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 :هب يمدقت
 

 
 هزیگنا و یيامنهار رطاخ هب اينپ اناياد رتکد و زنوپ لويروا رتکد روسفورپ امنهار دیتاسا زا ار دوخ ینادردق و رکشت هنامیمص مليام

 نم هب ار تصرف نيا هک منک رکشت اهنآ زا مهاوخیم نینچمه .يمانم زاربا ارتکد همانرب لاس جنپ نيا لوط رد ناشدنمشزرا
 یاههاگراک یارب یرون لرتنک هناروآون یاه متسیس هژورپ رد تکراشم بوچراچ رد ار دوخ یرتکد هژورپ زا یشخب هک دنداد
 .مهد هعسوت ار دش یم ينمات FBBVA  داینب هجدوب اب هک رادياپ سرادم یرامعم

 
 رتکد ،یرواه ايلا رتکد زا معا ،هدنب یتاقیقتح یاه تیلاعف رد اينولاتاک کينکت یلپ هاگشناد ديتاسا زا یرایسب کمک زا نینچمه

 رياس ديتاسا زا نینچمه .مرازگساپس ،سلازنوگ ايرام پزوج رتکد ،اورئوک اوا رتکد ،شوب تارستنوم رتکد ،هتنئوف لا د تربلآ
 انايرام ،یکاولسا یروانف هاگشناد زا نبروا لیناد رتکد ،خینوم ینف هاگشناد زا کوب ساموت رتکد زا معا یشزومآ تاسسوم

 یلآ داوم تکرش ،جيربمک هاگشناد زا یچوتسا  ايانآ يمرک رتکد ،بآ تاقیقتح و تسيز طیحم یبايزرا هسسؤم زا زگيردور
ISOLANA، تکرش Akustika، یحارط زکرم Trespa، یرامعم تکرش SOMFY، یشزومآ زکرم CESIRE، هسردم Seat، 

 سرادم ،انولسراب یژرنا سناژ نینچمه و ،IDAEA هعسوت و قیقتح زکرم و ،Ferrer i Guardia هسردم ،Sant Martí هسردم

  .مرازگساپس رایسب  Fàbrica del Sol و Escoles sostenibles انولسراب رهش رلاات ،Consorci انولسراب
 

 دنا هداد مه تسد هب تسد ،ما هتخومآ اهنآ زا یدايز یاه سرد هک یناسک هژيو هب ،ETSAB رد نماراکمه یماتم زا نینچمه
   .مرازگساپس ،دندرک یيامنهار راک لحم رد ار نم لوا زور زا و
 

 رد .مراد ار رکشت تياهن اه لاس نيا یماتم رد ناشياه یهارمه و اهیيامنهار ،اهشزرا همه یارب مزيزع ردام و ردپ زا يننچه
 زا یدايز یاهزیچ  و يماهتشاذگ کارتشا هب ،يماهدرک دشر رگيدمه اب هک ،یمساق یراس نماخ هژيوهب ،نماتسود همه زا ،ناياپ

 .يمانم یم رکشت يماهتفرگ داي رگيدکي
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Glossary 
Term Definition 
Analytical 
hierarchy process 

AHP is a method for organizing and analyzing complex decisions, using math and psychology [1]. 

Building-
integrated 
photovoltaic 

BIPV are photovoltaic materials that are used in parts of the building envelope such as the roof, 
skylights, or facades [2].  

Building 
integrated solar 
thermal 

BIST is defined as the “multifunctional energy facade” that offers a wide range of solutions in 
architectural design features of buildings’ heating/cooling, hot water supply, power generation and 
simultaneously improvement of the insulation and overall appearance of buildings [3]. 

Circular economy A circular economy is a model of production and consumption, which involves sharing, leasing, 
reusing, repairing, refurbishing and recycling existing materials and products as long as possible 
[4]. 

Cradle to cradle Cradle-to-cradle is a biomimetic approach to the design of products and systems that models 
human industry on nature's processes, where materials are viewed as nutrients circulating in 
healthy, safe metabolisms [5].  

Cradle to grave  'Cradle-to-grave' assessment considers impacts at each stage of a product's life-cycle, from the 
time natural resources are extracted from the ground and processed through each subsequent stage 
of manufacturing, transportation, product use, and ultimately, disposal. 

Cross consistency 
assessment  

CCA serves as a check on the integrity and clarity of the concepts being employed, and allows us 
to identify and weed out all internally incompatible relationships in order to reduce the total 
problem space of the morphological field to a smaller, internally consistent solution space [6]. 

Crystallinity Crystallinity can be defined as the degree of long-range structural order comprising a crystal lattice 
within a (solid) material [7].  

Delphi The Delphi method is a systematic and qualitative method of forecasting by collecting opinions 
from a group of experts through several rounds of questions. The Delphi method relies on experts 
who are knowledgeable about a certain topic so they can forecast the outcome of future scenarios, 
predict the likelihood of an event, or reach consensus about a particular topic [8]. 

Deterministic 
random bit 
generator 

A random bit generator that includes an algorithm and (at least initially) has access to a source of 
randomness. The DRBG produces a sequence of bits from a secret initial value called a seed [9]. 

Differential 
scanning 
calorimetry 

Differential scanning calorimetry is a thermoanalytical technique in which the difference in the 
amount of heat required to increase the temperature of a sample and reference is measured as a 
function of temperature [10]. 

Double skin 
façade 

The DSF can be defined as a system of building consisting of two skins, or façades, placed in such 
a way that air flows in the intermediate cavity. The ventilation of the cavity can be natural, fan 
supported or mechanical. Apart from the type of the ventilation inside the cavity, the origin and 
destination of the air can differ depending mostly on climatic conditions, the use, the location, the 
occupational hours of the building and the HVAC strategy. 

Do it yourself DIY can be considered as a method of building, modifying, or repairing things by oneself without 
the direct aid of professionals or certified experts. 

Electro-active 
façade 

Also known as Electrochromic dynamic facade, which enables to control the amount of visible 
light and solar heat gain entering a space, over a large range that varies between 60 per cent and 1 
per cent in visible light transmission and 0.40 to 0.05 in solar g-factor. The modulation of light 
and heat can be controlled through building automation system, or at the touch of a button, so as 
to dynamically adapt to the external climatic conditions and occupants’ needs, with no moving 
parts [11].  

Embodied carbon Embodied carbon refers to the greenhouse gas emissions arising from the manufacturing, 
transportation, installation, maintenance, and disposal of building materials. 

Embodied energy Embodied energy refers to the consumed energy during the manufacturing, transportation, 
installation, maintenance, and disposal process of building materials. 

Energy 
conversion 
efficiency 

Energy conversion efficiency is the ratio between the useful output of an energy conversion 
machine and the input, in energy terms [12].  

Experimental 
methodology 

a system of scientific investigation, usually based on a design to be carried out under controlled 
conditions, that is intended to test a hypothesis and establish a causal relationship between 
independent and dependent variables [13]. 



 

Focus group A focus group is a research method that brings together a small group of people to answer questions 
in a moderated setting. The group is chosen due to predefined demographic traits, and the questions 
are designed to shed light on a topic of interest [14]. 

General 
Morphology 
Analysis 

GMA is a method for identifying and investigating the total set of possible relationships or 
"configurations" contained in a given problem complex. In this sense, it is closely related to 
typology analysis, although GMA is more generalized in form and has far broader applications 
[15]. 

Intelligent façade  An incorporating variable technology, which would amend itself to provide comfort conditions 
inside the building whatever the external environmental conditions, might be, in any particular 
building location [16].  

ISO 4892-1:2016 ISO 4892-1:2016 provides information and general guidance relevant to the selection and 
operation of the methods of exposure. It also describes general performance requirements for 
devices used for exposing plastics to laboratory light sources. Information regarding performance 
requirements is for producers of artificial accelerated weathering or artificial accelerated 
irradiation devices. 

ISO 4892-2:2013 ISO 4892-2:2013 specifies methods for exposing specimens to xenon-arc light in the presence of 
moisture to reproduce the weathering effects (temperature, humidity and/or wetting) that occur 
when materials are exposed in actual end-use environments to daylight or to daylight filtered 
through window glass. 

ISO 527 The standards ISO 527-1 (general principles) and ISO 527-2 (test conditions for molding and 
extrusion materials) describe tensile testing on plastics. 

Life cycle 
assessment 

LCA is a methodology for assessing environmental impacts associated with all the stages of the 
life cycle of a commercial product, process, or service [17]. 

Life cycle costing LCC is a technique used to estimate the total cost of ownership. It is a system that tracks and 
accumulates the actual costs and revenues attributable to cost object from its invention to its 
abandonment. It allows comparative cost assessments to be made over a specific period of time, 
taking into account relevant economic factors both in terms of initial capital costs and future 
operational and asset replacement cost [18]. 

Life cycle 
inventory 

LCI is the methodology step that involves creating an inventory of input and output flows for a 
product system. Such flows include inputs of water, energy, and raw materials, and releases to air, 
land, and water [19]. 

Maximum tensile 
load 

Maximum tensile load is the maximum stress that a material can withstand while being stretched 
or pulled before breaking [20]. 

MIVES MIVES is a customizable and agile sustainable assessment model that enables overall assessment, 
comparison, and ranking of alternatives [21].  

Multi-Criteria 
Decision-Making 

MCDM is a research area that involves the analysis of various available choices in a situation or 
research area which spans daily life, social sciences, engineering, medicine, and many other areas 
[22]. 

Municipal Solid 
Waste 

MSW, commonly known as trash, garbage, or rubbish, is a waste type consisting of everyday items 
that are discarded by the public. "MSW" also refer specifically to food waste, as in a garbage 
disposal. 

Nominal group 
technique 

NGT is defined as a structured method for group brainstorming that encourages contributions from 
everyone and facilitates quick agreement on the relative importance of issues, problems, or 
solutions [23]. 

Numerical 
methodology 

Numerical analysis is the study of algorithms that use numerical approximation for the problems 
of mathematical analysis. It is the study of numerical methods that attempt at finding approximate 
solutions of problems rather than the exact ones [24]. 

Phase change 
materials   

PCMs are able to absorb, store and release large amounts of latent heat over a defined temperature 
range when the material changes phase or state [25].  

Photo bio-reactor 
panel 

PBR panels refers to cultivation system of bioactive compounds for biofuels, pharmaceuticals, and 
other industrial uses, through absorbing solar light and carbon dioxide. PBR panels are transparent 
containers which create a controlled environment in buildings by controlling shading and energy 
consumption [3].  

PRISMA PRISMA is an evidence-based minimum set of items aimed at helping scientific authors to report 
a wide array of systematic reviews and meta-analyses. The PRISMA statement consists of a 27-
item checklist and a 4-phase flow diagram [26]. 

Sensitivity 
analysis 

Sensitivity analysis is the study of how the uncertainty in the output of a mathematical model or 
system can be divided and allocated to different sources of uncertainty in its inputs [27]. 



Shear load A shear load is a force that tends to produce a sliding failure on a material along a plane that is 
parallel to the direction of the force [28]. 

Sustainability Sustainability consists of fulfilling the needs of current generations without compromising the 
needs of future generations, while ensuring a balance between economic growth, environmental 
care and social well-being. 

Systematic review A systematic review is a scholarly synthesis of the evidence on a clearly presented topic using 
critical methods to identify, define and assess research on the topic [29].  

Tetra pak Tetra Pak is a type of plasticized carton for milk, juice and other drinks, originally in the form of 
a tetrahedron but now primarily in the form of a rectangular cuboid [30]. 

Titanium Dioxide 
nanotechnology 

TiO2 are particles with diameters less than 100 nm has ability to block ultraviolet radiation while 
remaining transparent. It is in rutile crystal structure and coated with silica or/and alumina to 
prevent photocatalytic phenomena. The health risks of ultrafine TiO2 is extremely low and it is 
considered safer than other substances used for ultraviolet protection. Surfaces of ultrafine TiO2 
in the anatase structure have photocatalytic sterilizing properties, which make it useful as an 
additive in construction materials, for example in antifogging coatings and self-cleaning windows 
[31]. 

Utility model A utility model can be defined as a patent-like intellectual property right to protect inventions. 
Value function The value function of an optimization problem gives the value attained by the objective function 

at a solution, while only depending on the parameters of the problem [32]. 
Waste hierarchy  The Waste hierarchy is a tool used in the evaluation of processes that protect the environment 

alongside resource and energy consumption from most favorable to least favorable actions [33].  

List of codes and abbreviations 
Abbreviation Relevant value 
ARTS Alkaline roasting of titania slag 
BIPV Building-integrated photovoltaic  
BIST Building integrated solar thermal 
BM Biomass 
DSF Double skin façade 
DSPF Double-skin perforated façade 
EC Embodied carbon 
EE Embodied energy 
ETFE Ethylene tetrafluoroethylene cushion 
GHG Greenhouse gas 
GWP Global warming potential 
HP Hydro-power 
IF Intelligent façade  
LCA life-cycle assessment 
LCC life cycle costing 
MCDM multi-criteria decision-making 
PBR photo bio-reactor 
PCM Phase change materials   
PE Piezoelectric 
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
PV Photovoltaic 
RS Renewable system 
SLR Systematic literature reviews 
SMA Shape memory alloys 
SPD Suspended particle device 
STCW Solar thermal curtain wall 
VAWT Vertical axis wind turbines  
VGS Vertical green system 
WG Wind generator 
WWR Window to wall ratio 
SEJ Joules of solar energy 
FU Functional unite  
kWp Kilowatts peak 
CU Currency unit  



 

TiO2 Titanium Dioxide nanotechnology 
CFD Computational Fluid Dynamics  
ISO International Organization for Standardization 
HDPE High-density polyethylene 
PET Polyethylene terephthalate 
CCA Cross-Consistency Assessment 
AC Air conditioning  
AHP Analytic Hierarchy Process 
PTFE Polytetrafluoroethylene 
Apv Acrylic paint + varnishing 
Ppv Poster paint + varnishing 
CFD Computational Fluid Dynamics 
wIser Waste-based Intelligent Solar-control-devices for Envelope 

Refurbishment 
LCI Life cycle inventory 
DSC Different scanning calorimetry 
IFL Intelligent Façade Layer 
nZeb Nearly Zero-energy buildings 
PC PolyCarbonate 
Do sensor Dissolved Oxygen Sensor 
SS Stainless Steel 
MIVES Integrated Value Model for Sustainable Assessment (Modelo Integrado 

de Valor para una Evaluacion  ́ Sostenible) 
GMA General Morphology Analysis 
GSk Global sustainability index 
LED Light-Emitting Diodes 
DCV Decreasing Concave 
DL Decreasing Lineal 
ICX Increasing Convex 
IL Increasing Lineal 
N/A Not Applicable 
UA Unexpected Alternative 
UV Ultraviolet 
DSC Differential scanning calorimetry 
TB Tetra brik sheet 
Tp Polyamide threat 
HMA Transparent hot melt adhesive 
PP Polypropylene 
LDPE Low-density polyethylene 
LLDPE Linear low-density polyethylene 
NL Neutral location 
DSC Differential scanning calorimetry 

 

Abbreviations for Equations 
Abbreviation Relevant value 
A The response value to Xmax 
ki Value that comes closer to the ordinate of the curve inflection point 
Xalt Each response to the indicator value function 
Xm = Xmax The maximum abscissa value considered for decreasing indicators 
Xm = Xmin The minimum abscissa value considered for increasing indicators 
Ci Value that closer to the abscissa value of the curve inflection point 
B Parameter that maintains the function within the 0 to 1 range 
SI Ri,k Requirements satisfaction index 
CI Ri,k Criteria satisfaction index 
V i,k Value from the value function satisfaction 



Abstract   1 
 

Abstract  
 
Due to the fact that construction, maintenance, and operation of buildings consume almost 40% of global 
energy today, architects play a major role in the reduction of world energy consumption. Building’s 
façades can have a significant and measurable impact on the economic, environmental, and social 
performances by edifices, and their retrofit is seen as a key solution to the problem of today’s 
aging building stock. Concerning overheating and the potential loss of internal heat, transparent parts 
of the building façade have a large effect on the building’s energy consumption. Within this context, the 
use of intelligent systems on architecture envelopes can fulfill contemporary demands as promising 
solutions regarding energy efficiency, emissions, or the degree of visual contact in building 
environments. 
 
