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A matchmak!ng approach for 
!dent!fy!ng e$ect!ve modular 
prefabr!cated solut!ons 
!n d!$erent contexts
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Abstract 
This article presents an innovative matchmaking approach to identify the most e#ective modular 
prefabricated solutions, innovative digital technologies, and circularity criteria across di#erent contexts. 
Developed with the aim to boost the retrofit rate of existing buildings, our methodology addresses critical 
energy retrofit needs, aligning with the European Union's ambitious climate-neutrality objectives. 
Modular and prefabricated solutions can speed up renovations, o#ering benefits in terms of indoor 
quality, aesthetics, environmental impact, and cost. The matchmaking approach, developed within the 
scope of the EU-LIFE BuildUPspeed project, capitalises on best practices (such as prefabricated modular 
solutions, circularity criteria, and digital technologies) across five contexts (Austria, France, Italy, Spain, 
and the Netherlands), considering local needs and capacities. A “catalogue” of retrofitting building 
products was compiled, including guidelines for product implementation (a technical requirements 
checklist). An extensive mapping of ecosystem characteristics was conducted, considering the 
construction market’s capacities and social, cultural, technological, and economic shortcomings that 
limit the use of innovative technologies. Using collaborative dialogue, developers, building experts, and 
local players were involved in several actions to promote, capitalise on, and identify the most e#ective 
prefabricated solutions tailored to di#erent ecosystems. The results obtained can be used to promote 
targeted investments and customized retrofitting solutions for specific contexts.

Keywords
Prefabricated solutions, modular construction, renovation lacks, circularity
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1 INTRODUCTION

The EU a!ms to become a cl!mate-neutral cont!nent by 2050, w!th key strateg!es focused on reduc!ng 
greenhouse gas em!ss!ons across sectors, !nclud!ng construct!on. To support th!s trans!t!on, and 
enhance energy e#c!ency !n bu!ld!ngs, the EU has presented top-down !n!t!at!ves, l!ke the European 
Green Deal (2019), Renovat!on Wave (2020), REPowerEU (2022), and EU d!rect!ves, such as the 
Energy E#c!ency D!rect!ve (EED, 2023), and the Rev!sed Energy Performance of Bu!ld!ngs D!rect!ve 
(rev!sed EPBD, 2024). These e$orts tackle part!cularly the challenge posed by the European bu!ld!ng 
stock, nearly 85% of wh!ch was constructed before 2000, w!th 75% perform!ng poorly !n terms of 
energy e#c!ency (“Energy Performance of Bu!ld!ngs D!rect!ve,” 2025). To ach!eve the EU’s goal of 
reduc!ng greenhouse gas em!ss!ons by 55% by 2030, the bu!ld!ng renovat!on rate must !ncrease 
from the current 1% (Renovate Europe, 2023) to 3%. Although nat!onal plans are already !n place, 
the annual deep renovat!on rate of ex!st!ng bu!ld!ngs rema!ns below the target: !n 2021, !t was only 
0.2% (BPIE, 2021). To accelerate bu!ld!ng retrofits, !t !s essent!al to pr!or!t!se !nnovat!ve and !nclus!ve 
approaches to address the challenges of the European cont!nent. Innovat!ve technolog!es, such as 
modular prefabr!cated and !ndustr!al!sed products, can be sol!d solut!ons for decarbon!s!ng the 
bu!ld!ng stock lead!ng the way towards a more c!rcular construct!on sector, and prov!d!ng benefits 
!n env!ronmental qual!ty (e.g., reduc!ng !mpacts, construct!on waste, and used of mater!als), !n soc!al 
and econom!c terms (Navaratnam et al., 2022) (Aghas!zadeh, Tabadkan!, Haj!rasoul!, & Ban!hashem!, 
2022) (Rocha, Ferre!ra, P!menta, & Pere!ra, 2022) (Du, Zhang, Castro-Lacouture, & Hu, 2023). 

