an aGaSWLYe WLPEer GeYLFe Ior PoLsWXre EXfferLnJ 
applications     195

Adaptive window block for residential use: optimization of energy matching and user´s 
comfort     203

$&7 FaoaGe ± ,nWerLor sXn shaGLnJ Ior enerJ\ eႈFLenW IXll\ Jla]eG IaoaGes     215

S 3.2

%LoloJLFal sWraWeJLes Ior aGaSWLYe EXLlGLnJ enYeloSes     223

Multi-functional biomimetic adaptive façades: Developing a framework     231

Multi-functional biomimetic adaptive façades: A case study     241

7he 5ole oI *eoPeWr\ Ior $GaSWaELlLW\� &oPSarLson oI 6haGLnJ 6\sWePs anG %LoloJLFal 5ole 
Models     251

S 3.3

Innovations in façade engineering and a glass façade for the future     253



8 9

Challenges and Future Directions of Smart Sensing and Control Technology for Adaptive Facades 
Monitoring     505

Study of a BIPV Adaptive System: Combining Timber and Photovoltaic Technologies     51
Preface

Lucerne University of Applied Science and Arts, the European Façade Network and the European 
research network COST Action TU1403 “Adaptive Facades Network” have joined forces in the 
organisation of the FAÇADE 2018 – Adaptive! Conference. This international scientific conference 
- held on November 26-27, 2018 at the culture and convention centre Lucerne (KKL), Switzerland 
– focuses on adaptive, multifunctional and dynamic building envelopes. It gathers excellent 
architects, engineers, researchers and representatives from the façade industry to discuss recent 
façade projects, the advances in the design, new adaptive technologies and future developments in 
research.  
Within the FAÇADE conference series, this is the fifth edition – following the editions in 2010, 2012, 
2014 and 2016 - held in Lucerne and organized by Lucerne University of Applied Science and Arts. 
Within the COST Action TU1403, it follows the mid-term conference held at the TU Munich in 2017. 
This book provides the proceedings of the FAÇADE 2018 – Adaptive! Conference and, as such, 
it forms one of the final publications of the COST Action TU1403 with the booklets ‘3.1. Cases 
Studies’, ‘3.2 Performance Simulation and Characterisation of Adaptive Facades’, ‘3.3. Research 
and Education’, and the Special Edition Adaptive! of the Journal of Façade Design and Engineering 
(JFDE), which is dedicated to the conference FAÇADE 2018.  
Nearly 60 peer-reviewed papers, published by more than 150 authors from 30 different countries, 
provide a profound state-of-the-art on adaptive facades. Thirteen high quality papers have been 
selected by the scientific committee to be published in the special edition of the JFDE journal. 
The papers are divided over five subthemes, which address products and materials for adaptive 
facades, strategies for design, performance assessment, experimental tests and post occupancy 
evaluation of adaptive facades. Moreover, five keynote presentations provide inspiring projects and 
ideas for further reflection. 
Organising this conference and editing the conference proceedings has once again been an 
enjoyable experience. We would like to acknowledge all authors for their contributions, the scientific 
committee members for their valuable comments, our esteemed keynote speakers for their 
inspiring presentations, and of course, all conference participants for their interest in this event. In 
addition, we are grateful to our Sponsors Stahlbau Pichler, MHZ and HALIO, as well as the non-
profit organisations Suisse Innovation Agency (Innosuisse) and the Swiss association for windows 
and facades (SZFF) for supporting the organisation of this conference. We also would like to thank 
the editors in chief of the JFDE journal, Ulrich Knaack, Tillmann Klein, Thaleia Konstantinou and 
Alejandro Prieto for their great support and the special edition dedicated to the FAÇADE 2018 – 
Adaptive! conference. 
Finally, we would like to acknowledge COST for supporting both the conference and publication 
of these conference proceedings, and all COST Action TU1403 members for their contributions 
to make this happen. Particularly we would like to thank science officer, Mickael Pero, and 
administrative officer, Carmencita Malimban, for their great and valuable support during the course 
of COST Action TU1403.  
We wish you an enjoyable conference and we hope you will find inspiring publications in these proceedings.