In Spain, boom periods of construction combined with typical building styles of each period, have 
resulted in a large stock of aging educational buildings at risk of structural vacancy and obsolescence. 
Despite their lack of insulation, high air infiltration, and solar gain, many such edifices from the 1970s-
1980s are still in use today. Moreover, the majority of today's buildings will still be in use in 2050 
based on the Spanish edifices' annual replacement rate of 3% according to the European Commission. 
 
The main objective of this Ph.D. thesis is to analyze, develop and promote intelligent services to 
existing façades to optimize these buildings' economic, environmental, and social sustainability 
performances through a holistic and innovative sustainability assessment model. 
 
To do so, the first phases of this thesis, the author carried out a deep documental investigation on more 
than 800 research articles regarding intelligent façade systems, advancements in material engineering, 
user demands, automations, and their sustainability performance following the preferred reporting items 
for systematic reviews and meta-analyses reporting standards.  
 
Based on the results from preliminary investigations, different low-cost and environmental-friendly 
dynamic façades have been prototyped in the context of the Spanish public schools targeting 
pupils' academic progress through optimizing the lighting and thermal comfort levels. These 
prototypes have been developed by employing municipal solid waste materials during 
participatory workshops with school pupils. This concept is expected to promote awareness and better 
management of our society's critical waste generation by returning waste to the reusing cycle. 
 
From the data collected, researchers found that intelligent façade design and application result from 
a complex decision-making process. The cost and long-term nature of the investment mean that the 
façade decision is strategic. Accordingly, the next phase examined the actuality of intelligent façade 
projects in practice through conducting in-depth exploratory methodologies and tools for analyzing, 
evaluating, and designing among the incorporation of interdisciplinary experts in the topic. Finally, the 
last phase experimentally monitored and tested the developed prototypes and other test samples of 
various waste items. 
 
The findings show that the process of façade retrofit that fulfills the school building functioning, energy 
performance, emissions, costs, and appearance, requires the realm of the profession. The members 
involved in the retrofitting projects of public primary school buildings mainly had to make initial façade 
design decisions based on ideas resulting from cognition and drawing on experience.  
 
This thesis and its subsequent conceptual framework provide a new overview of waste-based 
construction materials and their introduction to developing intelligent façade technologies, 
through scientific indexes that can be useful for occupants, builders, architects, and policymakers to 
have a good understanding of the potential contributions that intelligent façades provide. 
 
 
Keywords: Intelligent façades; Public primary schools; Retrofit; Waste reuse; Workshop; Comfort; 
Academic progress; Sustainability assessment; 
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Resumen 
 
La construcción, mantenimiento y funcionamiento de edificios consumen casi el 40% de la energía actual, 
así que los arquitectos tienen un papel fundamental en la reducción del consumo energético. Las fachadas 
pueden tener un impacto significativo y medible en el rendimiento económico, medioambiental y social 
de edificios, y su rehabilitación se considera una solución clave para el problema del envejecimiento 
del parque inmobiliario actual. En referencia al sobrecalentamiento y posible pérdida de calor interno, las 
oberturas de las fachadas tienen un gran efecto en el consumo energético del edificio. Así, se pueden 
satisfacer las demandas actuales con el uso de sistemas inteligentes en envolventes arquitectónicas, como 
soluciones prometedoras en eficiencia energética, emisiones o grado de contacto visual en entornos 
construidos. 
 
En España, los periodos de auge de la construcción han dado lugar a numerosos edificios educativos 
envejecidos que corren el riesgo de quedar obsoletos. A pesar de su falta de aislamiento, problemas de 
infiltraciones de aire y ganancia solar, muchos de estos edificios de los años 70-80 siguen en uso hoy en día. 
Además, la mayoría de estos edificios seguirán en uso en 2050, si se tiene en cuenta que la tasa de 
sustitución anual de los edificios españoles es del 3%, según la Comisión Europea. 
 
“El objetivo principal de esta tesis doctoral es analizar, desarrollar y promover servicios inteligentes para 
fachadas existentes con el fin de optimizar las prestaciones de sostenibilidad económica, medioambiental 
y social de sus edificios a través de un modelo holístico e innovador de evaluación de la sostenibilidad”. 
 
Para ello, las primeras fases de esta tesis investigaron en profundidad más de 800 artículos científicos sobre 
sistemas de fachadas inteligentes, avances en la ingeniería de materiales, demandas de los usuarios, 
automatizaciones y su rendimiento global en materia de sostenibilidad, siguiendo los ítems preferidos para 
la presentación de informes de revisiones sistemáticas y meta-análisis. 
 
Considerando investigaciones preliminares, se han creado prototipos de fachadas dinámicas de bajo coste 
y respetuosas con el medio ambiente en el contexto de los colegios públicos españoles, cuyo objetivo es 
el progreso académico de los alumnos mediante la optimización de los niveles de iluminación y confort 
térmico. Estos prototipos han sido desarrollados con residuos sólidos municipales durante talleres 
participativos con alumnos de escuelas. Se espera que este concepto promueva concienciación crítica y 
una mejor gestión de los residuos de nuestra sociedad, devolviendo los residuos al ciclo de reutilización. 
 
A partir de los datos recogidos, se ha comprobado que el diseño y aplicación de fachadas inteligentes son 
fruto de un complejo proceso de toma de decisiones. El coste y naturaleza de la inversión a largo plazo 
hacen que la decisión sobre la fachada sea estratégica. La siguiente fase examinó la actualidad de proyectos 
de fachadas inteligentes en la práctica mediante metodologías y herramientas exploratorias para el análisis, 
evaluación y diseño en profundidad, incorporando expertos interdisciplinarios. La última fase supervisó y 
probó experimentalmente los prototipos desarrollados. 
 
Los resultados muestran que el proceso de rehabilitación de fachadas que cumple en funcionamiento, 
rendimiento energético, emisiones, costes y apariencia de la escuela, requiere el ámbito de la profesión. 
Los participantes en la rehabilitación de escuelas de primaria tuvieron que tomar principalmente decisiones 
iniciales sobre el diseño de la fachada basadas en ideas resultantes de la cognición y experiencia. 
 
Esta tesis y su marco conceptual proporcionan una nueva visión de la construcción basada en residuos y 
su introducción en el desarrollo de tecnologías de fachadas inteligentes, a través de índices científicos 
que pueden ser útiles para que ocupantes, constructores, arquitectos y responsables políticos tengan una 
buena comprensión de las contribuciones potenciales que proporcionan las fachadas inteligentes. 
 
Palabras clave: Fachadas inteligentes; Escuelas primarias públicas; Reacondicionamiento; Reutilización de 
residuos; Taller; Comodidad; Progreso académico; Evaluación de la sostenibilidad. 
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Resum 
 
La construcció, el manteniment i funcionament de edificis consumeixen quasi el 40% de l'energia actual, així 
que els arquitectes tenen un paper fonamental en la reducció del consum energètic. Les façanes poden tenir 
un impacte significatiu i mesurable en el rendiment econòmic, mediambiental i social dels edificis, i la 
rehabilitació es considera una solució clau per al problema de l'envelliment del parc immobiliari 
actual. Pel que fa al sobreescalfament i possible pèrdua de calor interna, les parts transparents de les façanes 
tenen un gran efecte en el consum energètic de l'edifici. Així, es poden satisfer les demandes actuals amb l'ús 
de sistemes intel·ligents a envolupants arquitectòniques, com ara solucions prometedores en eficiència 
energètica, emissions o grau de contacte visual en entorns construïts. 
 
A Espanya, els períodes d'apogeu de la construcció han donat lloc a nombrosos edificis educatius envellits 
que corren el risc de quedar obsolets. Tot i la manca d'aïllament, problemes d'infiltracions d'aire i guany solar, 
molts d'aquests edificis dels anys 70-80 segueixen en ús avui dia. A més a més, la majoria d'aquests edificis 
continuaran en ús el 2050, si es té en compte que la taxa de substitució anual dels edificis espanyols és del 
3%, segons la Comissió Europea. 
 
“L'objectiu principal d'aquesta tesi doctoral és analitzar, desenvolupar i promoure serveis intel·ligents per 
a façanes existents per optimitzar les prestacions de sostenibilitat econòmica, mediambiental i social dels 
seus edificis mitjançant un model holístic i innovador d'avaluació de la sostenibilitat”. 
 
Per això, les primeres fases d'aquesta tesi, van investigar en profunditat més de 800 articles científics sobre 
sistemes de façanes intel·ligents, avenços en l'enginyeria de materials, demandes dels usuaris, 
automatitzacions i el seu rendiment global en matèria de sostenibilitat, seguint els ítems preferits per a la 
presentació d'informes de revisions sistemàtiques i metaanàlisi. 
 
Considerant investigacions preliminars, s'han creat prototips de façanes dinàmiques de baix cost i 
respectuoses amb el medi ambient en el context dels col·legis públics espanyols, l'objectiu dels quals és 
el progrés acadèmic dels alumnes mitjançant l'optimització dels nivells d'il·luminació i confort tèrmic. 
Aquests prototips han estat desenvolupats amb residus sòlids municipals durant tallers participatius 
amb els alumnes d’escoles. S'espera que aquest concepte promogui conscienciació crítica i una millor gestió 
dels residus de la nostra societat, tornant els residus al cicle de reutilització. 
 
A partir de les dades recollides, s’ha comprovat que el disseny i aplicació de façanes intel·ligents són fruit 
d'un complex procés de presa de decisions. El cost i naturalesa de la inversió a llarg termini fan que la 
decisió sobre la façana sigui estratègica. La fase següent va examinar l'actualitat dels projectes de façanes 
intel·ligents a la pràctica mitjançant metodologies i eines exploratòries per a l'anàlisi, avaluació i disseny en 
profunditat amb la incorporació d'experts interdisciplinaris. La darrera fase va supervisar i provar 
experimentalment els prototips desenvolupats. 
 
Els resultats mostren que el procés de rehabilitació de façanes que compleix en funcionament, rendiment 
energètic, emissions, costos i aparença de l'escola requereix l'àmbit de la professió. Els participants a la 
rehabilitació d'edificis de primària van haver de prendre principalment decisions inicials sobre el disseny de 
la façana basades en idees resultants de la cognició i experiència. 
 
Aquesta tesi i el seu marc conceptual proporcionen una nova visió de la construcció basada en residus i 
la seva introducció en el desenvolupament de tecnologies de façanes intel·ligents, a través d'índexs 
científics que poden ser útils per a què ocupants, constructors, arquitectes i responsables polítics tinguin una 
bona comprensió de les contribucions potencials que proporcionen les façanes intel·ligents. 
 
Paraules clau: Façanes intel·ligents; Escoles primàries públiques; Recondicionament; Reutilització de 
residus; Taller; Comoditat; Progrés acadèmic; Avaluació de la sostenibilitat. 
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 هصلاخ

 
 ،دنک یم فرصم ار لک یژرنا زا دصرد ۴۰ دودح رد اه نامتخاس زا یرادرب هرهب و یرادهگن ،تخاس هزورما هکنيا هب هجوت اب

 تسيز ،یداصتقا درکلمع رب هجوت لباق ریثأت دنناوت یم نامتخاس یاهانم .دنراد ار فرصم نيا شهاک رد یا هدمع شقن نارامعم
 یدوجوم لکشم یارب یدیلک لح هار کي ناونع هب نآ  یزاس دوبهب و دشاب هتشاد اهرهش و اه نامتخاس یعامتجا و یطیحم

 ،یلخاد یامرگ هوقلاب تنفر ردح اي و یلخاد طيحم دح زا شیب یامرگ داجيا هب هجوت اب .دوش یم یقلت یيمدق یاه نامتخاس
 یرامعم رد دنمشوه یاهمتسیس زا هدافتسا ،نياربانب .دنراد یژرنا فرصم رب یدايز ریثات نامتخاس یانم فافش یاه تمسق

 اي یاهناخلگ یاهزاگ راشتنا ،یژرنا یروهرهب دروم رد هدننکراودیما یاهلحهار ناونع هب ار رصاعم یاههتساوخ دناوتیم اهانم
 .دنک هدروآرب هدش هتخاس یاهطیحم رد یرصب ساتم هجرد

 
 یاهنامتخاس زا یگرزب رابنا هب رجنم ،هرود ره رد یلومعم ینامتخاس یاهکبس اب هارمه زاس و تخاس قنور یاههرود ،ایناپسا رد

 ذوفن ناکما و فيعض رايسب یدنب قياع دوجو اب .دنراد رارق یگدوسرف و هيلخت رطخ ضرعم رد هک تسا هدش یيمدق یشزومآ
 ساسا رب ،نيا رب هولاع .دنتسه هدافتسا لاح رد زونه ۸۰ ات ۷۰ ههد زا هدناماج هب یاهانب نيا زا یرایسب ،یدیشروخ رون و اوه
 رارق هدافتسا دروم ۲۰۵۰ لاس ات نانچمه یزورما یاهنامتخاس رثکا ، یيایناپسا یاهنامتخاس یدصرد ۳ هنلااس ینيزگياج خرن

 .تفرگ دنهاوخ
 

 درکلمع یزاس هنیهب یارب دوجوم یاهانم هب دنمشوه تامدخ جيورت و هعسوت ،لیلتح و هيزتج ،یرتکد هژورپ نيا یلصا فده
 .دشاب یم  یرادياپ یبايزرا عماج و ديدج لدم قيرط زا اه نامتخاس یعامتجا و یطیحم تسيز ،یداصتقا یرادياپ