Prefabr!cated construct!on !s a broad, !ncreas!ngly adopted method !n !ndustr!al construct!on, 
character!sed by the use of standard!sat!on and lean pr!nc!ples to !mprove e#c!ency and reduce 
waste.  Prefabr!cat!on o$ers a v!able alternat!ve to trad!t!onal construct!on, serv!ng as an e$ect!ve 
strategy to scale up decarbon!zat!on of the bu!ld!ng stock, !ncrease product!v!ty, and m!n!m!ze 
on-s!te construct!on t!me (Konstant!nou & Heesbeen, 2022). Prefabr!cated construct!on !s the 
manufactur!ng of components !n an o$-s!te factory, where !ndustr!al!sed components (un!ts or 
parts of bu!ld!ngs) des!gned w!th d!$erent levels of modular!ty can be assembled and seamlessly 
!ntegrated !nto a structure (e.g., a prefabr!cated façade) (Ofor!-Kuragu, Ose!-Kye!, & Wan!garathna, 
2022). In the bu!ld!ng market, there !s a huge range of prefabr!cated solut!ons w!th d!$erent levels 
of standard!sat!on, from ent!re modular res!dent!al bu!ld!ngs to s!ngle components for the bu!ld!ng 
envelope and techn!cal systems, modular fabr!cated façades real!sed w!th d!$erent mater!als (e.g., 
concrete, wood, steel), and bu!ld!ng !ntegrat!on of act!ve systems such as photovolta!c panels (BIPV).  
At the European level, the Prefabr!cated Construct!on Market !s grow!ng due to r!s!ng demand for 
prefabr!cated opt!ons !n res!dent!al construct!on (Research & Research, 2024). The Netherlands 
leads Europe w!th a 47% adopt!on rate of prefabr!cat!on, !ncorporat!ng some form of pre-assembled 
bu!ld!ng components (Hoogenboom, 2025). The opportun!t!es prov!ded by such solut!ons are 
numerous and appl!cable to all stakeholders (bu!ld!ng owners, experts, suppl!ers, compan!es, 
!nvestors, bu!ld!ng workers, and publ!c author!t!es). Nevertheless, the adopt!on of prefabr!cated 
construct!on depends on several context-spec!fic factors, rang!ng from cl!mate cond!t!ons to the 
matur!ty of the bu!ld!ng market. These factors !nclude local pol!c!es, econom!c !ncent!ves, the level of 
!ndustr!al development, and the ava!lab!l!ty of techn!cal expert!se and cultural read!ness (Lu, Chen, 
Xue, & Pan, 2018; Ste!nhardt & Manley, 2016). However, the use of prefabr!cat!on !n construct!on 
can be l!m!ted by defic!enc!es !n benefits, des!gn, and knowledge of prefabr!cated construct!on 
(Navaratnam et al., 2022).

Cons!der!ng the benefits and constra!nts of prefabr!cated construct!on, the art!cle presents 
rev!ews ex!st!ng !ndustr!al!sed and modular prefabr!cated solut!ons, already ava!lable on the 
European bu!ld!ng market !n d!$erent contexts. The method proposed a!ms to gu!de the bu!ld!ng 
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retrofit cho!ces toward a selected number of !nnovat!ve products, processes, and solut!ons (e.g., 
prefabr!cated, !ndustr!al!sed, and d!g!tal technolog!es and c!rcular!ty cr!ter!a). The matchmak!ng 
approach supports !) bu!ld!ng owners (demand s!de) to !ncrease acceptance of !nnovat!ve 
products by showcas!ng successful prefabr!cated solut!ons !mplemented by early adopters; (!!) 
bu!ld!ng profess!onals (supply s!de such as arch!tects, eng!neers, manufacturers, construct!on 
compan!es, etc.), prov!d!ng ex!st!ng ready-to-use solut!ons and techn!cal support; and (!!!) !nvestors, 
construct!on compan!es, and manufacturers to d!rect future !nvestments toward !nnovat!ve products 
by prov!d!ng an overv!ew of the most su!table solut!ons for d!$erent markets, based on the spec!fic 
bu!ld!ng requ!rements and barr!ers of the local bu!ld!ng context.

The val!dat!on of the matchmak!ng approach was carr!ed out w!th!n the EU-LIFE Bu!ldUPspeed 
(BUPS) project across five contexts (Austr!a, France, Italy, Spa!n, and the Netherlands). Us!ng an 
!nclus!ve Integrated Des!gn Process (Paolett!, Loll!n!, & Mahlknecht, 2013), d!$erent stakeholders 
(such as bu!ld!ng profess!onals, local experts, construct!on compan!es and manufacturers, 
representat!ves of homeowners, publ!c author!t!es, and academ!c !nst!tut!ons) were !nvolved !n 
the two-phase approach. In the preparatory phase, stakeholders part!c!pated !n !) the select!on of 
!nnovat!ve products (output: a catalogue of !ndustr!al!sed prefabr!cated solut!ons and !nnovat!ve 
technolog!es already developed !n EU projects) and !!) bu!ld!ng market profil!ng (output: contexts’ 
barr!ers !dent!ficat!on). Success!vely, they were !nvolved !n co-work!ng act!v!t!es centered on mutual 
support and cont!nuous knowledge shar!ng. Th!s collaborat!ve process enabled the !dent!ficat!on of 
the most su!table and !nnovat!ve prefabr!cated solut!ons for var!ous contexts and evaluated a l!st of 
techn!cal requ!rements necessary for adopt!ng these products across d!verse sett!ngs.