Andreas Luible, Susanne Gosztonyi & Stephanie Ly-Ky 
Conference Organisers

Andreas Luible, Mauro Overend, Laura Aelenei, Aleksandra Krstic-Furundzic, Marco Perino, 
Francesco Goia, Frank Wellershoff, Shady Attia, Ulrich Knaack, Uta Pottgiesser, Christian Louter 
Chairs and Working Group chairs of COST Action TU1403
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eYalXaWLon Ln Whe WesW Fell /$%,0('

Rosa Romano, Paola Gallo, Alessandra Donato

'eSarWPenW oI $rFhLWeFWXre� 8nLYersLW\ oI FlorenFe� ,Wal\� rosa�roPano#XnL¿�LW

Sustainable energy efficient building policies have shown a significant growth in recent years, deeply 
changing the way to design buildings. Directive 2010/31/EU prescribes more stringent commitments 
to increase energy efficiency in the construction sector to achieve EU standards nearly Zero Energy 
Building (nZEB). New technologies and design solutions need to be developed to meet highest 
performance levels for components and building envelope systems requirements. However, for 
advanced hybrid façades there are no established evaluation strategies and characterization methods 
to assess their energy performances. Evaluation of dynamic behaviour of adaptive façades using 
full-scale outdoor test facilities can significantly help to overcome these issues contributing to their 
performance assessment. This paper presents the evaluation of an adaptive multilayer façade by 
mean of LABIMED, a PASSLINK outdoor test cell at Florence University able to assess energy 
performances of full scale façade systems through a well-controlled realistic room sized environment 
equipped with advanced measuring instruments, providing a high quality of output data coming out 
from the dynamic monitoring test. Furthermore, a detailed description of the Test Cell LABIMED will 
be shown. Finally, the experimental test performed on a multilayer hybrid façade will be described, 
discussing the monitoring strategies adopted to evaluate the case study energy behavior.

Keywords: Adaptive envelope, Outdoor Test, Test Cell, Monitoring activities, Energy Performance.

1 Introduction

7he EXLlGLnJ seFWor has a sLJnL¿FanW LPSaFW on enerJ\ saYLnJ� (XroSean sWraWeJLes PoYLnJ WoZarGs 
nearl\ =ero (nerJ\ %XLlGLnJs �n=(%�� as Ge¿neG E\ Whe (nerJ\ 3erIorPanFe oI %XLlGLnJs 'LreFWLYe 
�(3%'� ��������(8� also SroPoWLnJ sParW WeFhnoloJLes LnWeJraWLon Ln EXLlGLnJs anG SroGXFW 
LnnoYaWLon Ln Whe FonsWrXFWLon seFWore� ,n WhLs IraPeZork� Whe researFh Ln Whe ¿elG oI aGaSWLYe 
building components, advanced materials and nanotechnologies, shows a great potential, and 
laWel\ leG Wo sLJnL¿FanW resXlWs� FoPSleWel\ FhanJLnJ Whe Za\ Wo FonFeLYe anG Wo GesLJn Whe EXLlGLnJ 
enYeloSe �3erLno ����� %eFker ����� $eleneL ������ +oZeYer� Ior Whese aGYanFeG IaoaGe s\sWePs 
there are no yet established evaluation strategies and characterization methods to assess their 
energy performances. In many case, in fact, results from traditional laboratory tests are very 
GLfferenW IroP Whe real oSeraWLnJ FonGLWLons aSSlLeG Ln a IXll sFale EXLlGLnJ� EeFaXse Whe\ Gon¶W 
Wake LnWo aFFoXnW Whe effeFWs GXe Wo Whe FhanJLnJ oXWGoor FonGLWLons �$$� 99� ������ 7hereIore� 
evaluation of dynamic behavior of adaptive façades using full scale outdoor test facilities, can 
sLJnL¿FanWl\ helS Wo oYerFoPe Whese LssXes� FonWrLEXWLnJ Wo WheLr SerIorPanFe assessPenW �%loeP 
2007). 
This paper shows ongoing research activities carry on an adaptive multilayer façade system 
SELFIE, developed by Abita Interuniversity Research Centre of Florence University, involving 
several partners such us research institutes on materials technology and construction industries. 
7he ¿rsW aLP oI Whe researFh 6(/F,( �6ParW anG (ႈFLenW /a\ers Ior ,nnoYaWLYe (nYeloSe� has Eeen 
Whe LPSroYePenW oI Pore eႈFLenW arFhLWeFWXral solXWLons� GeYeloSeG Wo Ee LnWeJraWeG EoWh Ln neZ 
FonsWrXFWLon anG e[LsWLnJ EXLlGLnJs� Wo aFhLeYe hLJh enerJ\ eႈFLenF\ SerIorPanFes anG Wo saWLsI\ 
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quality (Gallo and Romano 2017). 
,n GeWaLl� Whe ¿rsW SarW oI Whe SaSer SresenWs Whe GesLJn anG WeFhnoloJ\ IeaWXres oI a IXll sFale WesW 
IaFLlLW\ Ior Whe 0eGLWerranean area� Whe 7esW &ell /$%,0('� an oXWGoor laEoraWor\ EXLlW Wo sWXG\ 
LnnoYaWLYe IaoaGe s\sWePs XnGer real FlLPaWLF FonGLWLons �$lFaPo anG 'onaWo ����� %aker anG 9an 
Dijk 2008). The second part is focused on the experimental activities provided for the outdoor test in 
order to analyse at the full scale the energy performances of an adaptive façade system developed 
in the frame of SELFIE research.