 
 ،هدرتسگ دنمشوه یانم یاه متسیس دروم رد یتاقیقتح هلاقم ۸۰۰ زا شیب ،هژورپ نيا هيلوا یاهزاف ،فده نيا مانحا یارب
 یاه یسررب یاهوگلا طسوت ار اهنآ یناهج رادياپ درکلمع و اه نویساموتا ،يننکاس یاه هتساوخ ،داوم یسدنهم رد تفرشیپ

 .داد رارق عناج و قیمع یسررب دروم زیلانآاتم و کیتامتسیس
 

 سرادم بوچراچ رد تسيز طیحم اب راگزاس و هنيزهمک و رادياپ ديدج دنمشوه یانم نيدنچ ،هیلوا یاهیسررب جياتن ساسا رب
 ،دنهدیم رارق فده یترارح شياسآ و یيانشور یزاسهنیهب قيرط زا ار نازومآشناد یلیصتح تفرشیپ هک ایناپسا یتلود

 بصن و یحارط نازومآشناد اب یتکراشم یاههاگراک یط یرهش دماج هلابز داوم طسوت هیلوا یاههنونم نيا .دناهدش یزاسهنونم
 یتایح یاه هلابز دیلوت رتهب تيريدم و یهاگآ ،ددجم هدافتسا هخرچ هب هلابز ندنادرگزاب اب موهفم نيا دور یم راظتنا .دنديدرگ
 .دهد اقترا ار ام هعماج

 
 یریگ میمصت ی هسورپ کي دنمشوه یانم بصن و هعسوت ،یحارط دنيارف هک تسا هدش صخشم ،هدش یروآ عمج یاه هداد زا

 دنمشوه یاهانم هعسوت یارب میمصت هک تسا ینعم نيا هب یراذگ هيامرس تدم دنلب تیهام و هنيزه .تسه عماج و هدیچیپ
 ماغدا و یحارط و یبايزرا یاهرازبا و اه شور زا هدافتسا اب هژورپ نيا یدعب لحارم ،ساسا نيا رب .تسا کيژتارتسا ميمصت کي

 تلايا رد هسردم ۳ رد یعقاو تروص هب  ار سرادم یاهانم یزاس دوبهب یارب دنمشوه یانم هژورپ ،هزوح نيا رد ناسانشراک



  5 
 

 و شياپ ار یشيامزآ یاههنونم رياس و هتفايهعسوت هیلوا یاههنونم ،هژورپ نيا هلحرم نيرخآ ،تياهن رد.داد مانحا اينولاتاک

 .دونم شيامزآ
 

 دوبهب ار رهاظ و اههنيزه ،یاهناخلگ یاهزاگ راشتنا ،سرادم یژرنا درکلمع هک انم یزاسدوبهب دنيآرف هک دهدیم ناشن اههتفاي
 تکراشم یتلود یيادتبا سرادم یاهنامتخاس یزاسمواقم یاههژورپ رد هک یياضعا .دراد زاین هفرح نيا ورملق هب ،دزاس یم

 .دنتفرگیم هبرتج زا هدافتسا و تخانش زا لصاح یاههديا ساسا رب ار انم یحارط هیلوا تامیمصت دياب اًتدمع ،دنتشاد
 
 هعسوت هب اهنآ یفرعم و تاعياض رب ینتبم ینامتخاس حلاصم زا یديدج یلک ديد ،نآ بقاعتم یموهفم بوچراچ و همان ناياپ نيا

 و نارامعم ،ناگدنزاس ،نانکاس یارب دناوتیم هک دنکیم هئارا یملع یاهصخاش قيرط زا ار دنمشوه یانم یاهیروانف
 .دنشاب هتشاد  دنمشوه یاهانم  لیسناتپ زا یبوخ کرد ات دشاب دیفم ناراذگتسایس

 
 

 تفرشیپ ؛شياسآ ؛هاگراک ؛هلابز زا ددجم هدافتسا ؛یزاس دوبهب ؛یتلود یيادتبا سرادم ؛دنمشوه یاهانم :یدیلک تاملک
  ؛یرادياپ یبايزرا ؛یلیصتح
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Özet  
 
Binaların inşası, bakımı ve işletilmesi günümüzde enerjinin neredeyse %40'ını tükettiğinden, mimarlar 
enerji tüketiminin azaltılmasında önemli bir rol oynamaktadır. Bina cepheleri, yapıların ekonomik, 
çevresel ve sosyal performansları üzerinde önemli ve ölçülebilir bir etkiye sahip olabilir ve bu 
cephelerin güçlendirilmesi, günümüzün yaşlanan bina stoku sorununa kilit bir çözüm olarak 
görülmektedir. Aşırı ısınma ve potansiyel iç ısı kaybı ile ilgili olarak, bina cephesinin şeffaf kısımları 
binanın enerji tüketimi üzerinde büyük bir etkiye sahiptir. Bu bağlamda, mimari kabuklarda akıllı 
sistemlerin kullanılması, enerji verimliliği, emisyonlar veya yapılı çevrelerdeki görsel temas derecesi 
ile ilgili umut verici çözümler olarak çağdaş talepleri karşılayabilir. 
 
İspanya'da inşaat patlaması dönemleri, her dönemin tipik yapı tarzlarıyla birleşince, yapısal boşluk ve 
eskime riski altında olan büyük bir yaşlanan eğitim binası stoku ortaya çıkmıştır. Yalıtım eksikliği, 
yüksek hava sızması ve güneş kazancına rağmen, 1970-1980'lerden kalma bu tür yapıların çoğu bugün 
hala kullanılmaktadır. Dahası, Avrupa Komisyonu'na göre İspanyol yapılarının yıllık %3'lük 
yenileme oranına göre, bugünkü binaların çoğu 2050 yılında hala kullanımda olacaktır. 
 
"Bu doktora tezinin temel amacı, bütünsel ve yenilikçi bir sürdürülebilirlik değerlendirme modeli 
aracılığıyla binalarının ekonomik, çevresel ve sosyal sürdürülebilirlik performanslarını optimize 
etmek için mevcut cephelere akıllı hizmetleri analiz etmek, geliştirmek ve teşvik etmektir". 
 
Bunu yapmak için, bu tezin ilk aşamaları, sistematik incelemeler ve meta-analizler raporlama standardı 
için tercih edilen raporlama öğelerini izleyerek, kapsamlı akıllı cephe sistemleri, malzeme 
mühendisliğindeki gelişmeler, kullanıcı talepleri, otomasyonlar ve bunların küresel sürdürülebilirlik 
performansları hakkında 800'den fazla araştırma makalesinin derin bir dokümantal incelemesini 
gerçekleştirmiştir. 
 
Ön araştırmalardan elde edilen sonuçlara dayanarak, aydınlatma ve termal konfor seviyelerini 
optimize ederek öğrencilerin akademik ilerlemesini hedefleyen İspanyol devlet okulları 
bağlamında farklı düşük maliyetli ve çevre dostu dinamik cepheler prototip haline getirilmiştir. 
Bu prototipler, okul öğrencileriyle yapılan katılımcı atölye çalışmaları sırasında belediye katı atık 
malzemeleri kullanılarak geliştirilmiştir. Bu konseptin, atıkları yeniden kullanım döngüsüne geri 
döndürerek toplumumuzun kritik atık üretiminin farkındalığını ve daha iyi yönetimini teşvik etmesi 
beklenmektedir. 
 
Toplanan verilerden, akıllı cephe tasarımı ve uygulamasının karmaşık bir karar verme sürecinden geçtiği 
anlaşılmıştır. Yatırımın maliyeti ve uzun vadeli doğası, cephe kararının stratejik olduğu anlamına 
gelmektedir. Bu doğrultuda, bir sonraki aşamada, konuyla ilgili disiplinler arası uzmanların katılımıyla 
analiz, değerlendirme ve tasarım için derinlemesine keşif metodolojileri ve araçları yürütülerek akıllı 
cephe projelerinin uygulamadaki gerçekliği incelenmiştir. Son olarak, son aşamada geliştirilen 
prototipler ve çeşitli atık maddelerin diğer test örnekleri deneysel olarak izlenmiş ve test edilmiştir. 
 
Bulgular, okul binasının işleyişini, enerji performansını, emisyonları, maliyetleri ve görünümü 
karşılayan cephe güçlendirme sürecinin meslek alanını gerektirdiğini göstermektedir. Kamuya ait 
ilkokul binalarının güçlendirme projelerinde yer alan üyeler, esas olarak bilişten kaynaklanan fikirlere 
dayalı olarak ve deneyimlerden yararlanarak ilk cephe tasarım kararlarını vermek zorunda kalmıştır. 
 
Bu tez ve onu takip eden kavramsal çerçeve, akıllı cephelerin sağlayacağı potansiyel katkıların iyi 
anlaşılması için bina sakinleri, inşaatçılar, mimarlar ve politika yapıcılar için faydalı olabilecek 
bilimsel indeksler aracılığıyla atık bazlı inşaat malzemelerine ve bunların akıllı cephe teknolojilerinin 
geliştirilmesine girişine yeni bir genel bakış sunmaktadır. 
 
Anahtar Kelimeler: Akıllı cepheler; Devlet ilkokulları; Güçlendirme; Atıkların yeniden kullanımı; 
Çalıştay; Konfor; Akademik ilerleme; Sürdürülebilirlik değerlendirmesi;   
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Chapter 1.  
Introduction 
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1.1. Preamble 
 
This Ph.D. research work consists in assessing intelligent façade strategies and solutions aimed at 
optimizing the sustainability of existing architecture by employing both experimental and simulation 
approaches. Part of the work regarded, in particular, three important aspects influencing the strategies 
and frameworks of the research thesis: (i) the economic, environmental, and social performance of the 
intelligent façade service; (ii) the condition of the defined case studies for the thesis which is the existing 
public educational architecture; and finally (iii) the main contributions which can be achieved through 
the application of intelligent façade in case studies. 
 
Moreover, specific attention was given to the type of buildings that represents an important reality in 
the public school’s construction panorama, due to their prevalence (over 80%), namely preschool and 
primary public-school buildings. 
 
The innovative aspect of the work presented in the dissertation is mainly represented by the integration 
of new low-cost intelligent façade technologies and the application of multidisciplinary tools to evaluate 
the economic, environmental, and social features of the proposed solutions in different spatial areas of 
classrooms, and also their technical and mechanical behaviors. 
 
Therefore, given the multidisciplinary nature of the performed study during the Ph.D. course and its 
outcomes, the four chapters of this dissertation are based on four published research articles. In these 
research articles, the undersigned Ph.D. candidate participated as the main author in three Q1 indexed 
journal articles, and as the co-author in one Q2 indexed journal article. These articles of reference during 
this Ph.D. research study are as follows: 
 

1. Article A: Sustainability Performance by Ten Representative Intelligent Façade 
Technologies: a Systematic Review, S. Habibi, O. Pons Valladares, D. Peña, 
Journal of Sustainable Energy Technologies and Assessments, August 2022. 
https://doi.org/10.1016/j.seta.2022.102001  
 
2. Article B: Sustainability Assessment of Household Waste Based Solar Control 
Devices for Workshops in Primary Schools, O. Pons Valladares, S. Habibi, D. Peña, 
Journal of Sustainability, November 2018. https://doi.org/10.3390/su10114071  
 
3. Article C: New sustainability assessment model for Intelligent Façade Layers 
when applied to refurbish school buildings skins, S. Habibi, O. Pons Valladares, D. 
Peña. Journal of Sustainable Energy Technologies and Assessments, December 2020. 
https://doi.org/10.1016/j.seta.2020.100839 

 
4. Article D: Evaluation of household waste materials for façade components in 
primary educational workshops: degradation behavior and mechanical properties of 
aged samples, S. Habibi, O. Pons Valladares, T. Abt, Journal of building engineering, 
January 2021. https://doi.org/10.1016/j.jobe.2020.101573 

 
Apart from these articles, various scientific products have been generated which, despite not being part 
of this compendium, have also contributed to obtaining the knowledge presented in this document. 
Parts of these activities have been presented in the following three international scientific conferences:  
 

1. Conference paper 1: Towards more sustainable schools incorporating new solar control 
devices assembled during workshops of recycling waste materials, O. Pons Valladares, S. 
Habibi, D. Peña, Oral presentation in 13th Conference on Advanced Building Skins, Bern, 
Switzerland, 2018.  
2. Conference paper 2: Rehabilitation of educational architecture through waste-based 
intelligent façade layers, S. Habibi, O. Pons Valladares, D. Peña, Oral presentation in 
International Congress on Water, Waste and Energy Management, Madrid, Spain, July 2018. 



  9 
 

 
3. Conference paper 3: Household waste potential for façades refurbishment: the case of 
Spanish schools solar control devices, O. Pons Valladares, S. Habibi, D. Peña, Oral 
presentation in International Congress on Water, Waste and Energy Management, Madrid, 
Spain, July 2018.  
 

Furthermore, the Ph.D. candidate has also: 
 

1. Codeveloped and published a utility model of waste-based solar control devices; 
2. Reviewed several papers for international scientific journals; 
3. Took part, as didactic support, in the teaching activities regarding the intelligent façades;  
4. Participated in the UPC Recircula challenge 2021 and was selected as the top 10 groups.  

 
These projects have been attached in Appendices A to G of this research thesis. 
 
The following sections of this chapter outline the program and structure for this research thesis and 
introduce the contents of the following chapters. Then backgrounds of the research topic and problems 
are presented to orientate the reader toward this dissertation rationale. Thereafter, the goals and 
objectives are outlined to define what this research expects to achieve. Finally, this chapter presents the 
methodologies applied for performing this research study. 
 
1.2. Structure of the dissertation  
 
The structure of the thesis is organized into six chapters distributed among three main parts. The 1st 
Part, which is Chapter 1, sets the framework, objectives, and methodologies. The following four 
chapters are the 2nd Part, which contain the results included in this Ph.D. research. Each chapter in this 
part includes one of the aforementioned four published research articles. These chapters present the 
following information regarding each research article: (a) summary, (b) contribution to the thesis, (c) 
candidate’s contribution, and (d) a copy of the published version. It is necessary to mention that the 
orders of the chapters in the 2nd Part are based on each chapter’s objectives and the chronological order 
of the articles has been neglected due to differences in their performing and publishing procedures. 
Finally, the last part is a conclusive 6th Chapter that highlights the main findings and presents possible 
future developments based on this research project. The following Figure 1 presents a flow chart that is 
a conceptual map for this dissertation, which can guide readers throughout the reading of this 
manuscript. 

 
Figure 1. Conceptual map for this dissertation. 
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1.3. Motivation and justifications 
 
This thesis investigates inclusive existing intelligent façade technologies and their potential in 
refurbishment projects which can contribute to improving the quality of existing edifices in all aspects. 
By incorporating these technologies, energy and comfort performance is expected to increase by (a) 
reducing heat transmission and (b) increasing solar heat, daylight, natural ventilation, and solar gains 
control. 
 