2 STATE OF THE ART

The decarbon!sed bu!ld!ng stock targeted for 2050 (rev!sed"EPBD, 2024) !ncludes reduct!ons !n 
greenhouse gas em!ss!ons, !mprovements !n !ndoor env!ronmental qual!ty, and !mproved health and 
des!gn. Implement!ng retrofit bu!ld!ng solut!ons based on prefabr!cated and !ndustr!al technology 
!s a complex task, espec!ally compared to trad!t!onal ones. It !nvolves d!$erent stakeholders (w!th 
d!$erent competences) to work together from the early des!gn stages, and presents challenges !n 
technolog!cal expert!se, market read!ness (Shahpar!, Saradj, P!shvaee, & P!r!, 2019), and !ncreas!ngly 
complex log!st!cs and transportat!on constra!nts (Tavares, Soares, Raposo, Marques, & Fre!re, 2021) 
(Anaç, Ayalp, & Erdayand!, 2023). On the other hand, !t o$ers a w!de range of solut!ons developed !n 
safer cond!t!ons (Manzoor et al., 2025) w!th qual!ty guarantees for the final product that can vary 
from a s!ngle element to a mult!-component system, whether for bu!ld!ng envelopes’ components 
(e.g., façade, roofs) or techn!cal systems (e.g., heat pumps, photovolta!c panels) or both. The use of 
Des!gn for Manufactur!ng and Assembly (DfMA) opt!m!ses prefabr!cated construct!on by !ntegrat!ng 
manufactur!ng and assembly constra!nts, reduc!ng costs, and enhanc!ng produc!b!l!ty (Fan, Chen, 
& Chen, 2024). Prefabr!cated modules are des!gned for the type of assembly process: “o$s!te and 
transported,” “transported and assembled on-s!te,” or a m!x of both. 

D!g!tal technolog!es are w!dely seen as a catalyst for !nnovat!on and product!v!ty !n the construct!on 
!ndustry (Wang, Wang, Sepasgozar, & Zlatanova, 2020). They o$er real support to the bu!ld!ng sector 
dur!ng all phases, !n the des!gn (e.g., better v!sual!sat!on, !mproved data shar!ng, etc.), product!on 
(e.g., automat!on), construct!on, demol!t!on (e.g., reduced construct!on waste), and log!st!cs (e.g., 
blockcha!n for supply cha!n transparency for qual!ty control or guarantee) (Manzoor, Othman, & 
Pomares, 2021). D!g!tal technolog!es dr!ve the transformat!on of the construct!on sector, !ntroduc!ng 
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!nnovat!on !n data analys!s and acqu!s!t!on (e.g., through sensors and 3D scann!ng), process 
automat!on (w!th 3D pr!nt!ng technology, drones, and robot!cs), and d!g!tal !nformat!on and analys!s 
technolog!es (such as Bu!ld!ng Informat!on Model!ng and 3D v!rtual!ty). In th!s framework, d!g!tal 
technolog!es can boost the use of !ndustr!al!sed concepts (Fount!, Avesan!, & Elguezabal, 2023). 
Bu!ld!ng Informat!on Model!ng (BIM), as a d!g!tal representat!on of the phys!cal and funct!onal 
character!st!cs of a bu!ld!ng system, conta!ns extens!ve fac!l!ty !nformat!on and !s closely l!nked to 
the concept of !ndustr!al!sed bu!ld!ng systems (Batagl!n, V!ana, Formoso, & Bulhões, 2019). 

In the bu!ld!ng sector, prefabr!cated, modular, and !ndustr!al!sed solut!ons o$er another !mportant 
advantage for workers’ safety. In 2021, the construct!on sector ranked first for fatal workplace 
acc!dents and th!rd for non-fatal workplace acc!dents (after manufactur!ng and human health and 
soc!al work act!v!t!es) (“Acc!dents at Work,” 2021). Prefabr!cated and !ndustr!al!sed technolog!es 
can reduce workplace acc!dents by organ!s!ng the assembl!ng phase !n safer cond!t!ons, on the 
ground, !ns!de a factory, !n a sheltered s!te, reduc!ng outdoor hours, and “work-at-he!ght tasks” (e.g., 
!n sca$old!ng) (Ahn, Crouch, K!m, & Rameezdeen, 2020). Indoor assembly, commonly used !n o$-
s!te prefabr!cat!on processes, has add!t!onal benefits, such as !mproved mater!al use, l!m!t!ng the 
amount of waste produced ons!te w!th the poss!b!l!ty to reuse the rema!ns (Lu, Lee, Xue, & Xu, 2021), 
and a greater use of natural resources and b!omater!als, such as wood, straws etc. (Sutkowska et al., 
2024) that are better manageable !n env!ronments w!th controlled cl!mate cond!t!ons.