2 The Test Cell LABIMED 

2.1. The project of a test cell for Mediterranean climate

7he 7esW &ell /$%,0(' Zas realL]eG Ln Whe IraPe oI Whe researFh SroMeFW $ELWare 0eGLWerraneo� 
funded by the Tuscany Region and developed by the Architecture Department of the Florence 
University jointly with 12 Italian companies of building sector in 2010. The main aim of this project 
Zas Wo FreaWe a s\sWeP Ln ZhLFh WeFhnoloJLFal LnnoYaWLon anG arFhLWeFWXral TXalLW\ FoXlG ¿nGLnJ real 
aSSlLFaWLon Ln Whe FonsWrXFWLon ¿elG� LnFreasLnJ enerJ\ saYLnJ anG SroPoWLnJ a Flose FollaEoraWLon 
between manufacturing companies, builders and research centres (Gallo 2014).

7esW &ell /$%,0(' Fan Ee FonsLGereG a sLJnL¿FanW resXlW oI WhLs researFh� ,W Zas realL]eG Ln orGer 
to investigate the overall energetic and thermo-physical performances of opaque and transparent 
façade systems, testing full scale products by means of dynamic measurements in real climatic 
conditions.

7he aGYanWaJes offereG E\ XsLnJ WesW Fells� FoPSareG Wo oWher PeWhoGs� GeSenG on Whe SossLELlLW\ 
to test full scale envelope systems by means of well-controlled realistic room sized environment 
equipped with advanced measuring instrumentations, providing a high quality of output data coming 
oXW IroP Whe G\naPLF PonLWorLnJ WesW �%loeP ������ 0oreoYer� Whese relLaEle GaWa seWs Fan Ee 
largely used for data analysis and to validate the most common building energy simulation tools.

7he SroMeFW oI 7esW &ell /$%,0(' Jone arLse Wo Whe oXWFoPes oI Whe researFh aFWLYLWLes FarrLeG 
oXW GXrLnJ 3$66<6 anG 3$66/,1. SroMeFWs �%aker anG 9an 'LMk ����� $$�99� ������ 7he\ 
were focused on development of agreed quality procedures for full scale test and dynamic data 
analysis, investigating the energy quality and thermo-physical properties of passive solar building 
components as: thermal transmittance, solar factor, and behaviour associated to its thermal inertia. 
7hreIore� Whe WesW &ell /$%,0(' has Eeen GesLJneG lLkeZLse Whe oWher (8 3$66/,1. 7esW Fells� 
but improvements were achieved to overcome some critical aspects such as: indoor overheating, 
WherPal ErLGJes effeFWs� SroElePs GXe Wo Ln¿lWraWLons anG heaW FonGXFWLYe SarWs� For Whese reasons� 
it was built with a wooden structure in platform frame, where it is possible to integrate an insulated 
removable wood façade for placing the test sample (Fig.1). 