During its primary investigation phases, this research thesis has found that there is a big gap in available 
literature about the technical performance of IFs and the long list of contributions that these technologies 
can provide. This gap causes an unclear framework on IF development and follows uncertainties 
between façade developers, decision-makers, or dwellers regarding these technologies. 
 
Accordingly, to the best knowledge of the candidate, this research thesis studied and investigated IF 
technologies, their main developments during the last decade, and their contributions to both 
refurbishment and new projects. The 2nd Chapter of this research thesis carried out this process by 
exploring and mapping the economic, environmental, and social performances of outstanding IFs, in the 
main scientific databases. This chapter has found that IFs can provide numerous sustainability 
contributions to existing architecture which generate negative environmental impacts such as high 
emissions, high energy consumption, and low comfort levels. Accordingly, promoting the application 
of intelligent services in façade refurbishment projects is one of the main motivations of this research 
thesis.  
 
The 3rd Chapter of this research thesis reviewed more than 100 reports on Spanish public schools’ 
problems and the main challenges these schools face. This review found that a large percentage of 
Spanish school buildings have obsolete ventilation, thermal fittings, lighting, and acoustic solutions. 
This review found the lack of solar control devices as one of the main issues in Spanish public schools. 
This research thesis, for the first time, evaluated the satisfaction level of the teaching team regarding the 
classroom solar control devices in three primary schools through a questionnaire completed in the 
municipality of Barcelona. These analyses found out that these school architectural spaces, in their 
present state, were hindering those responsible for district budgets to operate these poor-performing 
buildings, and, in consequence, there were steady increases in utility costs. 
 
Moreover, the review from the 2nd Chapter found that the application of intelligent façades (IF; Table 
H1 in Appendix H presents a complete list of abbreviations) in public educational centers required a 
transition in economic aspects due to their high costs in fabrication, assembling, and maintenance 
phases. The 2nd Chapter showed that the process to apply IF systems that fulfilled school buildings’ 
sustainability performances in terms of energy, emissions, costs, comfort, and appearance, required 
multi-dimensional assessment models and multi-disciplinary professionals.  
 
This research thesis contributed to increasing IF technologies’ economic performances by introducing 
Municipal Solid Waste (MSW) materials in their development process. Accordingly, Chapter 3 
generated and assessed 96 different solutions of waste-based solar control devices for the case studies 
through a new multi-criteria decision-making (MCDM)-based assessment model combined with general 
morphology analysis (GMA) and focus group tools. All assessed solutions contribute to providing 
maximum lighting, thermal comfort level and energy efficiency for the studied cases. Being mainly 
composed of waste products, they have almost zero-cost and zero-emission factors. Three of the most 
sustainable solutions have been developed during eight workshop sessions with pupils in the three 
schools included in this study. These workshops were established by a group of education professionals 
and are compatible with children’s safety. These workshops and pupils’ incorporation in the 
development process of solar control devices have been established to promote educational programs 
on global waste problems and subsequently increasing society’s knowledge which is important in the 
circular economy as has been recommended by many researchers.  
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In this context, Chapter 4 studied whether IF technologies were sustainable solutions for the 
optimization of these school buildings or not. Thus, five outstanding recently developed IFs in high-cost 
edifices have been assessed using a novel Integrated Value Model for Sustainable Assessment (Modelo 
Integrado de Valor para una Evaluación Sostenible – MIVES) + Delphi model. This new model was, 
for the first time, developed and theoretically applied within a framework for IF implementation on 
refurbishing projects of existing educational architecture. This chapter, based on results of this 
application, proposed a new framework to develop new sustainable and low-cost IF technologies 
adapted to Spanish public primary schools.  
 
Nevertheless, in order to seriously practice and promote household waste materials as a low-cost 
alternative for developing IFs, the professionals involved need to understand the properties of the 
replaced materials in depth. Accordingly, the 4th Chapter of this research thesis carried out an 
experimental campaign on waste materials that rigorously tested numerous specimens to study their 
degradation behavior and their unreported mechanical properties. This chapter found out that waste 
materials composed of HPDE, PET, and Tetra Pak are approved to be used for the developed solutions. 

1.4. Objectives 
 
To this end, the main objectives of this doctoral dissertation are: 
  

1. to move forward to a more consistent body of knowledge regarding IF technologies, their 
functions, their evolvements, and trends and their sustainability performance for researchers, 
façade developers and dwellers among other involved stakeholders; 

 
2. to develop different novel and low-cost, environmentally and socially friendly façade systems 
that incorporate intelligent technologies geared to refurbish existing façades.  
 
3. Develop a new sustainability assessment framework capable of scrutinizing problems, 
generating solutions alternatives, assessing solutions, prototyping and developing solutions 
based on reliable and updated data. 

 
The following specific objectives support the prior general objectives: 
 

1. to explore the state-of-the-art of IF practices in the built environment and their global 
sustainability performance in literature through deeply qualitative analysis.  
2. to assess the sustainability performance of extensive IF technologies through a novel 
comprehensive sustainability assessment model. 
3. to increase pupils’ lighting, acoustic, and thermal comfort levels and the subsequent 
optimization in their academic performances. 
4. to promote reusing waste material in the construction industry as a method to reduce final 
production costs through experimental campaigns on mechanical and fire properties of waste 
materials. 
5. to increase pupils’ knowledge regarding sustainability impacts in their living environment 
and global waste problems through teaching reusing strategies in workshop programs.  

1.5. Methodology  
 
In this research thesis, the process of sustainable refurbishment through IFs has been developed and 
carried out through a six-phases procedure based on previous sustainable refurbishment models. Figure 
2 shows these phases, which are:  
P1) Preliminary study: present a general input from each side of the research project’s targets, limits, 
and scopes in terms of problems, challenges, approaches, solutions, and benefits.  
P2) Feasibility study: present status of a context with refurbishment needs and building-level 
evaluations. 
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P3) Generate solutions: design various solution alternatives and strategies based on the context and 
building-level requirements and problems. 
P4) Evaluation: justification and assessment of strategies and solutions and prepare for delivery. 
P5) Development and implementation: securing required financing and procurement for construction. 
P6) Monitoring & testing: finalize each aspect of the process, commissioning, and performance analysis. 
 

 
Figure 2. Carried out phases and applied methods in each phase and related chapters 

 
In the 1st Phase, a precedent analysis was needed to set the objectives and limits of the study. The 1st 
Phase set a comprehensive preliminary study to create a knowledge basis of IF technologies and their 
advancements in Chapter 2. This phase started to investigate frameworks related to outstanding IFs, 
considering global aspects during the whole life cycle from cradle to grave, including design, 
production, assembling, use, and end of life. In general, this preliminary phase includes interviews with 
various experts and stakeholders, a general study on the sustainability and technical performance of IFs, 
a general analysis of refurbishment strategies, and a collection of reference projects.  
 
A feasibility study in the 2nd Phase converts the defined boundaries in the 1st Phase into the reasoning 
of the district and building levels. The feasibility study supports decision-making regarding: (a) time 
and resources available, (b) representative case studies, (c) potential professionals, and (d) business 
potential for users and owners. This decision-making process has incorporated interviews of focus 
groups, statistical data, and the collection of information through reviews and survey-based approaches. 
This phase defined a simplified set composed of three public primary schools located in three 
representative municipalities within the greater metropolitan Barcelona area. The technical conditions 
and performances of this set also have been collected through surveys by the teaching team. The adopted 
focus group method in this phase captured valuable information that will help to better manage the 
process of problem definitions. The essential steps in conducting a Focus group have been published in 
detail in the article presented in Chapter 3 of this manuscript.  
 
Phase 3 generates solution alternatives based on the previously identified problems in Phase 2. This 
third phase supports the solutions generation process via the GMA tool considering the requirements in 
this specific study. To do so, first, the main parameters and their value range have been defined; second, 
the study limited the relevant solution space by examining the internal relationships between parameters 
using CCA and a cross-impact matrix ensuring the consistency and coexistence of each possible pair. 
This analysis took into account logical contradictions, empirical constraints, and normative constraints 
[34]. GMA is a complex methodology that involves analyzing a wide range of organized samples of 
alternatives and it was chosen precisely in order to be able to take into account all feasible alternatives 
without missing any interesting options [15]. The essential steps in conducting GMA have been 
described in detail in the article presented in Chapter 3. Nevertheless, the decision process of a façade 
solution for the sustainable refurbishment of schools has been characterized by complexity – multi-
disciplinary knowledge, multi-spatial and time scales –, uncertainty – many variables, inadequate 
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information and data availability –, and urgency – the urgency of actions toward challenges like climate 
change.  
 
Accordingly, Phase 4 develops a new MCDM-based novel integrated sustainability assessment model 
during various sessions of seminars with professionals and applied it to define generated solutions for 
the case studies. An MCDM process can cover a single objective, or multi-objectives as targets to ensure 
that the defined solutions meet the refurbishment requirements [35]. In the MCDM methodology, the 
integration of LCC and LCA methodologies can select the most low-cost and environmentally-friendly 
refurbishment solutions for schools among all generated solutions in Phase 3. The social requirements 
can also be generated considering educational standards adapted for the specific case study. The 
definition of this new model followed the Integrated Value Model for Sustainable Assessment (Modelo 
Integrado de Valor para una Evaluación Sostenible – MIVES) [36] and Delphi [37]. MIVES is a 
customizable and agile sustainable assessment model that enables the overall assessment, comparison, 
and ranking of alternatives [21]. Simultaneously, the Delphi method, as an internationally recognized 
method, had been adopted to: (a) control and minimize possible bias, (b) elicit and refine a group of 
professionals, and (c) obtain required reliable data and judgment from an expert on a specific topic 
[38,39]. The incorporation of developed models defined the most sustainable façade refurbishment 
solutions for the case studies. Chapter 3 and Chapter 4 explain in detail the whole protocols of MIVES 
and Delphi and all the subsequent steps to define sustainable façade solutions.  
 
Phase 5 models and develops three of the defined solutions in three defined primary schools during 
participatory workshops with pupils. A utility model in Spain has been successfully developed regarding 
the system to design and produce these prototypes. These three applications’ development process 
started with approval by the building’s administrators – the Catalan Department of Education and the 
three schools – and with its funding. These prototypes and their workshops have been developed within 
the framework of the participation in the national project funded by FBBVA, the project “New solar 
control devices for sustainable school architecture workshops”. This phase also made a cost estimate for 
the project and ensured that the funding covers both design and construction requirements. In this phase, 
district educational organizations through the focus group method, participated in developing workshops 
and approving the project and its progress. Chapter 3 presents the process of prototype development by 
pupils and details of each prototype.  
 
The final phase of this research thesis resulted in the presented refurbishment process by monitoring, 
testing, and exploring contributions. Phase 6 analyses the performance of the developed systems across 
various sustainability aspects such as energy, ventilation, and lighting performance. It does so by 
assessing data from both modelling and real-time data collection considering various occupancy hours. 
This phase developed surveys to analyze: (a) the outcomes of workshops on pupils’ increased knowledge 
and (b) the outcomes of developed solutions on their comfort levels and academic performances. This 
phase also applied the focus group tool in developing surveys [40]. Moreover, this phase analyzed the 
properties of the introduced solutions in depth through experimental campaigns that rigorously tested 
the degradation behavior and the mechanical properties following ISO 4892-1:2016 and ISO 4892-
2:2013. Chapters 3 and 5 collect the results of this phase and its experimental campaigns and surveys, 
which motivated collaborators to join the project and increased expectations and documents for further 
developments. 
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Chapter 2.  
The most representative Intelligent Façades  

and their sustainability performances  
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As previously said in Section 1.5, this chapter covers this thesis Phase 1 and presents the thesis results 
published in Article A “Sustainability Performance of the Most Representative Intelligent Façade 
Technologies: a Systematic Review”. A copy of this article is attached at the end of this chapter. This 
chapter develops a knowledge based on the current state-of-the-art and advancements on the economic, 
environmental, and social performances by IFs, from the main scientific databases.  

2.1. Introduction 
 
The emerging climate and economic crisis are driving rapid and substantial regulations within the 
construction industry. These regulations are expanding toward more extensive use of sustainability 
criteria to mitigate this crisis negative consequences. Sustainable development requires the 
consideration of a whole host of interconnected elements, such as the reduction of energy demand and 
water consumption, minimizing waste and pollution, and providing efficient comfort [41,42]. The 
construction sector is responsible for around half of energy consumption, greenhouse gas (GHG) 
emissions, and depletion of natural resources worldwide [43] and has a important room for 
improvement. The sustainable construction approach has priority objectives such as closing the 
materials and water cycles [44], reducing energy demands, and also ‘greening’ the energy supplies [45]. 
 
Given this context, IFs can offer considering flexibility in design and, therefore, introduce significant 
benefits regarding environmentally friendly functions at both building and urban scales [46]. IF systems 
have become a key option to achieve sustainable development goals in the construction sector. IFs 
incorporate variable technology, which can adapt itself to provide comfortable conditions inside the 
building whatever the lateral environmental and economic conditions, might be, in any particular 
building location [47]. Other direct and indirect benefits of these smart infrastructures include noise 
reduction [48], improved air quality [49], aesthetics [50], the value of a building [51], credits in the 
green building rating system, etc. Integrating intelligence into modern façades can also have a 
psychological benefit for human health [52]. 
 
A step from contributions that IF provides, a decision for the application of these technologies, seems 
to have always been among the main challenges [53,54]. The decision to adopt these technologies ranges 
from economic reasons to more technical ones. The “intelligence” of façades is usually linked to 
drawbacks such as higher initial investment, and operational and maintenance costs. Moreover, IF 
available technologies are variable along the time and the region. This fact brings complexity to the 
quantification of IF’s behavior, and consequently, it may compromise IF’s implementation in buildings 
considering that engineers and architects need to control all the design variables, especially during the 
design phase [55]. 
 
Considering the evolutionary path that sustainability is undergoing, a deeper knowledge of these 
practices in the IF sector is essential to identify which practices are currently being performed and which 
still need to be implemented or improved. Research on IFs had been conducted in great detail from a 
variety of perspectives, such as shading elements [56,57], airflow analysis [58,59], ventilation [60,61], 
lighting [62–64], and sequestrated emissions [65]. However, there is a lack of clarification and guidance 
on how IF technologies can leverage sustainable building development and cleaner production in the 
supply chains. Accordingly, exploring the state-of-the-art in the IF topic will serve as a driving force in 
identifying academic gaps to support new value creation opportunities, facilitating stakeholder decision-
making and greater integration between them.  
 