In l!ne w!th the EU decarbon!sat!on goal, decarbon!s!ng the bu!ld!ng stock !s a pr!or!ty. 
Prefabr!cated construct!on can o$er many env!ronmental benefits !n terms of carbon em!ss!ons, 
energy consumpt!on, mater!al consumpt!on, resource e#c!ency, and construct!on waste reduct!on 
(Y. Wang, Xue, Yu, & Wang, 2020; Rocha, Ferre!ra, et al., 2022). Tavares, Gregory, K!rcha!n, and Fre!re 
(2021) report that prefabr!cated bu!ld!ngs have the potent!al to reduce env!ronmental !mpact, w!th a 
40% decrease !n embod!ed carbon and a 90% reduct!on !n end-of-l!fe !mpact. Add!t!onally, Bergmans, 
Bhochh!bhoya, and Van Oorschot (2023) report reduct!ons of up to 50% !n embod!ed carbon 
em!ss!ons ach!eved by clos!ng mater!al loops through well-cons!dered R-strateg!es and local reuse 
of mater!als. Abuz!ed, Senbel, Awad, and Abbas (2019) report that the use of des!gn for d!sassembly 
(DfD) and d!sassembly techn!ques can fac!l!tate d!sassembly and support the !ntegrat!on of recycl!ng 
pract!ces. Boer et al. (2019) report that reduc!ng env!ronmental !mpact at end-of-l!fe by less than 
5% and us!ng recycled mater!als to replace v!rg!n raw mater!als can reduce overall !mpact by up 
to 30%. At the same t!me, Nußholz, Rasmussen, Whalen, and Plepys (2019) report that the reuse of 
waste !n the bu!ld!ng sector has generated new bus!ness models and contr!buted to the creat!on 
of !nnovat!ve and susta!nable added value. Tavares et al. (2021) est!mate a 20%-50% reduct!on !n 
construct!on t!me for prefabr!cated solut!ons compared to convent!onal construct!on. Advantages 
!n construct!on t!m!ng also benefit the bu!ld!ng tenants (and owners) and, !n some cases, can be !n-
house dur!ng the renovat!on of the bu!ld!ng envelope, such as the d!sm!ss!on and !nstallat!on of new 
prefabr!cated façades.  Desp!te these technolog!es o$er!ng potent!al opportun!ty for product!on !n 
lower-cost countr!es (labour, energy, mater!als) and export growth (Tavares, et al., 2021), some cr!t!cal 
!ssues found !n l!terature h!ghl!ght the d!#culty for large compan!es to find qual!fied employees 
(Rocha, et al.,  2022c) to work !n the bu!ld!ng retrofit processes and use prefabr!cated solut!ons 
(L!htmaa & Kalamees, 2023).

The retrofitt!ng cho!ces are gu!ded by the construct!on market, nat!onal/local laws and requ!rements 
(Y. Wang et al., 2020), and by soc!al-cultural acceptances. Pos!t!ve (or negat!ve) feel!ngs often come 
from personal character!st!cs and prev!ous exper!ences (Taherdoost, 2018). Cultural factors (e.g., 
l!m!ted awareness of the benefits and challenges !n use and management) can h!nder the adopt!on 
of !nnovat!ve technolog!es, as prefabr!cated solut!ons (Dunphy & Herb!g, 1995). Awareness-ra!s!ng 
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!n!t!at!ves should be undertaken to !ncrease the general knowledge.  Early adopters, such as real 
bu!ld!ngs renovated w!th !nnovat!ve technolog!es, can also demonstrate and val!date the benefits 
of such solut!ons from an aesthet!c po!nt of v!ew (“Demo cases”, 2021). The “appeal” of a bu!ld!ng 
plays a cruc!al role, w!th !ts aesthet!cs be!ng one of the pr!nc!pal aspects of arch!tecture that draw 
adm!rat!on and apprec!at!on (Sandak & Sandak, 2020).  L!htmaa and Kalamees (2023) note that a 
current l!m!tat!on of prefabr!cated solut!ons !s the lack of var!ety !n aesthet!c des!gn, an aspect that 
could soon be overcome as demand !ncreases. In th!s regard, the collect!on of early adopter bu!ld!ngs 
supports the use of prefabr!cated construct!on, h!ghl!ght!ng benefits !n econom!c, techn!cal r!sk 
m!t!gat!on, and env!ronmental terms (Kats!g!ann!s et al., 2023).

Aga!nst th!s background, the research a!ms to respond to the follow!ng research gap: What 
are the “e$ect!ve” prefabr!cated modular solut!ons for the energy retrofitt!ng of an ex!st!ng 
bu!ld!ng !n a data context? 