All the envelope components were realized with the same material and had the same thickness 
(0.30 cm) and same U-value (0.32 W/m2 K). They were provided of wooden external solar shading 
GeYLFe Wo aYoLG oYerheaWLnJ ZhLFh FoXlG affeFW Whe aFFXraF\ oI resXlWs GXrLnJ Whe WesW� 

7he WesW Fell Zas SosLWLoneG on a roWaWLnJ s\sWeP Wo eYalXaWe GLfferenFes Ln EXLlGLnJ FoPSonenW 
SerIorPanFes ForresSonGLnJ Wo GLfferenW orLenWaWLons� �FLJ���

   a)     b) 
Fig. 1. a) The platform frame structure of Test Cell; b) The insulated removable wood façade for placing the test sample.  

FXrWherPore� Whe /$%,0(' Zas eTXLSSeG onl\ ZLWh a heaWLnJ s\sWeP anG an a[Lal Ian� ZhLFh haYe 
the function to heat the air volume of the Test Room and to ensure the indoor air convection in 
orGer Wo reGXFe LnWerLor WePSeraWXre sWraWL¿FaWLons� 'XrLnJ Whe WesW� LnGoor aPELenW FonGLWLons oI WesW 
room can be considered homogeneous. The electrical heater warms the air volume inside the test 
rooP anG Whe aLr WePSeraWXre sensors PeasXre GaWa Wo FoPSare aLr WePSeraWXre Sro¿les aW GLfferenW 
heLJhWs� ,n orGer Wo esWaElLsh an oYerall enerJ\ EalanFe� Whe heaWer Fan Ee sZLWFheG on anG off IroP 
the data acquisition system and a power transducer measures the power consumption. During 
Whe WesW� Whe WherPal SoZer JeneraWeG LnsLGe Whe WesW rooP E\ Whe heaWer anG Whe heaW ÀX[ raWe 
WhroXJh Whe enYeloSe oI Whe WesW rooP are LnsWanWaneoXsl\ PeasXreG� Whe heaW ÀoZ WhroXJh Whe WesW 
component may be derived indirectly applying the overall heat balance equation.

   a)     b) 
FLJ��� a� 7he roXWaEle SlaWIorP Wo assess G\naPLF EehaYLor oI WesW saPSle ForresSonGLnJ Wo GLfferenW orLenWaWLons� E� $n e[Wernal 
YLeZ oI Whe 7esW &ell /$%,0(' 

2.2. Monitoring apparatus and Data Acquisition System

3$66<6 SroWoFol �0alGonaGo ����� esWaElLsheG hLJhl\ sWanGarGL]eG seW oI Sh\sLFal WesW 
parameters and experimental procedures. Therefore, the minimum set of sensors have been 
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reTXLreG E\ 3$66/,1. PeWhoG� eaFh sensor Ls LGenWL¿eG XnLYoFall\ E\ Pean oI an alShanXPerLF 
FoGe ZhLFh reIers Wo 3$66/,1. sSeFL¿FaWLons aEoXW EoWh LWs loFaWLon anG W\Se oI SaraPeWer 
measured by sensor (Tab.1).

7he soXWh Zall WesW saPSle reTXLres an aGGLWLonal seW oI sensors �sXFh as� WherPoFoXSles� heaW ÀX[ 
sensors, humidity sensors, air speed sensors, etc.) depending on the test purposes. 

Table 1: basic monitoring equipment installed inside the Test Cell

The measurement of radiant temperature allows monitoring the comfort indoor, providing some 
additional information such as data on radiative heat exchanges that take place through the surface 
of the globe and the inner surface of the test room. Furtheremore, during the analysis of the data 
set, it is possible to suppose a single value of internal surface temperature obtained from the 
average value of all measured values.

A workstation unit is located inside the service room, it allows to manage monitoring equipment 
during the test and includes control and measuring devices such as:

• Data Logger which scans and records signals of all internal and external sensors connected. This is 
also aEle Wo FonWrol Whe sZLWFhLnJ PoGe �on anG off� oI Whe heaWLnJ s\sWeP LnsLGe Whe WesW rooP�

• +osW FoPSXWer Wo sWore all sLJnals LnWo a GaLl\ ¿le Ior Whe SosW SroFessLnJ anG anal\sLs oI GaWa� 

Fig.3. Scheme of Pt100 thermoresistances (1ATIn), globe thermometer (1RHI01) and miniaturized transmitter (1RTI01) located 

inside the test room

  a)      b) 
Fig.4. Pictures of: a) The globe thermometer to measure indoor radiant temperature; b) The PT100 thermoresistance to mea-
sure indoor air temperature 