To do so, this chapter, for the first time, conducted a Systematic Literature Review (SLR) and Prisma 
[66] of global sustainability performance related to 10 IF alternatives based on deeply qualitative 
analysis, which is still missing in the literature. SLR is a transparent, reliable, and replicable method to 
consolidate research findings in a specific area and identify research gaps that can guide future research 
[67]. The 10 studied IF alternatives are: 1) Vertical Greenery System (VGS); 2) Double Skin Façade 
(DSF); 3) Ethylene tetrafluoroethylene (ETFE) cushion; 4) wind wall; 5) Photo Bioreactors (PBR); 6) 
Building-Integrated Photovoltaics (BIPV); 7) Building Integrated Solar Thermal (BIST); 8) Titanium 
Dioxide nanotechnology (TiO2); 9) Auto-blinds; and 10) Electro-active façade technologies. A complete 
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description of these façades and their details have been depicted in Appendix C in Section 2.4. These 
alternatives are the most representative façade technologies which were applied and investigated and 
examined during the last decade in different regions and climates. This study identified and reviewed 
more than 800 articles around the mentioned technologies using the SLR method from 2010 to 2020. 
 
The results of this review have been extracted and expressed according to the 16 sustainability indicators 
for IF technologies assessments defined in this thesis, which are explained in depth in Chapter 4. 
Moreover, the results have been normalized and divided into a thematic analysis including applied 
methods, contents, publication year, and descriptive analysis of their sustainability performances. The 
thematic results illustrate that energy saving, flexibility, and energy efficiency are the most studied 
indicators; while the most applied assessing methodologies were experimental and/or numerical 
methods. On the other hand, the descriptive results indicate that IF technologies mainly have lower 
performances in terms of economic and environmental dimensions of sustainability, while in terms of 
social sustainability their performance is considered satisfactory.  
 
Nevertheless, from perspectives of new IF research directions, this review suggests further explorations 
of cost-effective, recyclable, reusable, and flexible technologies. These new works should also move 
forward to real applications.  

2.2. Contribution to this thesis 
 
The first key contribution of Article A to this thesis is to undertake an SLR of the available literature in 
the field of outstanding IFs and their specific sustainability values in all aspects, which provides a useful 
foundation for the next chapters of this research thesis to rely on. This chapter presents specific values 
in terms of cost, energy, comfort, and all other indicators for the previously presented ten IF alternatives.  
 
The second key contribution of this article is to provide a sufficient body of knowledge regarding the 
potential capabilities of IF technologies compared to more common façades. This chapter contributes to 
increase the scientific knowledge of IF technologies for architecture. This review and its subsequent 
conceptual framework provided a descriptive overview of 10 extensive IF technologies and their 
different functions, through scientific indexes that were useful for the candidate to have a good 
understanding of IFs. 
 
Another contribution of this article is to analyze what has already been done in terms of sustainability 
practices in the IF sector for architecture. This analysis opens avenues to distinguish economic, 
environmental, and social indicators and related evaluation and experimental tools and methods.  
 
These contributions show that there is great variability and no standardization yet in the selection of 
indicators to assess the sustainability of IF façades, especially in economic and social analyses. 
Moreover, this SLR highlights the main conceptual frameworks and approaches for the evaluation of 
indicators to achieve buildings’ sustainability across different contexts. For instance, to evaluate the 
thermal performance of an IF alternative, one of the overall objectives of this research paper is to 
investigate real-scale experimental calculations and approve the best approaches. Moreover, key 
parameters such as the spatial configuration of the IF, the width, the orientation, and the climatic zone 
have been reviewed and used as clustering criteria. This SLR selected the best strategies and tools to 
understand how sustainability assessment methods are incorporated into the design process of a façade, 
and where improvements are needed. Accordingly, regarding the sustainability assessment indicators, 
this SLR concludes that: 

a) The economic indicators should cover all LCC impacts and phases, including design, 
development, transportation, installation, operation, maintenance, and end-of-life.  

b) The environmental indicators should include all LCA impacts during all design, development, 
transportation, installation, operation, maintenance, and end-of-life phases. 

c) The social indicators should include a) construction added values as labor safety and price 
increment, and b) user-added values as and user safety, lighting and thermal and acoustic 
comforts.  
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Moreover, the results of the thematic analysis in this systematic research provide important information 
about current and future research directions. This analysis guides the thesis author to identify which IF 
alternatives and sustainability sectors there are gaps to explore. In general, the framework and future 
research directions proposed in this study should support a paradigm shift towards sustainable IFs and, 
will contribute to the implementation of IF systems for enhancing sustainability in the construction 
sector as a whole. 

2.3. Contribution from the candidate 
 
This SLR research article has been carried out over two years of investigations and examinations by the 
thesis author, who is the main author of this review. In this SLR, the candidate defined the methodology, 
software, formal analysis, investigation, resources, data curation, writing of original draft, and 
calculation. The other article’s authors are the thesis co-directors, who mainly supervised and provided 
advice to the main author. 
 
The applied SLR methodology in this article has 4 phases to which the candidate has contributed as 
follows: 
 

a) Preparation: generating 160 search codes for identification of scientific works in databases.  
b) Identification: identifying an extended list of 1230 scientific literature from November 2019 to 

May 2020. After carefully retrieving, examining, and screening these documents, 815 fit this 
review's purposes. 

c) Classification: classifying the identified literature based on IF type, sustainability-related 
contents, publication year, and applied methodologies.  

d) Analysis: examining in detail each dimension of sustainability in the revised literature. The 
results of these analyses have been classified into: (i) specific values of each indicator, (ii) 
comments that clarify the function of each IF system, (iii) criticisms that indicate the defects of 
an IF in a disapproving way, and (iv) praises that express the approval for an IF system.  

 
The candidate chose the SLR method, which seeks to systematically draw together all known knowledge 
on a topic area and is known as one of the best types of literature review methodologies. In addition, 
these methodology applications demonstrated their capability to bring robustness and specifically filter 
the information.  
 
Finally, the candidate was in charge of the article publication process in the Sustainable Energy 
Technologies Assessment journal. This process included the review’s submission, revision, and answers 
to the editor and reviewers, which the thesis author led. 

2.4. Article A 
 
This section presents the published Article A. As mentioned, this article covers the first phase of this 
research thesis and includes the steps followed in this phase and the thematic and descriptive results of 
the SLR on the sustainability performances of 10 IF technologies. 
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Chapter 3.  
Preliminary and feasibility study of cases and 

solution development 
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Chapter 3 is part of Phases 2 to 5 of this research thesis (see Fig. 2). This third chapter objective is to 
limite the boundaries of this doctoral dissertation, defining and analyzing the included case studies. This 
chapter also aims to define the most appropriate solutions for relevant case studies under this research 
thesis objectives. The results of this chapter have been collected in Article B: Sustainability Assessment 
of Household Waste Based Solar Control Devices for Workshops in Primary Schools. At the end of this 
chapter there is a complete version of this article B.  

3.1. Introduction 
 
At present, the high environmental impact of human activities has some particularly severe drawbacks 
on the global economy, and by extension, on the livelihood of our entire planet [68]. The characteristics 
of the construction process of buildings is one of the significant causes of environmental issues. 
Therefore, this causes have a lasting impact on the well-being of individuals and communities alike, 
across the world [69]. As a result, governments are preparing policies and laws to fast forward towards 
more sustainable economies, healthy environments, and favorable societies [70]. 
 
Nonetheless, compliance with such policies in some existing edifices constitutes a serious challenge. 
Especially in buildings that have high levels of occupancy. In the specific case of schools and 
educational centers, their architectural quality - that comprises the building’s infrastructure and the 
environment in which it sits - is critically important and can either promote health or introduce harmful 
exposure that can affect children’s well-being [71]. Previous research has proven that considering the 
quality of the educational environment has a direct impact on its students’ learning process [72–74]. 
High-quality educational facilities have an immensely positive impact on pupils’ performance, well-
being, and conduct. These outstanding facilities lead to an increase of up to 90% in skills and 86% in 
positive behavioral changes [75]. The Heschong Mahone group [76] highlighted daylight as the main 
requirement for positive studying environments; with a measured 20% progress in performance in 
classrooms with the most daylight and biggest windows. Barrett et al. [75] assessed the effects of 
physical features on 3766 pupils’ learning progress in 153 classrooms. This assessment demonstrated 
that the nature-friendly design principle- comprised of light, sound, temperature, air quality, and 
closeness to nature - is accountable for 50% of the positive impact on the learning progress. 
 
In recent years, the number of reports documenting the correlation between architectural characteristics 
and the direct environmental impact has increased [77,78]. In Spain, numerous schools have reported 
that they could not satisfy the current indoor environmental regulations and requirements for school 
buildings [79]. For instance, analyses of existing schools in Spain show that many of them do not meet 
the current sustainability requirements due to their conformity with old mechanisms, guidelines, and 
criteria [80,81]. These reports show that limitations on the budget and time of the construction processes 
are two main reasons for the aforementioned challenges.   
 
Following an analysis of these reports, this chapter argues that unsatisfactory thermal and lighting levels 
are the main challenges for the school buildings. Accordingly, and in order to provide real-scale 
justifications for these dissatisfactions, a survey on the satisfaction level of lighting and heating in three 
primary public schools in Spain has been conducted. The results and analysis of the survey to these 
schools’ teachers are listed in Table 3 in Section 3.4. 
 
Previous studies suggest that a possibly good solution could be to rehabilitate these schools. The façade 
optimization would be the top priority in the rehabilitation process in order to achieve optimum 
economic, environmental, and social progress [82]. Buildings’ skins, as the main components of 
edifices, contribute greatly to enhancing inhabitants’ comfort levels as well as determining a building’s 
energy performance [83]. 
 
This chapter explores adding an extra solar-control device as an approach to façade optimization 
objectives, leading to successfully controlling (a) the amount of light that enters a classroom, and (b) 
the thermal gains and greenhouse effect. 
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This chapter also suggests the incorporation of MSW waste items in the development process of the 
mentioned devices. The addition of such items will contribute to the Op1 (Prevention) and Op2 (Reuse) 
waste hierarchy of the European waste directive [84]. Op1 is crucial as it reduces waste generation by 
increasing producer and consumer awareness with initiatives such as workshops and educational 
activities [85]. Op2’s importance lies in it giving a second use to waste and, in consequence, saving it 
from the waste cycle and reducing the final dumped waste [86]. 
 
In this sense, this chapter aims to develop waste-based solar control devices to solve the discussed solar, 
thermal, and lighting gains considering its overall sustainability dimensions. In order to promote the 
outcomes of these solar control devices in the waste management hierarchy, the development process 
has been carried out during workshops with primary schools’ students and teachers. By incorporating 
renewable energy systems in these solar control devices, schools can also raise awareness and promote 
learning activities related to the advantages of renewable energies. 
 
In this chapter, the process of defining a) feasible solar control device alternatives, b) most sustainable 
alternatives, and c) workshops, all have been done according to a novel combination set of GMA, 
MIVES, and Focus group models respectively. The application of the GMA tool generated 96 
appropriate alternatives for solar control devices taking into consideration the schools’ requirements. 
The MIVES assessed all alternatives based on 14 sustainability indicators that have been developed by 
the Focus group. These indicators include: I1) Materials & production cost, I2) Disassembly time & 
difficulties, I3) CO2 emissions of non- reused components, I4) Percentage of reused materials, I5) 
Contribution to reduce waste, I6) Color uniformity & specifications, I7) Control of thermal gains, I8) 
Ventilation contribution, I9) Light control (intensity), I10) Exterior view & glare protection, I11) Color 
rendering, I12) Flexibility to incorporate children’s design, I13) Percentage carried out by children, I14) 
Real-time feedback to students.  
 
Lastly, MIVES selects the 10 most sustainable alternatives. These alternatives have been presented in 
Table 4 in Section 3.4. The selected alternatives incorporate waste fill or soil to grow plants inside 
containers and are very environment-friendly. Regarding social requirements, the selected alternatives 
met the maximum comfort level of the children, their safety, and their educational needs. Subsequently, 
the focus group defined the first prototype through workshops with students. being mainly composed of 
waste, these prototypes have almost zero-cost and zero-emission factors. The applied novel model and 
its application process have been explained in detail in Article B in Section 3.4. 

3.2. Contribution to thesis 
 
This chapter contributes to Phases 2, 3, 4, and 5 of this research dissertation by defining the project 
boundaries, case studies, and solutions, as well as proposing assessment and development frameworks 
for the defined solutions.    
 
The boundaries of this research project have been defined rigorously as external solar control devices 
that are built using household waste, during educational workshops with primary school students, and 
are integrated in windows at existing Spanish schools. The defined case studies are three public primary 
schools - with children aged between 6 and 12 years old - located in three representative municipalities 
within the greater metropolitan Barcelona area (Phase 2). This phase has been carried out alongside 
experts in both architecture and education: school directors and teachers, educational and energy 
department members, educational workshops experts, and renewable energy experts, among others. 
These experts generated an initial questionnaire to analyze the satisfaction level of the teaching team in 
the included schools regarding their solar control devices (Phase 2). The results of this survey showcase 
teaching teams’ dissatisfaction with these devices. The sample schools are representative of a much 
broader segment consisting of numerous Spanish educational centers with similar circumstances. 
 
This chapter also has three more main contributions. The first is developing a model that combines 
GMA, MIVES, and Focus groups capable of defining all the feasible alternatives within the boundaries 
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set by this study and assessing the sustainability of these alternatives (Phase 3). The second main 
contribution of this chapter is applying this model in order to find the most sustainable alternative within 
the guidelines set by this study (Phase 4). The third contribution is developing a prototype of the first 
version of the most sustainable solution for a specific workshop, a specific school building, and its 
community (Phase 5).   
 
By relying on the qualified design process and the comprehensive model, up to 96 alternatives have 
been defined using GMA and CCA. From these alternatives up to 82 alternatives represent the main 
types of solar control devices composed of household waste, incorporating energy systems, and able to 
be assembled during hands-on workshops in primary schools. In this research thesis, it was essential to 
consider all appropriate alternatives using GMA however difficult it is to define them all. This was due 
to the novelty of using household waste as a material for workshops to build solar control devices. 
 
The MIVES sustainability assessment was also crucial to find the best alternative in terms of cost, 
thermal factor, lighting, and colour among other indicators that are studied in depth during 3rd chapter. 
MIVES results have been defined as the most sustainable alternative as movable exterior curtains and 
louvers, built using bottles and other plastic or tetra bricks waste, and integrated with PV panels that are 
connected to fans. To prove the robustness of these results, a sensitivity analysis has been carried out 
based on two other scenarios with different requirements weights. 
 
The first prototype and workshop are developed by the Focus group considering all crucial 
particularities. Figure 3 in Section 3.4 illustrates this prototype and confirms its flexibility to build real 
mobile louvers using household waste material. Figure 2 in Section 3.4 from workshops confirms that 
children can build these devices and the process can help increase their awareness of global waste issues. 
The complete version of this workshop that showcases the latest advances in primary education 
pedagogy can be found at the following link: https://sites.google.com/view/arqescsost/. Developing the 
first prototype would also contribute to improving its future versions in terms of times, phases, materials, 
etc. This first developed prototype has been published as the utility model U201831204 in Spain. 
 