To answer th!s quest!on, the art!cle presents a matchmak!ng approach to !dent!fy e$ect!ve !nnovat!ve 
products for d!$erent contexts, evaluat!ng and cons!der!ng local character!st!cs, opportun!t!es, 
and constra!nts. The matchmak!ng approach a!ms to support the dec!s!on-mak!ng process for the 
select!on and adopt!on of !nnovat!ve prefabr!cated solut!ons. It leverages the collect!ve expert!se 
of a broad network of des!gners and experts, o$er!ng a compet!t!ve advantage over rely!ng solely 
on a s!ngle des!gn team. It !ntends to support d!$erent stakeholders to overcome knowledge gaps 
and cultural, techn!cal, and econom!c barr!ers through techn!cal requ!rements der!ved from 
real exper!ence. It a!ms to support the retrofit dec!s!on-mak!ng process by !ncreas!ng owners’ 
confidence through early adopter bu!ld!ngs. Add!t!onally, !t seeks to enhance the expert!se of 
bu!ld!ng profess!onals, construct!on compan!es, and manufacturers through shared exper!ences 
and techn!cal spec!ficat!ons. Furthermore, !t gu!des the market by prov!d!ng !ns!ghts !nto the most 
su!table prefabr!cated retrofit solut!ons for var!ous contexts.

3 METHODOLOGY. FROM TRADITIONAL RENOVATION 
TO INNOVATIVE PROCESSES AND PRODUCTS

Mov!ng towards carbon-neutral bu!ld!ngs, the rev!sed EPBD (2024) goal means s!gn!ficant !nnovat!on 
at all stages of the bu!ld!ng l!fe cycle, from des!gn, construct!on, and management to demol!t!on. 
Technolog!cal !nnovat!ons, prefabr!cat!on, and modular systems are !ntegral to th!s change and 
can play a very !mportant role !n th!s transformat!on. The matchmak!ng approach !s a mult!-
cr!ter!a dec!s!on-mak!ng process des!gned to l!nk spec!fic retrofit requ!rements w!th appropr!ate 
prefabr!cated solut!ons. 

3.1 MATCHMAKING

The matchmak!ng !s between technolog!cal products and contexts, by analys!ng components and 
patterns as recurrent and pred!ctable regular!t!es (FIG. 1). These elements are defined to bu!ld 
comb!nat!ons and sequences that descr!be !ndustr!al!sed solut!ons and ecosystems. By !dent!fy!ng 
s!m!lar!t!es, connect!ons, and complementar!t!es w!th!n these descr!pt!ons, a body of knowledge !s 
formed. Th!s knowledge enables dec!s!on-mak!ng, and !ts patterned behav!our, repeated pred!ctably, 
becomes a certa!n w!sdom for future adaptat!on. 
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DATABASE OF SOLUTIONS

INNOVATIVE SOLUTIONS & 
PRODUCTS COLLECTED

INPUTS

ECOSYSTEM FEATURE
Market profiling:
• climatic and geographic data
• building stock characterization 
• building regulations 
• business schemes 

BUILDING 
REQUIREMENTS
• Reference buildings
• Minimum requirements 

(energy performance 
requirements, seismic, IEQ..)

• Retrofits needs

CONSTRAINS
• Cultural
• Economic
• Regulatory
• Procedure and technical 
• Social

TECHNICAL 
REQUIREMENTS 

Envelope

Technological 
System

RES

• Heating system
• Domestic hot water
• Cooling system
• Regulation system
• Emission system
• Distribution system
• Air Ventilation System
• Lighting
• …

• Roof insulation
• Façade insulation
• Basement insulation
• Windows
• Shading system
• External doors
• ….

• Photovoltaic panels
• Thermal panels
• …

Matchmaking 
(algorithm) 

ENERGY RETROFIT PROJECT

FIG. 1 Matchmak!ng process between databases of solut!ons (products/solut!ons) and Ecosystems (contexts, bu!ld!ng retrofit 
requ!rements, and gaps)

On the one hand, the approach rel!es on ecosystem mapp!ng to analyse contextual features such 
as cl!mate cond!t!ons, bu!ld!ng stock character!st!cs and renovat!on requ!rements, regulatory 
frameworks (e.g., energy performance requ!rements), and market matur!ty, !nclud!ng the acceptance 
of !nnovat!ve products, soc!o-cultural and techn!cal constra!nts (Chapter 3.3). On the other hand, 
a collect!on of “best pract!ces” was carr!ed out by !nvolv!ng local experts, who shared the!r 
knowledge us!ng a common template (see Chapter 3.4). The key character!st!cs of the best pract!ces 
are modular!ty, prefabr!cat!on, and !ntegrat!on of advanced technolog!es. The collected solut!ons 
focused on early-adopter bu!ld!ngs, both new and renovated, that ut!l!se prefabr!cated construct!on 
and pract!cally !mplement !ndustr!al!zed components such as modular façades. Add!t!onally, the 
collect!on !ncluded other top!cs necessary for !ndustr!al!sed prefabr!cat!on processes such as 
d!g!tal technolog!es used !n the des!gn, manufactur!ng, and !ndustr!al!zat!on processes (e.g., data 
acqu!s!t!on, modell!ng, and performance-econom!c evaluat!on us!ng tools such as 3D scanners and 
BIM), as well as the !ntegrat!on of c!rcular!ty pr!nc!ples, !nclud!ng mater!al reuse and ut!l!sat!on 
of recycled resources. Local experts (Chapter 3.2) w!th knowledge of pol!c!es, regulat!ons, local 
capac!t!es, and pract!cal exper!ence were !nvolved to share the!r expert!se and !dent!fy contextual 
gaps. To fac!l!tate repl!cab!l!ty, a database of solut!ons (chapter 3.4) was developed conta!n!ng a l!st 
of techn!cal requ!rements that address contextual constra!nts (such as bu!ld!ng and urban plann!ng) 
and techn!cal feas!b!l!ty. 