$ 'aWa $F4XLsLWLon s\sWeP �'$4� has Eeen Fon¿JXreG XsLnJ /aEYLeZ soIWZare Wo aFTXLre GaWa 
from more than 80 sensors each minute and to manage all the system. An user interface permits to 
oEserYe JraShLFal Sro¿les oI all Whe PonLWoreG sLJnals Ln real WLPe Wo YerLI\ aFFXraWe IXnFWLonLnJ oI 
all sensors anG Wo LGenWLI\ eYenWXall\ IaLls GXrLnJ Whe WesW� 0oreoYer� '$4 s\sWeP alloZs FheFkLnJ 
the switching of the heater inside the Test Room and to apply the heating test sequence including 
Whose Ge¿neG E\ Whe 3$66/,1. SroFeGXres�

3 The Heat Flux Tiles System

&oPSareG Wo oWher 3$66/,1. 7esW Fells� Whe PaLn LPSroYePenW oI /$%,0(' FonFerns Whe 
presence inside the test room of Heat Flux Tile (HFT) sensors (Linden, Dijk, Lock and Graaf 1995) 
developed from the Industrial Engineering Department of the University of Florence (DIEF) using 
Peltier cell as sensitive element (with a surface of 1600.00 mm and a thickness of 4.00 mm). 
In this innovative technological solution the Perltier cell was applied in the centre of HFT into a 
¿llLnJ sWrXFWXre FoPSoseG oI WZo alXPLnLXP la\ers oI ���� PP WhLFkness� ZhLFh haYe Whe saPe 
oYerall WherPal FonGXFWLYLW\ as Whe 3elWLer Fell �Ȝ ��� W�P.�� FXrWherPore� aFForGLnJ Wo 3$66/,1. 
PeWhoGoloJ\� a la\er oI Sol\XreWhane IoaP Zas aSSlLeG ZLWh Whe SXrSose Wo ¿ll an\ aLr FaYLW\ EehLnG 
+F7 WhaW ZoXlG FaXse errors Ln Whe PeasXrePenW oI heaW ÀoZ� $n aFFoPPoGaWLon Wo alloFaWe 
ÀaW FaEles anG FonneFWors neeGeG Wo ZLre Whe WLles Ln serLes anG Wo MoLn JroXSs oI sLJnals Ior Whe 
measurements acquisition was obtained in the cavity. Therefore, the main feature of this type of 
sensor was that its sensitive component region and its surrounding area were characterised by the 
saPe WherPal resLsWanFe� ,n WhLs Fon¿JXraWLon� LW Ls reasonaEle Wo assXPe Whe XnLGLreFWLonal heaW 
ÀoZ anG hoPoJeneoXs sXrIaFe GLsWrLEXWLon oI heaW ÀoZ WhroXJh Whe WLle anG Whe PeasXre Fan Ee 
FonsLGereG relLaEle aroXnG Whe effeFWLYe sXrIaFe oI Whe SrLPar\ sensor XS Wo Whe eGJe

The 230 prefabricated HFT sensors covered all the inner surfaces of the test room except the 
test wall (Fig. 5). In this way, during a test, the thermal power generated inside the test room 
E\ Whe heaWer anG Whe heaW ÀX[ raWe WhroXJh Whe enYeloSe oI Whe WesW rooP Fan Ee PeasXreG 
LnsWanWaneoXsl\� Whe heaW ÀoZ WhroXJh Whe WesW FoPSonenW Pa\ Ee GerLYeG LnGLreFWl\ aSSl\LnJ Whe 
heaW EalanFe eTXaWLon� 4XalLW\ anG aFFXraF\ oI PeasXrePenWs GaWa seWs GeSenGs GLreFWl\ on Whe 
SreFLsLon ZLWh ZhLFh heaW ÀoZ raWe Ls PeasXreG WhroXJh Whe enYeloSe oI Whe WesW rooP �(rkoreka� 
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possible thanks to the small thermal inertia of the tiles. 