The analyses of prototyped alternatives together with the carried-out workshops highlight that in terms 
of environmental, technical, and social requirements these alternatives still need to be optimized, as in 
the next chapters’ scope. 

3.3. Contribution from the candidate 
 
When the thesis author began his Ph.D. dissertation, his thesis co-directors were already carrying out 
research activities on the public school environment. The thesis author started participating in these 
activities, holding their façade refurbishment as a top priority, being a good opportunity for experimental 
research. In this sense, the candidate took part in sessions with a focus group, moderating and capturing 
information and reporting them. Such sessions elaborated the process of workshops, defined final 
alternatives, and developed surveys. 
 
The candidate contributed to the research, proposing state-of-the-art of solar control devices and an 
extended list of materials, supplements, and structural solutions as well. The candidate also proposed a 
classification of the various potential household waste items, having into consideration pupils' safety, 
devices’ development time, and their durability. The artwork and diverse materials for workshops were 
also the responsibility of the candidate.  
 
The candidate looked for the application possibilities of the devices on different sizes of windows and 
provided a list of possible joints, retracting patterns, and rails. Afterward, the list has been extended by 
other co-authors. Once all previously mentioned requirements to carry out the workshops have been 
approved by the focus group, the candidate has contributed to 8 sessions of workshops with schools’ 
children in all 3 schools.  
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The candidate is the co-author of Article B. He took the responsibility for the organization of the paper, 
main findings, discussion, and conclusion sections. A comprehensive and deep revision of the whole 
paper has been carried out by the candidate. Finally, the candidate contributed to providing information 
to publish the utility model of the developed prototype and also to develop a website for the definitive 
version of the workshops. To sum up, as his thesis co-directors recognize, the candidate had a really 
important role in this article, which was the first scientific article he participated in. 

3.4. Article B 
 
This section presents the published Article B. As mentioned, this article covers the 2nd, 3rd, 4th, and 5th 
phases of this research thesis and includes the followed steps and the results of the sustainability 
assessments of 96 waste-based solar control devices and their development process during workshops.  
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Generate and Assess Sustainable IF  

alternatives for cases 
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For the sake of further investigations on the installable solar control devices, this doctoral research 
investigates IF layers as an innovative rehabilitation alternative, which, until now, has had outstanding 
performances in other architectural applications. 
 
Accordingly, Chapter 4 develops a new model to quantitatively assess the sustainability of five 
outstanding IF technologies when applied to optimize the discussed primary schools’ architecture 
problems. This chapter rigorously covers Phase 4 of this research thesis and is the final evaluation to 
define the most sustainable solution.  
 
The results of this chapter have been collected in Article C: “New sustainability assessment model for 
Intelligent Façade Layers when applied to refurbishing school buildings skins”. 

4.1. Introduction  
 
The post-occupancy analyses of the proposed solution in Chapter 3, consisting of adding an external 
layer on transparent parts of the classrooms’ walls, that is discussed in the previous chapter, show that 
these passive devices can perform better to gain maximum solar heat during the cold seasons and 
daylight all year round. 
 
This chapter provides a step forward in terms of movable solar control devices and introduces IFs to 
achieve maximum sustainability performance in the case studies. Intelligent façades are pioneering 
technologies in terms of optimizing energy consumption and comfort levels and reducing bills in the 
buildings [87]. These layers are designed to operate separately as a regulator of building metabolism, 
which is capable of energy, material, and information exchanges and to adapt themselves to changing 
external conditions and internal requirements. These layers are often connected to other devices 
including sensors, actuators, and command wires from a building management system [88–91]. 
 
However, their application in existing buildings is lowly developed, due to several economic and social 
challenges. Until now, the IF experiences that have been carried out have proven to be costly in the 
fabrication, assembling, and usage phases [92]. Aelenei et al. [93] defined the initial cost of intelligent 
materials as the most important problem in decision-making for IFs. Attia et al. [53] argued that the high 
investment and operational costs of IFs as the main disadvantages of these technologies. Reports on 
IFLs also declare that these developments simultaneously brought some negative impacts in terms of 
functional capabilities [56,94]. These reports do not show a high level of user comfort during post-
occupancy analyses [95–97]. For instance, Zalejska-Jonsson [98], demonstrates that in low-energy 
buildings, tenants have some dissatisfaction regarding thermal comfort and air ventilation. Reinhart and 
Voss [99] found that in 88% of the cases, within 15 minutes, office workers manually retracted the 
blinds after the automated blind system had automatically lowered due to low acceptability for automatic 
blind systems. 
 
In the case of public-school centers, their high occupancy levels and their economic constraints have 
forced administrators to invest in technologies that though are environmentally-friendly, are also highly 
efficient, low-cost and social-friendly. 
 
To the candidate’s best knowledge, developing IF systems with maximum satisfaction in terms of 
economic, environmental, and social factors for public school buildings requires highly efficient and 
comprehensive methodologies to address all mentioned considerations. 
 
In this context, this chapter developed a novel integrated sustainability assessment model to assess and 
define the most sustainable IF alternatives for the specific case studies of this research thesis for the first 
time. The definition of this new model followed the combination of the MIVES and the Delphi, relying 
on literature, real projects, and sensitivity analyses. This new model defined boundaries, qualified the 
panel members, performed seminars, defined a requirements tree, assigned weights, defined and 
assessed alternatives, obtained the global and partial sustainability indexes, and finally selected the most 
sustainable IF alternatives for the case studies. 
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This chapter as a first step, and based on a specific unbiased protocol of the Delphi tool, selected 12 
qualified experts from construction industry professionals, academic professors, educational 
administrators, and faculty members (see Table 3 in Section 4.4). This chapter then obtained experts’ 
opinions based on a modified version of the Nominal Group Technique (NGT) [100] and face-to-face 
meetings, discussions between rounds or contact, and gathering their inputs via email. 
 
The second step elaborated questionnaires that were distributed among the experts during the seminars. 
By following the recommended protocols of Delphi, 4 levels of questionnaires and seminars were 
performed to define a new requirements tree for MIVES that could assess innovative IFLs.  
 
The third step defined five IF alternatives that are recently used in high-cost outstanding buildings, 
including A1) ETFE inflating cushion; A2) Bioreactor panel; A3) Ever-changing wind façade; A4) 
Kinetic PTFE layer; A5) TiO2 covered thermoformed tile. Figure 2 in Section 4.4 shows the most 
representative components and architectural details for these five alternatives.  
 
Step 4, theoretically applied the newly developed model and assessed defined alternatives to optimize 
the performance of the case studies based on 16 sustainability indicators of the requirements tree 
comprising:  I1) fabrication & assembling cost; I2) annual maintenance cost; I3) annual operation cost; 
I4) dismantling cost; I5) energy consumption; I6) embodied carbon; I7) annual energy saving; I8) energy 
conversion efficiency; I9) annual blocked embodied carbon; I10) recyclability; I11) reusability; I12) 
fabrication & assembling easiness; I13) flexibility; I14) ventilation performance; I15) light performance; 
I16) user safety added value. 
 
The model generated the global sustainability index (GSk) for each alternative and then their partial 
indexes for their economic (SIR1,k), environmental (SIR2,k), and social requirements (SIR3,k). Table 8 in 
Section 4.4 shows these global and partial satisfaction indexes for each alternative.  
 
Alternative A4 has obtained the highest global index for the studied cases of public Spanish primary 
schools. This is mainly because A4 provides maximum thermal and visual comfort, along with its low-
cost automatic and dynamic translucent blinds. These dynamic blinds are operating with energy-efficient 
linear jack screws that have low annual operation costs. However, the low environmental satisfaction 
index is due to its high embodied energy and embodied carbon. Moreover, the flexibility indicator results 
show that A4, which is connected and operating with a computer-controlled system, does not provide 
absolute comfort for users. On the other hand, alternative A5 has also high sustainability index due to 
its improved air quality and considerably reduced pollution concentration. 
 
Finally, the main MIVES results showed that the extensive IF with a high level of responsiveness, low 
fabrication and maintenance costs, low embodied energy and carbon, high energy efficiency, high 
recyclable material, and with secure, healthy, and comfortable inner conditions is the perfect solution 
for Spanish public primary schools. By performing a sensitivity analysis in the last step, the candidate 
concluded that the results described above are robust. 

4.2. Contribution to thesis 
 
This chapter overcomes the lack of comprehensive assessments of IFs and develops a new model 
specialized in the sustainability assessment for these technologies within this thesis’s boundaries. 
Allowing sustainability indicators to be further integrated into the design process will assist in knowing 
what the impacts of façades will be before they are developed and implemented; allowing stakeholders 
to eliminate unnecessary costs throughout the development and use phases, and; ensuring the technology 
will assist in the creation of a comfortable built environment.  
 
Accordingly, the main contribution of this chapter is the definition of an innovative MIVES-Delphi 
assessment model able to quantify the sustainability of IFs. This innovative model ensures the most 
qualified experts and the most reliable data with minimum biases. This chapter successfully applied this 
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new framework to develop a new low-cost optimized IF with the highest sustainability indexes adaptable 
to Spanish public primary schools.  
 
The developed framework in this chapter has a special focus on the final production cost of these 
technologies. Hence, based on the previously developed waste-based solutions, this chapter framework 
also recommended reusing waste as a tool for continual improvement and a cost reducer due to reduced 
resource consumption. This new framework showed that an optimized IF for the case study should fulfill 
the following: a) be responsive to indoor and outdoor environment changes, b) incorporate renewable 
energy systems and be able to operate independently from energy sources, c) control the loss and the 
gains of thermal energy, d) provide an optimal visual comfort adjusted to conditions in a classroom and 
permit natural light to enter as well as stop undesired solar radiations, e) provide optimal olfactory 
comfort, reduce pollution concentration and permit natural ventilation, f) be adjustable and modifiable 
according to users’ requirements, g) be able to incorporate reusable low-cost materials to reduce the 
production cost and increase environmental indicators satisfaction, h) be able to reuse the constituent 
technologies during their end of life phase, and finally i) be as simple and safe as possible to incorporate 
members of a school community during its assembling process.  

4.3. Contribution from the candidate 
In this Chapter 4 the candidate develops a new comprehensive assessment methodology based on 
reviewing the state-of-the-art in Chapter 2 and applied methodologies in Chapter 1. One of the main 
tasks of the candidate was defining the whole steps and phases of the model as setting boundaries, data 
treatment, and assessing IFs.  Another important task was leading the writing of the scientific article as 
the main author. The general research question and its general scientific and social perspective were 
proposed by the candidate.   
 
Considering the novelty of the innovative intelligent façade technologies, the "data collection" phase 
was the most challenging part for the candidate which had been carried out through communications 
and interviews with different innovative façade companies and researchers. Moreover, considering the 
case of Spanish primary schools, the extracted data have been converted to Spanish context using 
different Spanish database platforms mainly the BEDEC database [101].  
 
The framework developed in this chapter proposed Delphi to supervise and verify the sustainability 
assessment process of IFs. Accordingly, the candidate, based on the Delphi protocols, has interviewed 
professionals from the Technical University of Munich, the Slovak University of Technology, Institute 
of Environmental Assessment and Water Research, the University of Cambridge, ISOLANA material 
company, Akustika company, Trespa Design Center, and SOMFY architecture company. These 
interviews have continued in 4 rounds and have been carried out through emails, video calls, and face-
to-face meetings which provided a solid and rigorous base for developing a novel methodology.   
 
The candidate conducted the literature search and wrote the general introduction. The co-authors 
collaborated throughout the elaboration of the paper to discuss both the organization and the main 
findings of the results and to provide answers to reviewers. The candidate also took part in giving 
insightful revisions and answers to reviewers. 

4.4. Article C  
 
This section presents the Article C of this research thesis. This article is the final evaluation of IF 
alternatives to define the most sustainable solution for studied samples.  
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This chapter analyses the feasibility of employing household waste materials in educational workshops 
for developing façade alternatives, by applying pioneering experimental campaigns on the degradation 
behavior of waste materials and their mechanical properties. 
 
This chapter results have been published in Article D of this research thesis with the title “Evaluation 
of household waste materials for façade components in primary educational workshops. Degradation 
behaviour and mechanical properties of aged samples”.  

5.1. Introduction  
 
During the previous chapters, the potential of extensive IF technologies as a sustainable constructive 
system over traditional façade solutions in urban areas is consolidated. However, the previous chapters 
highlighted the importance of replacing materials used in different layers of these systems with more 
environment-friendly and sustainable products. This proposal of replacement aims to reduce their final 
production costs, embodied energy, and embodied carbon. 
 
Early evidence on the circular economy model, values MSW as a zero-cost resource that can be reused 
as modifiers composition of construction materials [102]. In addition to its economic advantages, 
reusing waste in construction can also contribute to reducing environmental impacts. Waste reusing has 
social benefits for considered society as well [103]. 
 
Most MSW materials are low-degradable, which is considered an advantage during the new circular 
economy models in terms of high durability [104]. Nevertheless, to seriously introduce household waste 
materials as a construction material in architecture, the professionals involved need to understand the 
properties of these materials in depth. 

To the candidate’s best knowledge, the degradation behavior of these materials needs to achieve 
durability of one year in the case of waste-based IFs applicable to the case study. This durability period 
relies on reviewing previously carried out studies. This chapter responds to this need by carrying out a 
new mechanical and aging experimental campaign for aged MSW and comparing the obtained results 
with a former study. The former study had been carried out by candidate supervisor research team which 
reported the same campaigns on the new MSW samples.  

The tests focus on exterior environments, and samples were subjected to both laboratory and natural 
environment aging. These samples were 7 reusable waste materials as HDPE bottles, PET bottles, PS 
yogurt cups, Tetra brick packages, PE film bags, cardboard, and paperboard. This campaign also studied 
the following seven novel solutions: polyamide threat, brass eyelets, stainless steel bolts, copper wire 
staples, water-based white wood glue, solvent-free universal transparent glue, and transparent hot melt 
adhesive. Finally, to finish the surfaces of the mentioned items, 3 groups of products are analyzed as 
follows: 1) acrylic paint + varnishing, 2) poster paint + varnishing, and 3) TiO2 paint.  

In this chapter by considering the specific durability requirements of the developed IF solutions and 
utility model in previous chapters, 41 test samples have been generated; had been analyzed in the 
laboratory through a set of natural weather aging test campaigns. Fifteen other test samples had been 
analyzed through mechanical test campaigns during the years 2017 to 2020.  

The first test sample type, tests A01 to A19, followed ISO 4892-1:2016 and ISO 4892-2:2013 in the 
laboratory. While the second type, tests A20 to A41, consisted of exposing samples to natural weather 
conditions in a representative location of this research case studies. There were three locations and 
durations of real weather tests including a) in the neutral location “NL” during 500 hours, b) in NL 
during the 12 months, and c) in the case of studies location also during the 12 months project durability.  