The matchmak!ng approach was tested !n the BUPS project !n five Ecosystems (Austr!a, France, 
Italy, Spa!n, and the Netherlands). The “bottom-up” approach used al!gns w!th the “New European 
Bauhaus” (NEB) and the beaut!ful | susta!nable | together cr!ter!a. Through a collaborat!ve 
framework, key ecosystem actors (such as local !nterested players) contr!bute to shar!ng exper!ences, 
knowledge, and the d!#cult!es that h!nder the!r w!despread !mplementat!on. Each Ecosystem 
was represented by a group of local stakeholders – Ecosystem Expert Team of BuildUPspeed project 
(BUPS-team) – composed of bu!ld!ng experts !n bu!ld!ng stock analys!s and energy retrofitt!ng 
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(arch!tects and eng!neers), prefabr!cated technolog!es (manufacturers and construct!on compan!es), 
!nnovat!ve construct!on methods (academ!a), property owners, and new bus!ness models (consult!ng 
compan!es). The five BUPS teams were !nvolved !n d!$erent act!ons, from data collect!on on retrofit 
prefabr!cated solut!ons to the !dent!ficat!on of relat!ve techn!cal requ!rements and early-adopter 
bu!ld!ngs (such as best pract!ces) to !dent!fy!ng local bu!ld!ng market gaps (!n soc!al, cultural, 
regulatory, econom!c, procedural, and techn!cal terms). The val!dat!on of the matchmak!ng approach 
was made at the Ecosystem level by each BUPS team. Thanks to them, !t was poss!ble to !dent!fy the 
most !nterest!ng, prefabr!cated, and market-ready solut!ons across contexts. 

FIG. 2 reports the scheme of the methodology process used to collect, analyse, and organ!se the 
!) Catalogue of best pract!ces, !nclud!ng the techn!cal requ!rements checkl!st for each product, !!) 
Ecosystem preference (as technolog!cal solut!ons most !nterest!ng for each context), and !!!) related 
constra!nts that l!m!t the!r adopt!on.
 

  

NL 
BUPs-team

FR 
BUPs-team

Austria
BUPs-team
 

IT 
BUPs-team

SP 
BUPs-team

Collection data done by each ecosystem
Ecosystem features & Building 
stock retrofits needs

List of constrains

Databased of solutions
 
List of technical requirements

Participatory process done through in-presence 
workshops to discuss and define:

Data analysis - Idefinition of: 

Ecosystem mapping, building market 
maturity and constrains

Best practices collection process

Technical requirements checklist for each product

Ecosystems constrains for product category 

Most interesting solutions for ecosystem 

RESULTS

Catalogue of best practices 
(validated)

Ecosystem preference 
(inputs for the matchmaking)

Constrains 

Matchmaking 

FIG. 2 Scheme of the methodology process.

3.2 ECOSYSTEM EXPERT TEAM (BUPS TEAM)

A part!c!patory process based on Integrated Des!gn Process w!th mult!d!sc!pl!nary teams composed 
of local bu!ld!ng experts (e.g., arch!tects, eng!neers, bu!ld!ng compan!es, manufactures, bu!ld!ng 
owners, serv!ce prov!ders and researchers) from var!ous EU countr!es were !nvolved !n act!ve and 
collaborat!ve process to jo!ntly together to !dent!fy !nnovat!ve products, solut!ons and processes that 
can be used !n the energy retrofits of ex!st!ng bu!ld!ngs advantages (Paolett!, Loll!n!, & Mahlknecht, 
2013). F!ve expert teams (BUPS teams), one for each country (AT, FR, IT, SP, NL) were engaged 
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!n !dent!fy!ng the local spec!fic!t!es of the bu!ld!ng markets, to share exper!ences on !nnovat!ve 
products that they have already used, and help each other to overcome obstacles that prevent the 
adopt!on of !nnovat!ve products (such as l!m!tat!ons due to the arch!tectural culture of a place and 
trad!t!ons, as well as technolog!cal, econom!c, and manager!al constra!nts). Workshops and act!ve 
d!alogues among Ecosystems, representat!ve partners, and local players were organ!sed, generat!ng 
synerg!es, expand!ng knowledge, and develop!ng solut!ons to fill ex!st!ng gaps that h!ndered full 
market explo!tat!on. The collaborat!ve approach has contr!buted to !mprov!ng !ndustr!al pract!ces 
!n deep bu!ld!ng renovat!on by !dent!fy!ng the techn!cal requ!rements necessary for the adopt!on of 
!nnovat!ve solut!ons. In do!ng so, the matchmak!ng approach supports the repl!cat!on of modular 
prefabr!cated and !ndustr!al!sed bu!ld!ng solut!ons across d!verse contexts, promot!ng greater 
e#c!ency, scalab!l!ty, and !nnovat!on w!th!n the construct!on sector.