The calibration values of the mentioned HFT sensors were obtained through laboratory tests 
(Donato 2016) performed by University of Florence, using a standard calibration device that 
FonsLsWs oI a hoW SlaWe aSSaraWXs ZLWh a JXarG rLnJ� 0oreoYer� Whe sensLWLYLW\ oI WhLs neZ heaW�ÀX[ 
sensor was optimised for the use in the test cell leading to an output signals in the range of mVolts, 
with high reproducibility of the measurements. (Fig. 6)

        a)           b) 
FLJ��� 2YerYLeZ oI� a� Whe +eaW FlX[ 7Lles s\sWeP LnsLGe Whe 7esW 5ooP� E� &onneFWLon Ln serLes E\ Peans oI ÀaW FaEles anG 
LnWerIaFe PoGXles Wo oEWaLnLnJ ¿nal sLJnals�

   a)          b) 
Fig.6.  a),b)Results of calibration process of UNIFI Tiles in hot plate apparatus with a guard ring and comparison with a commer-
cial tiles. 

4 The SELFIE façade test

4.1 Features and operational functions of the façades

The research SELFIE, has been started since April of 2016 with the aim to develop three innovative 
enYeloSe FoPSonenWs WhaW Fan Ee assePEleG� ZLWh GLfferenW JeoPeWrLF Fon¿JXraWLons Ln Whe 6(/F,( 
façade (280.0 cm x 280.0 cm). The concept of the three SELFIE components (Tab. 2) foresees 
several functionalized layers that could be separately assembled depending on the architectural 
design of the building where they will be installed. In the integrated solutions, the layers considered 
all together and performances tested as a whole. (Romano and Gallo 2018)

In order to analyze their energy performance, SELFIE system prototypes have been designed and 
evaluated in the concept phase, by mean of dynamic energy simulation tools considering several 

operation strategies; in the executive phase, the façade prototype realized with the three innovative 
FoPSonenWs has Eeen WesWeG XnGer real oXWGoor FonGLWLons Ln Whe WesW Fell /$%,0('�

4.2 Experimental set-up and monitoring results

The prototype of the SELFIE façade, has been installed in the Test Cell since December 2017 with 
the aim to analyse its thermal performances. 

The experimental set-up of the system for winter measurements concluded at the end of March 
����� ,n Whese PonWhs Ze anal\]eG Whe enerJ\ SerIorPanFes oI Whe ZLnWer IaoaGe Fon¿JXraWLon� 
when the ventilation grid was closed. The objective was to investigate the thermal performance of 
the modules in order to store heat into the air cavity keeping the system warm for a longer period of 
time and reducing thermal losses from inside to outside.

In detail in this paper, we shown the results of the analysis carried out during a monitoring 
campaign started on 24/02/18 and ended on 18/03/2018. 

Table 2: Description and operating mode of SELFIE modules



158 159

Ex
pe

rim
en

ta
l T

es
tsForty-two sensors (Fig. 8) were integrated into the test sample during these three weeks, according 

to the pictures shown in the Figure 7 and connected to a Datalogger to measure each 10 minutes 
the following parameters:  

• 4 thermo-resistances PT100 located behind the inner grids and the upper grids to measure the 
temperature of the air entering and leaving the gap of SELFIE 1 and SELFIE2;

• 20 thermo-resistances to measure surface temperatures of each layer constituting the three 
SELFIE components;

• A Nitrogen Oxides (NOx) sensor behind the inner grid of SELFIE 1 (measurement range 0…4000 
ppm, accuracy ±0.1 ppm);

• � hoW�ZLre anePoPeWers Wo PonLWor aLr ÀoZs LnsLGe Whe JaS Ln 6(/F,( � anG 6(/F,( � aW Whree 
GLfferenW heLJhWs  �PeasXrePenW ranJe �«��� P�s� aFFXraF\ ����� P�s��

• � heaW ÀX[ PeWers Wo PeasXre Whe WherPal ÀoZs WhroXJh Whe FoPSonenWs Ln W�P�� Ln Whe FenWre 
of each SELFIE module, facing the indoor environment (measurement range -2000…2000 W, 
accuracy ±3%);

• A pyranometer located on the vertical plane of the test sample to measure the global solar radiation 
W/m2.

   a)                       b) 
Fig.7. Scheme of the sensors integrated in the SELFIE system prototype: a) SELFIE 1; b) SELFIE 2.

The measured values were compared with data sets from another weather station located on the 
roof of a nearby university building, 15,00 m height above the ground. The global solar radiation 
over the plane of test wall was included in the overall balance of heat exchanges that take place 
between outside and inside through the test cell envelope and the test wall. This data is recorded 
by means of a pyranometer located on the vertical plane of test sample. The area surrounding the 
7esW &ell Ls a Jreen area� hoZeYer� PeasXrePenW Goes noW Wake LnWo aFFoXnW Whe reÀeFWeG SarW oI 
solar radiation on the façade due to the grass covering the ground.