The third test sample type, tests Ma01 to Ma15, were mechanical tests on aged samples. In order to 
determine the maximum tensile load and tensile properties in accordance with ISO 527 (ISO, 2012). 
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these tests area have been carried out at room temperature using universal testing equipment with a 1 
kN load cell and a video extensometer to measure the strain.  

The resulting degradation from the laboratory aging tests consisted of a) the separation of sheets in 11 
types of sample sets; b) increase of stiffness, swelling, distortion, and/or yellowing of the base material 
in 15 sample types; c) darkened, bluish and/or corrosion of joints in nine types and d) delamination, 
cracked surfaces, painting losses, brightness changes and/ or yellowed surfaces of the finishing in 9 
sample types. 

The following types of degradation have been involved in the natural weather aging test: a) sheet 
separation in 11 types of sample sets; b) stiffness increase, swelling, distortion, and yellowing of the 
base material in 14 sample types; c) red corroded or unfixed joints in 6 types; d) painting losses and/or 
brightened finishing surfaces in 5 sample types and e) green growth dying in the green curtain case. 

The results of the mechanical tests on aged samples, namely maximum tensile load and maximum shear 
load, showed relatively lower average load in most cases. The test Ma01 (aged polyamide threat) 
emerged as the one with the best mechanical performance of all tested samples considering the average 
load of 769 N. Regarding the main aged joint (J2p) that consisted of Tp knotted to two bottle caps 
inserted in an aluminum profile, its strength drops to 613 N. The tensile strength of C04 (Tb), C05 
(HDPE), and C06 (PET) has been reduced by 46%, 19%, and 9%, respectively. The strength of other 
joints has been decreased even further. 

5.3. Contribution to thesis 
 
This chapter carried out the experimental campaign with the following contributions to the thesis: a) 
check the feasibility to employ household waste during the workshops of this research project, b) obtain 
values to prepare design guidelines for the workshops, and c) obtain values to analyze these façades 
using finite elements software tools. 
 
Accordingly, this chapter explored the exterior weather-resistant waste containers and elements with 
minimum stiffness loss, yellowing or distortion, and maximum tensile properties. The mechanical 
properties of aged Tetra Pak have been reported for the first time to the best of the candidates’ 
knowledge. As expected, the tensile strength of the used materials composed of HPDE, PET, and Tetra 
Pak has decreased due to UV aging. However, all identified materials and components as well as the 
main joints and stapled joints, are exclusively applicable to the case study and workshops and fulfill the 
project durability norms. However, a specific alternative of PET bottle-based plant pots appeared not to 
be an acceptable design because the greenery has not grown properly. Moreover, this chapter 
successfully introduced TiO2-based finishing as the only applicable finishing with minimum paint losses 
and brightness. 

5.3. Contribution from the candidate 
 
The experimental test, data treatment, and analysis of the tests were the main tasks of the candidate to 
explore the MSW experimental set-up. The candidate led the development of, various test samples of 
waste items, with more than 41 different test specimens, with different characteristics and their long-
term and short-term experimental campaigns. Worth to mention that all toxic, allergic, and unsafe waste 
items have been screened by the candidate. The candidate after analyzing previous reports approved that 
there are no similar reports on the degradation and mechanical properties of mentioned defined 
specimens.   
 
The candidate collected, prepared, and classified all test specimens for this campaign as primary joints, 
secondary joints, elements, and devices. The candidate communicated with potential TiO2 producers in 
Spain and provided data sheets and their application manuals and safety considerations.  Later on, the 
candidate supervised and reported the shower hours, water spray cycle, irradiations, temperature, and 
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relative humidity in both laboratory and natural weathering tests. Later on, the candidate reported the 
degradation patterns of all test samples during the test period in both external and laboratory tests. The 
candidate analyzed, recorded, and reported any swelling, distortion, yellowing corrosion, painting 
losses, and sample broken in all test specimens. The mentioned reports have been carried out through 
weekly and monthly attendance of the candidate in the representative sites in different locations of the 
municipality of Catalunya.   
 
Moreover, the candidate normalized the results of shear, tensile, and thermal tests and finally divided 
all the test specimens into exterior weather-resistant and not weather-resistant materials. The artwork 
and the writing of the scientific article were also a task of the candidate.   

5.4. Article D 
 
This section presents the published Article D of this thesis. This article covers the monitoring phase of 
this research thesis by carrying out experimental campaigns on the degradation behaviour of waste 
materials and their mechanical properties. 
 



  97 
 



98                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  99 
 



100                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  101 
 



102                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  103 
 



104                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  105 
 



106                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  107 
 



108                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  109 
 



110                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  111 
 



112                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 



  113 
 



114                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 

 
 
 
 
 
 



  115 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 6.  
Discussion and partial conclusion 

 
  



116                                                    Low-cost intelligent refurbishment of school buildings façades in Barcelona. 

This thesis has addressed the economic, environmental and social impacts of the existing conditions in 
Spanish public primary schools. It was found that optimizing these schools’ façades is a key solution to 
reduce the mentioned impacts of these edifices. This finding is due to the lack of solar control devices 
that goes from pupils’ low comfort to high energy bills. This chapter discusses and outlines some general 
results that could be implemented to complement and expand the work carried out so far. 
 
Within this context and aforementioned sustainability considerations, the 1st Phase of this research 
thesis reviewed ten IF technologies. The focus of studied publications in Chapter 2 identified that IF 
economic performances had been investigated from various points of view and values. The time-
effectiveness and fabrication costs during the production phase, maintenance and operation cost in the 
usage phase, and dismantling costs in the end-of-life phase are the most important considerations in the 
IF development process. However, the distribution of reviewed literature showed that IF technologies 
are still economically not acceptable and need deeper investigations, in which economic indicators are 
least analyzed in the IF sustainability publications. 
 
Moreover, the review found that the environmental pillar is a major sustainability dimension, which 
deals with limited resources, generated waste, and emissions. The reviewed publications showed that 
environmental impact by IFs was the most considered requirement during the last decade. Most of those 
studied publications foresee newly integrated IF technologies with more energy efficiency in the near 
future. Integrated BIPV/ T-DSF systems [105], auto-blind electrochromic setups [106], or PCM-SMAs 
in wind walls [107] were detected as the top recent trends in IF fields. IFs are also known as emission-
reducing methods in construction which highly depends on each IF technology, their design, surface 
area, building height, and the climate conditions at that particular site, while photocatalytic TiO2 cover 
and PBR panels are pioneering technologies in terms of active sequestration of CO2 and other chemical 
pollutants. IF technologies are normally delivered with highly supplementary elements such as 
controllers, inverters, equipment, etc., that require intensive EE (embodied energy) and EC (embodied 
carbon) impacts. However, novel approaches featured to minimize IF development impacts among them 
focus on their high recyclability and reusability rate [108].  
 
In terms of social performance, previous studies have outlined that expanding user-friendly IF projects 
with their innovative technologies are a challenging task with relatively high risks. This research thesis 
has found the effect of IF application on the user’s visual, acoustical, and thermal comfort level as one 
of the main important considerations before decision making. Literary articles also have evaluated more 
technical factors such as solar transmittance, shading effect, glare, transparency, fresh air, thermal 
transmittance, air circulation, humidity level, etc. Social performance studies also have introduced 
assembling ease, functionality, user safety, and resistance as highly effective indicators to understand 
the social performance by a technology. However, a long list of studies has identified IFs as sophisticated 
technologies in terms of design, fabrication, implementation, simulation, reparation, and replacement. 
 
In general, the preliminary analysis showed that the sustainability performance by IF technologies is 
conditional and differs based on different contexts, perspectives, climates, periods, and regulations. In 
this subject, the 2nd Phase expanded the theory(ies) driving the IF field and allowed us to place the 
research thesis question into context. In this phase, three sample case studies have been defined after 
carrying out real-time observations in 46 school centers in Spain. 
 
This research thesis, in its 3rd Phase, generated 101 various solutions for the mentioned problem of 
school samples through adopting novel design tools. Up to 82 solutions represent the main types of solar 
control devices composed of household waste, incorporating energy systems, and able to be assembled 
during participatory workshops in primary schools. While 5 solutions are IF alternatives selected from 
the reviewed literature in the 1st Phase incorporating dynamic devices, energy systems, and air purifying 
technologies. The rest of our 14 non-logical solutions beyond this research limit have also been 
generated to prove the rationality of the previous solutions. 
 
Relying on the qualified comprehensive assessment methodologies and incorporating sessions with 
multidisciplinary experts, the 12 most sustainable solutions have been selected. These best solution types 
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are all exterior louvers, curtains, and dynamic devices. The assessment process on these solutions 
assigned different economic, environmental, and social indexes for the specific case study of the public 
primary schools as listed in Chapters 3 and 4. The most environmentally friendly solutions are those 
incorporating waste, Titanium dioxide (TiO2), and energy generation systems; which have the lowest 
impacts in LCA analysis. Regarding social requirements, which are crucial for this thesis case study, the 
best solutions are those that provide maximum safety and comfort while incorporating PV and fans.  
However, the economic requirement assessment results allow the thesis author to conclude that before 
refurbishment starts, some solutions need to be optimized. This thesis identified that the most effective 
action is shifting their developing and assembling processes. Accordingly, the 4th Chapter proposed 
new economically optimized solutions through a new combination of the identified 12 solutions. 
 
Accordingly, the 5th Phase prototyped three waste-based solutions with the highest possible 
performances for the defined three sample schools in the 2nd Phase. These samples have been defined 
due to: a) their gravest lack of solar control devices, and b) the teaching team prone to collaborating on 
the project. All 3 prototypes have been supervised by a focus group and considering building 
orientations, student ages, window height, and climatic conditions. Two prototypes have been developed 
to solve the solar control issue in three different classrooms in three sample schools. All prototypes are 
vertical louvers that have proven better performances in terms of thermal, light, and view results. The 
prototypes all are composed of a) filing waste elements, and b) joints to connect the elements together. 
The joints are primary and secondary joints as staples, bolts, knots, glues, and eyelets. 2 prototypes are 
exterior devices composed of Tetra brick milk containers and TiO2 finishing and PET bottles filled with 
soil & plants. The other prototype is an interior movable device composed of Tetra brick milk containers 
that incorporate PV tiles and fans to ventilate. It is worthwhile to mention that all processes to collect 
waste items, cutting, assembling, and painting the prototypes, have been carried out by the same school’s 
community during various sessions of workshops. 
 
The focus group highlighted the importance of preparing two crucial reports to help inexperienced 
administrators when deciding on the waste-based IF technology to employ for school buildings. The 
first report dealt with the contributions of workshops on the knowledge of school communities. The 
second report presented the technical properties of the newly developed devices. That is why Phase 6 
of this doctoral dissertation monitored the outcomes of workshops on students’ knowledge regarding 
global waste issues through multi-level online surveys. The results showed the positive influence of 
workshops on pupils’ knowledge and comfort. However, future steps about detailed thermal comfort 
and academic performance analysis will be necessary to determine the extent of these improvements. 
This phase also dealt with the mechanical and degradation behaviors of the prototyped solutions in order 
to determine how the joints and elements perform after being applied to the case study façades. The 
experimental campaign carried out in Chapter 5 resulted in the degradation of studied sample sets, base 
material, joints, finishing, and green growth. Both interior Tetra Brick louvers exhibited minor, 
superficial but not structural degradation during the 12 months project period. In these louvers, the TiO2-
based finishing did not show any darkening or even brightening after aging tests. 
 
The PET bottle-based green alternative had outstanding structural performances in 12 months period 
without swelling or distortion problems. However, the local high-resistant plants did not properly resist 
the non-watering design that aimed to avoid both their maintenance via manual watering and the 
complexity of artificial watering. Regarding the joints, the mechanical tests resulted in the weak 
mechanical performance of knotted threads as compared to aged single threads. The strength of other 
joints such as universal glue, staples, and wood glue has decreased even further respectively. 
 
This campaign permitted the researchers to classify the joints and devices into two main groups, exterior 
weather-resistant and not weather-resistant. In the first group, exterior weather-resistant components 
with minimum stiffness loss, yellowing or distortion, and maximum tensile properties are Tetra Brick 
finished with TiO2, HDPE, and PET. In the second group, the not weather-resistant solutions are the 
Apv and Ppv finishing and PET bottle-based green curtain which is appeared unacceptable solutions for 
exterior installations.  
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The following general considerations also have resulted from monitoring the developed devices: 
1. The position of the layer has an important role in the overall thermal performance by solar control 
devices. 
2.  In winter, the thermal inertia provided by extensive waste-based solar control devices is not useful 
in preventing energy losses. 
3. Several limitations in relation to the extensive green solar control devices indicate that they are 
extremely dependent on the climate. 
4. The experimental studies demonstrated the high potential of developed devices in increasing the 
both lighting and thermal comfort level of pupils during the summer and winter seasons.  
5. A direct relation between energy savings and the developed façades was observed for all 
alternatives.  

 
Accordingly, the developed assessment models, workshops, and monitoring phases proposed a high-
performance façade alternative for the case study with the following characteristics:  

1. Be responsive to indoor and outdoor environment changes.  
2. Incorporate renewable energy systems.  
3. Control the loss and the gains of thermal energy during heating times with its insulation and 
airtightness.  
4. Provide secure, healthy, and comfortable inner classroom conditions for pupils.  
5. Provide an optimal visual comfort adjusted to conditions in a classroom and permit natural light 
to enter as well as stop undesired solar radiation.  
6. Provide optimal olfactory comfort, reduce pollution concentration, and permit natural ventilation  
7. Adjustable and modifiable.  
8. Provide the possibility of incorporating low-cost materials to reduce production costs. 
9. Easy to assemble and to incorporate schools’ community.  
10. Develop maximum safety considerations that do not pose any danger to pupils. 

 
The monitoring phase also proved that the developed methodology for this thesis in the 1st Chapter 
(Fig. 2) is adaptable to the particularities of other contexts after specific adjustments such as: 

a. Limitations, scopes, exclusions, and inclusions  
b. Specific context problems and the context of economic, environmental, and social regulations. 
c. Assigned weights based on objectives, scientific reasons, and panel feedback.  
d. Value functions based on the updated boundaries and limitations. 
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Chapter 7.  
Conclusion 
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In Chapters 1 to 5 of this dissertation the outcomes of some scientific studies performed during the 
Ph.D. course, concerning the performance of existing Spanish public primary schools, and the 
sustainability incorporation of waste-based intelligent façades have been reported including their 
specific discussions, conclusions and recommendations. The main conclusions of this Ph.D. thesis may 
be found throughout the chapters, as well as in the conclusion subsection, inside each article. Hence, not 
to be redundant, this final section summarizes a few overall concluding remarks: 

1. Sustainable optimized IFs are appropriate alternatives to retrofit existing Spanish public primary 
schools and reduce their produced emissions and bills and increase the school community’s comfort 
and subsequent academic progress.  