3.3 ECOSYSTEM MARKET PROFILING

The Ecosystems’ mapp!ng scope !s to prov!de valuable !nformat!on for !dent!fy!ng opportun!t!es and 
overcom!ng constra!nts to !nnovat!ve modular and !ndustr!al!zed solut!ons. The context !nvest!gat!on 
evaluates the market potent!al for !ntegrat!ng !nnovat!ve prefabr!cated retrofit solut!ons, 
c!rcular!ty cr!ter!a (such as reuse, restorat!on, or recycl!ng of bu!ld!ng mater!als), and d!g!tal 
technolog!es (e.g., v!rtual real!ty, 3D solut!ons, etc.).  The ecosystem market profil!ng cons!ders the 
follow!ng parameters: 

 – Cl!mat!c and geograph!c data, such as temperatures (hot, warm, cold), hum!d!ty (ar!d, dry), and 
prec!p!tat!on. The Köppen-Ge!ger class!ficat!on was used to compare the Ecosystems’ cl!mate.

 – Bu!ld!ng stock character!sat!on by reference bu!ld!ngs and trad!t!onal renovat!on packages prov!d!ng 
a benchmark of energy renovat!on measures commonly used !n a spec!fic context (Ballar!n!, Paolo 
Corgnat!, Corrado, & Talà, 2011) (Exner et al., 2016).

 – Bu!ld!ng regulat!ons (e.g., bu!ld!ng codes, nat!onal and local pol!c!es) that define m!n!mum bu!ld!ng 
requ!rements (e.g., energy performance, se!sm!c adaptat!on, waste-c!rcular!ty requ!rements) and 
play a cruc!al role !n the retrofitt!ng process and the !dent!ficat!on of the renovat!on strategy.

 – F!nanc!al !nstruments (subs!d!es, !ncent!ves, bonuses, VAT d!scounts) and bus!ness models for 
energy renovat!on, se!sm!c adaptat!on (re!nforcement and consol!dat!on act!on), and waste reduct!on.

When we look for an ecosystem market profil!ng, mean!ng look!ng for !ts barr!ers, challenges, 
constra!nts, or defin!t!vely the!r lacks, we do !t for e!ther !) address!ng un-aware users, so to ask 
the market cond!t!ons about a solut!on that can be used !n that market cond!t!ons (chang!ng user 
consc!ousness, not market cond!t!ons), or !!) address!ng aware users (!.e. pol!cy makers & compan!es) 
to !ntroduce !ndustr!al!sed concepts and products !n th!s market (chang!ng market cond!t!ons, 
not user consc!ousness). Ecosystem market profil!ng, defined as the !dent!ficat!on of barr!ers, 
challenges, constra!nts, or system!c gaps, !s typ!cally conducted for two ma!n purposes. On the one 
hand, target!ng unaware users allows assess!ng market cond!t!ons, appropr!ate solut!ons for that 
market, and the potent!al adopt!on, thus a!m!ng to sh!ft user awareness rather than chang!ng market 
cond!t!ons. On the other hand, address!ng aware users (!nformed stakeholders, such as pol!cymakers 
and compan!es) a!ms to !ntroduce !ndustr!al!sed concepts and products, thus !nfluenc!ng market 
cond!t!ons rather than user awareness. As an example, !f part!es want to encourage/!ntroduce a 
spec!fic !ndustr!al!sed solut!on !n a spec!fic market, they must first ask: Why hasn’t this solution 
been adopted yet? What are the (replication) barriers? How can the existing barriers be overcome? 
Depend!ng on the !dent!fied barr!ers, d!$erent strateg!es can be appl!ed: !) If the product !s perce!ved 
as aesthet!cally unappeal!ng, a well-des!gned showroom or v!rtual s!mulator can help reshape 
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publ!c percept!on; !f there !s a lack of techn!cal expert!se (des!gn, assembly, !nstallat!on) free tra!n!ng 
programs can be o$ered; !f there !s a lack of ma!ntenance culture, users can !ntroduce the product as 
a serv!ce (e.g., ma!ntenance serv!ce contracts for elevators).

The object!ve !s to profile markets and then connect them to d!$erent !ndustr!al!zed solut!ons 
through categor!sat!on and market !nnovat!on trends. Th!s approach allows address!ng the market 
pos!t!vely (for solut!ons that fit the market) and respond!ng to negat!ve aspects (barr!ers to overcome) 
w!th pos!t!ve answers (!nnovat!ons that help to overcome the barr!ers).