The analysis on dynamic behavior of the façade prototype refers to the 9th of March 2018 (sunny 
conditions) and the 17th of March 2018 (partially covered sky conditions). The heating system 
was switched on between 7:00 am and 7:00 pm in weekdays (Temperature set point of 20°C) and 
WXrneG off GXrLnJ Whe ZeekenG� &oPSarLnJ ,nGoor $Lr 7ePSeraWXre anG 2XWGoor $Lr 7ePSeraWXre 
during both the days (Fig. 9), the graphs show that even during nighttime, when the heater is turned 
off� Whe LnGoor WePSeraWXre neYer Joes GoZn EeloZ ���&� &onseTXenWl\� Whe WherPal SerIorPanFe 
of the SELFIE prototype can be considered good, with respect to the reduction of thermal losses 
in winter, keeping the indoor environment close to comfort conditions (temperature range 18°C-24 
°C).

                a)           b)       c) 
FLJ��� a� 3LFWXre oI 7he 6(/F,( SroWoW\Se Ln Whe WesW Fell /$%,0('�E� oYerYLeZ oI sensors LnsWalleG on Lnner sXrIaFe oI 6(/F,( 
façade (b); overview of sensors installed on external surface of SELFIE façade.

7he WePSeraWXre Sro¿les WhroXJh Whe Fross seFWLon oI 6(/F,( � anG 6(/F,( � PoGXles are shoZn 
Ln FLJXre �� aW GLfferenW hoXrs GXrLnJ WZo reSresenWaWLYe Ga\s oI ZLnWer SerLoG� $s a resXlW oI WherPal 
EXffer oSeraWLYe Fon¿JXraWLon� Whe aLr WePSeraWXre LnsLGe Whe aLr FaYLW\ oI 6(/F,( � Ls EeWZeen 
���& anG ���& GXrLnJ Whe Ga\� ZLWh a WePSeraWXre GLfferenFe �ǻ7� oI ���& IroP ���� aP Wo ���� 
pm in sunny day conditions. Under overcast conditions, during the day, the air cavity temperature 
FhanJes EeWZeen ���& anG ���& ZLWh a ǻ7 oI ���& IroP ���� aP Wo ���� SP� 7he 6(/F,( � 
module, during sunny day, shows high temperature on the PV module, in particolar in the period 
between 12:00 am and 4:00 pm, when the surface temperatures reach values close to the melting 
temperature of the PCM. The PCM layer works as thermal storage, decreasing the temperature 
LnsLGe Whe EXffer ]one E\ ��& � ��& ZLWhoXW FhanJLnJ LWs WePSeraWXre�
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                 a) 

                  b) 
FLJ��� ,nGoor anG 2XWGoor $Lr WePSeraWXre anG JloEal solar raGLaWLon WLPe Sro¿les GXrLnJ a W\SLFal ZLnWer SerLoG� a� sXnn\ Ga\ 
conditions and b) partially covered sky conditions.

9th of March 2018 (sunny conditions) 9th of March 2018 (sunny conditions)

17th March 2018 (partially covered sky conditions) 17th March 2018 (partially covered sky conditions)

   a)      b) 
FLJ���� 7ePSeraWXre Sro¿les WhroXJh Whe Fross seFWLon  oI a� 6(/F,(� anG E� 6(/F,( � FoPSoennWs aW �Wh oI 0arFh ���� �sXn-
ny conditions) and the 17th March 2018 (partially covered sky conditions) 

5 Conclusion

The monitoring results during winter season show a good performance of SELFIE system (specially 
for SELFIE 2 module integrating PCM) in reducing thermal losses keeping the indoor environment 
Flose Wo FoPIorW FonGLWLons also GXrLnJ Whe nLJhW� Zhen Whe heaWLnJ s\sWeP Ls WXrneG off� 7he 
experimental set-up of the system for summer measurements will be concluded at the end of 
August 2018. Furthermore, we hope to start the overall data comparison in September so to know 
exactly the thermoigrometric performances of the SELFIE façade in order to eventually improve its 
design concept. 
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