2. MIVES is a comprehensive sustainability assessment model and its novel combination with Delphi, 
focus group and GMA provides a multidimensional framework capable of producing solution 
alternatives and reliable data  

3. Providing thermal comfort, natural lighting comfort, and fresh air in school buildings are crucial 
effective factors in students’ academic performance. 

4. Numerous Spanish school buildings could not satisfy the current indoor environmental regulations 
for school buildings due to their conformity with obsolete standards and guidelines. 

5. IF technologies are practically new technologies and greater efforts are required to analyze and 
evaluate their diverse possibilities and potentials.  

6. Most municipal solid waste materials are potential alternatives to developing building façade 
components as a novel tool to reduce their final production costs and embodied carbons.  

7. Photocatalytic TiO2 paint is a pioneering and abundant technology in terms of active sequestration 
of CO2 and other chemical pollutants.  

8. Workshops on human effects on global energy, waste, and emission problems in primary schools 
have much more preventing effects, and promoting these workshops all around the world will help 
to have a better sustainable future.  

9. Convincing administrators and teaching teams in schools in order to hold workshops and retrofit 
their façade with waste materials was a challenging process that this thesis dealt with and future 
investigations will try to overcome this issue by providing much more proven facts and references 
from the carried-out research.  

10. Developed waste-based solar control devices in three primary schools have had positive outcomes 
on students' lighting and thermal comfort levels which will also affect their academic progress.  

 
A strategy to optimize the sustainability performance of construction consists in providing them with 
solutions aimed at accomplishing better mitigation and adaptation to the actual climate change, 
consuming less energy, and also considering the occupant’s comfort. Buildings' external components 
are those more subjected to control the environmental fluctuations, tenants’ health, and energy bills, 
especially in the case of existing buildings. 
 
Within such a scenario, the main objective of this thesis was to obtain an approximation that allows 
clarifying the questioning about whether the implementation of IF contributes to obtaining sustainable 
construction, and at the same time, it sought to help achieve a more robust assessment system. Although 
according to the articles exposed in this document, the application of the IF systems, as specified by 
various studies, can be considered as mechanisms that effectively contribute to increasing the level of 
sustainability by the constructions through the mitigation of emissions, reduction of the demands of the 
necessary resources to the operation. Of course, such solutions also guarantee indoor thermal comfort 
conditions to occupants. 
 
However, if the vision of the concept of sustainability in construction expands to a larger scale, it is 
shown that there are still gaps in the IF assessment methodologies. The presented articles showed that 
the evaluation systems have a significant bias in relation to the weighting assigned to the indicators they 
seek, obtaining energy efficiency in housing, omitting various qualities that can contribute to the 
development of sustainable construction with the same impact as obtaining energy efficiency, or even 
with a higher impact.  
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The results presented in the articles A of this thesis have supported this statement. In the article 
“Sustainability Performance of Ten Representative Intelligent Façade Technologies: a Systematic 
Review,” the results indicated that a confirmatory holistic approach would assist in the improvement 
and advancement of sustainable production in various sectors of the economy, environment, and society.  
The literature reviewed about IF infrastructures in buildings highlighted the extended research done in 
the VGS and BIPV systems, whereas scarce literature is available for the application of wind generators 
in façades. This fact pointed out the novelty of these systems and the necessity to develop new research, 
since IF implemented in buildings not only provides energy efficiencies but also supplies many benefits 
to the built environment. Moreover, a disparity in the IF nomenclature was found and an international 
classification of the different types of IFs to allow technical comparisons between them is highly 
recommended. 
 
Similarly, the literature review also showed that the use of the sustainability evaluation standard and 
compliance of design proposals with the standards is profitable. However, among the results obtained, 
it was found that the indicators used in the evaluations focus on the exclusive sustainability indicators, 
without considering the global scale.  
 
What is stated in the previous paragraph suggests that the use of the standard be complemented with 
various evaluation mechanisms that have various objectives to enhance the sustainability of a given 
building. So, the building can be considered sustainable, in a more holistic and inclusive sense.  
 
Various studies [109–111] point out that without considering global sustainability the buildings cannot 
meet the basic needs of the inhabitants which will emit more GHG, regardless of whether the building 
has any environmental labeling or certification.  
 
The second article that constitutes this compendium focused on this program: “Sustainability 
Assessment of Household Waste Based Solar Control Devices for Workshops in Primary Schools”. 
Among the main results obtained, it has been found that the new combination of the GMA, MIVES, and 
Focus Group is a rigorous and versatile methodology in order to obtain the most sustainable façade 
refurbishment solutions for a specific problem of existing educational architecture in a specific context. 
 
Employing new types of environment-friendly composites, containing vegetal matter and municipal 
waste through reusing activities has shown to have good thermal and light control properties, making 
these new assemblies a quite promising alternative to the mostly used traditional solar control devices. 
Moreover, the investigated measures carried out in workshops resulted in reproducible, safe, compatible, 
and efficient practices which can be distributed among various schools all around the world with a lack 
of solar control devices. 
 
Based on the developed list of indicators and weighing process, the waste-based façade refurbishment 
of the specific existing public school, which complies with the conventional architectural characteristics 
in the Mediterranean climate of the Spanish area; requires a final budget increase of nearly 0% to obtain 
lighting and thermal comforts. However, with a cost increase of nearly 15% applying greenery systems 
or other smart carbon sequestration systems combining renewable energy systems, CO2 emissions, and 
primary energy demand also significantly can be reduced. 
 
In the specific analysis of the relationship between more intelligent systems and their sustainability 
contributions to existing schools, the third article “New sustainability assessment model for Intelligent 
Façade Layers when applied to refurbish school buildings skins.” revealed that although among the 
majority of the IFs —which have a sustainable approach— their optimization in terms of final product 
cost is crucial when implemented in Spanish primary schools. In consequence, this study concluded that 
optimized IFs could be used to increase the sustainability performance by existing schools. However, 
none of the assessed systems, nor those analyzed in the articles in Chapters 2 and 4, considered the 
MSW waste materials as an alternative material to reduce their production phase impacts. Analyzing the 
environmental and economic behavior of each component, researchers confirm that the production phase 
is crucial in the overall impact, around 80% of the total. Therefore, any replacement of the IF 
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components by MSW waste materials would lead to lower overall environmental and economic impacts. 
Although it must be noted that the application of MIVES allowed to point out less-motorized, easy-to-
assemble, secure, and healthy systems. This application also has identified the automated solar blinds 
as the most sustainable IF by quantifying the highest sustainability and partial satisfaction indexes as 
well as the main components, features, and details of these developed technologies. Moreover, the 
results of the evaluations proved that TiO2 as an IF technology has a great potential able to reduce 
emissions and purify air at the same time. The MIVES study demonstrated that the extensive motorized 
solar blinds reduce by 30% the overall environmental impact in existing schools by 30% compared to a 
non-insulated conventional façade.  
 
It is also worth noting that the indicators aimed at describing the overall sustainability performance of 
an IF, have been calculated considering the Barcelona climatic conditions, pupils’ requirements in 
diverse Spanish primary schools, and financial resources.  
 
However, in order to have a more comprehensive understanding of introducing waste as a construction 
component, other analyses should be carried out aimed at evaluating the mechanical resistance, the 
impact of moisture content, and the influence of the drying process on the mechanical properties. That 
is why Chapter 5 dealt with the aging behavior and mechanical performance of household waste-based 
façade components developed in Chapter 2. This chapter after performing one-year experimental tests 
for both non-structural and structural components of three waste-based solar control devices showed 
that there is a high potential to improve the economic and environmental performance of IF services by 
promoting the employment of waste materials in their production process. This chapter approved the 
feasibility of all extensive waste-based solar control devices to be used for the case study in exterior 
conditions as well as their main joints and stapled joints. The waste-based green façade's effectiveness 
as a tool for improving indoor comfort levels has been also examined. 
 
In general, the approaches and framework utilized in this research thesis represent a crucial step, to be 
further explored, in the development of procedures for the evaluation of strategies and solutions to be 
implemented to optimize the sustainability of Spanish primary schools. This document allows for a 
broader understanding of the inherent relationship between IFs and the existing architecture 
performance, through rigorous, multidisciplinary, and holistic methodological models, which allows 
calculating these technologies' sustainability in a more robust concept than is currently considered. On 
the other hand, this framework permitted the candidate to include the most qualified experts’ views and 
most reliable data with minimum biases, incorporate main indicators from energy efficiency to social 
values, generate the most appropriate alternatives, and finally propose recommendations to develop 
optimized IF alternatives with the highest sustainability indexes. The framework allowed proposing and 
establishing strategies for school administrators to apply circular economy thinking in a simpler way. 
This thesis showed that MIVES is a tool that can contribute to achieving the sustainable development 
objectives of the 2030 Agenda and that it is essential to face the challenges through prevention strategies. 
Moreover, it was confirmed that MIVES is a flexible methodology that allows the use of different 
resources adapted to the peculiarities of each analysis. Even with this flexibility, it is considered that the 
results are reliable and replicable not only in a specific geographic region but in the world. 
 
The importance of the published articles also lies in the fact that each one of them presents indicators 
that can be considered by the existing plethora of sustainability evaluation methodologies, in order to 
be able to establish common characteristics or areas of interest, since there are enormous differences 
among the different methodologies.   
 
As for the developed façade components, identifying and utilizing new types of waste materials with 
behavior comparable to those of the more impactful used traditional ones would allow making nearly 
zero embodied energy and carbon alternatives. On the other hand, the increase in the use of renewable 
sources and emission sequestrating materials represents an important instrument for improving the 
environmental performance of the existing educational construction sector.    
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Finally, with the understanding that schools and their community present opportunities to enrich both 
ecology and global change, and are considered critical places to create more sustainable futures. By 
promoting sustainability through accurate planning and much more innovative workshops in schools 
with new DIY experiences, according to the peculiarities of the region, researchers can encourage the 
teaching team community to incorporate these strategies. However, innovative techniques such as 
virtual approaches to avoid the necessity of teaching community incorporation in performing workshops 
will contribute to efficient and accelerated positive outcomes.  
 
On the other hand, proposing new low-cost innovative façades, considering the tight budgets of the 
Spanish educational system, can provide a way to obtaining successful refurbishment solutions. 
However, this movement requires a global movement toward more sustainable buildings with intelligent 
façades which can produce more evidence of the potential these technologies have. It is worthwhile to 
mention that in Spain, especially in Barcelona during recent years, the number of implemented 
intelligent façade technologies on commercial and office buildings have been increased as evidenced by 
Barcelona Institute of Science and Technology, Media-tic, APROP in Barcelona’s Gothic quarter, etc. 
However, to the candidate's best knowledge, none of the developed façade technologies in Spain, 
implemented in public schools’ façades nor private schools, which this thesis considered, is as a 
limitation to introducing the IFs as high-performance technologies to the targeted schools.  

Chapter 8. Future work 
 

During the development of this research thesis, and in parallel to the achievement of the general 
objectives, some existing gaps have been identified among the analyzed IF systems, as well as evaluation 
methodologies. The identified gaps allow one to expose the bases referring to new lines of research as: 

1. Post occupancy analysis of the satisfaction level from the developed prototypes and analyze 
their effects on pupils’ academic performance.  
2. Develop and prototype more and different low-cost IF technologies for different schools not 
only in Spain but in areas having different climatic conditions as well.  
3. Expand carried-out workshops in different countries and regions with different materials 
considering the local educational regulations. 
4. Provide documented approvals of previous projects to convince administrators who are 
willing to rehabilitate the core of their building façades while dealing with tight budgets. 
5. Prepare new approaches and strategies to attract teaching team communities to incorporate 
into the workshops or educational programs about global sustainability challenges with pupil 
participation. 
6. Prepare a procurement estimate to develop the proposed most sustainable IF alternative in 
Chapter 4 and search for different European and non-European foundations as Cost Action, 
government programs, I+D Companies.  
7. Improve the developed framework for the sustainable refurbishment of existing buildings in 
terms of costs, time, construction process, materials and complexity.  
 

As expected, the works of this thesis will continue to be developed. For example, it has been intended 
to evaluate in future projects the influence of energy efficiency by school buildings in a real-time project 
after the application of the developed façade alternatives. In addition, another aim is to evaluate the 
influence on the comfort conditions, such as lighting comfort, or pupils’ health and following academic 
progress to complement the results already obtained from this study. These aspects would require the 
evaluation of different parameters such as U and G values, layer thickness, and CFD simulations. 
 

Chapter 5 points out that developed solutions are effective and well-established technologies in the 
field of sustainable practices,  while some aspects to be improved in the future have emerged concerning 
especially: the need the new exhaustive plant species characteristics databases like climate conditions,  
shadow factor, water requirements, climbing capacity, etc.; the possibility of using new eco-compatible 
materials; the importance of life span; and a proper end of life phase within the circular economy model. 
In this regard considering the lessons learned from this research thesis, the candidate has participated in 
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a proposal called Waste-based Intelligent Solar-control-devices for Envelope Refurbishment (WiSeR) 
which aims to develop new waste-based intelligent facades to refurbish buildings, by focusing on 
thermal conductivity and solar thermal gain that highly influence interior comfort and related energy 
efficiency. WiSeR rethinks the role of waste in architecture envelopes by recycling and reusing waste. 
This proposal has received competitive funds from the 2021 Spanish Call «Proyectos de Transición 
Ecológica y Transición Digital» of the Ministerio de Ciencia e Innovación (MICINN) funded by the 
European Union NextGenerationEU Program.  

 
On the other hand, regarding the study of public primary schools, it is necessary to study a greater 

number of practical cases of public schools to obtain comparable and conclusive results; as well as to 
incorporate new materials for the carried-out workshops. In the future, this project will also analyze the 
contributions of the workshops to the pupils’ global waste awareness and will define a definitive version 
of the workshops based on the latest advances in primary education pedagogy.  

 
As for other recommendations for future projects, there is still a need for a new standardized approach 

for analyzing both data and results and other factors altogether that can become an opportunity for future 
studies. However, based on the results and developed framework in this research thesis, among 
analyzing other existing evaluation systems, the candidate developed a new easy, reliable, fast, and 
completely online sustainability assessment platform available for researchers, students, engineers, 
architects, and householders to select the best façade solutions from the global economic, environmental 
and social point of views. As one of the main future projects, the candidate, by collaborating different 
research centers and industry partners, will try to develop the platform to be able to analyze the 
sustainability of different solutions for a different part of the construction industry not only in Spain but 
also all around the world. 
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Appendix A. Conference paper 1. 
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Appendix B. Conference paper 2. 
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Appendix C. Conference paper 3. 
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Appendix D.  

Certificate of the published utility model of the waste-based solar control device.   
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Appendix E.  

Certificate of the didactic support experience from CESIRE education center regarding workshops in 
schools with pupils.  
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Appendix F.  

The presented and prototyped proposal of low-cost intelligent façade for the UPC Recircula challenge 
2021. 
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Appendix G.  

Certification of the participating in the the UPC Recircula challenge 2021. 
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