3.3.1 Bu!ld!ng market constra!nts of prefabr!cated and !nnovat!ve solut!ons 

Market constra!nts slow the use of deep energy retrofits. A l!terature rev!ew revealed soc!al, 
cultural (knowledge-related), econom!c, pol!cy, procedural, and techn!cal gaps that slow down the 
retrofits have been !nvest!gated (Lassandro et al., 2023), (Br!ss!, Debs, & Elwak!l, 2020), (Ibrah!m, 
Hamdy, & Badawy, 2023) (Zhou, Syamsunur, Wang, & Nugrahen!, 2024).  Bu!ld!ng on these find!ngs, 
BUPS teams were !nvolved !n !dent!fy!ng the key market barr!ers !n each context, w!th a focus 
on prefabr!cated and !nnovat!ve solut!ons. The output was a l!st of market gaps for prefabr!cated 
construct!on (Table 1).

TABLE 1 L!st of !dent!fied market constra!nts

Cultural (as knowledge) Lack of knowledge and understand!ng

Lack of exper!ence

Lack of tra!n!ng schemes

Lack of knowledge on !nnovat!ve mater!als.

Lack of knowledge on c!rcular!ty cr!ter!a (!n demol!t!on phase, reused mater!als…)

Economic Lack of financ!al support

D!#cult access to !ncent!ves

Instab!l!ty of !ncent!v!z!ng schemes

H!gher !nvestments (compared to trad!t!onal solut!ons)

Regulatory Lack of knowledge on added perm!ss!ons requests.

Regulatory approval challeng!ng

Regulatory protect!on (her!tage bu!ld!ng)

Procedure and technical R!sks of warranty val!d!ty

Pr!vate !ntellectual property

Lack of !ndustry support

Lack of !nst!tut!onal support

Low access!b!l!ty for !nspect!on and ma!ntenance operat!ons

Lack of proper procurement procedures of !ndustr!al!sed/prefabr!cated solut!ons (e.g., 
s!ngle-mult!component elements), costs, and cr!ter!a.

Lack of producer respons!b!l!ty dur!ng the d!smantl!ng processes (producers are 
"mot!vated" to !nvest e$orts !n des!gn!ng !t w!th a more hol!st!c, susta!nable l!fe-cycle 
approach).

Social (as acceptance, feeling, 
changing habits)

Lack of awareness

Percept!on of complex!ty

Res!stance to !mplement!ng changes and !nnovat!ons
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In a second step, by tapp!ng !nto the BUPS teams’ firsthand exper!ences, they evaluated techn!cal, 
econom!c, and procedural shortcom!ngs, alongs!de soc!al and cultural lacks that h!nder broader 
acceptance of !nnovat!ve (!ndustr!al!sed and prefabr!cated) renovat!on solut!ons. The outputs m!ght 
supply var!ous !nd!cat!ons for d!$erent bu!ld!ng stakeholders. Pol!cymakers m!ght streaml!ne 
adm!n!strat!ve procedures and des!gn econom!c !ncent!ves, such as grants or tax breaks, to 
accelerate the uptake of prefabr!cated solut!ons. Industry and tra!n!ng prov!ders m!ght organ!se 
hands-on workshops and showcase events to bu!ld commun!ty acceptance, spark emot!onal 
engagement, and dr!ve last!ng behav!oural change. Bu!ld!ng compan!es and manufacturers 
m!ght use these outputs to !dent!fy where to !nvest and !n wh!ch product, to ta!lor commun!cat!on 
campa!gns and financ!al products, and ensure that techn!cal, procedural, and cultural 
barr!ers are overcome. 

3.4 BEST PRACTICE COLLECTION

The target of the “Best Pract!ces of Innovat!ve Solut!ons” collect!on !s to promote deep renovat!on 
through !nnovat!ve prefabr!cated products and !ndustr!al!sed processes that enhance 
energy performance, !ndoor comfort, and worker safety, reduce construct!on t!me and costs, 
!ncorporate c!rcular!ty pr!nc!ples (such as reduce, reuse, and recycle), and add s!gn!ficant econom!c 
and ecolog!cal value. A data template was developed to collect !nformat!on on products, exper!ences, 
and early-adopter bu!ld!ngs, !nclud!ng !nnovat!ve solut!ons for bu!ld!ng envelope retrofits, act!ve 
systems such as heat pumps, and systems based on renewable energy sources (RES), d!g!tal 
technolog!es, and mon!tor!ng systems. The data was gathered accord!ng to the follow!ng cr!ter!a:

 – Prefabr!cated and !ndustr!al!sed modular technolog!es.

 – Energy performance and !ndoor Env!ronmental Qual!ty (IEQ) !mprovements prov!ded by the solut!on.

 – D!g!tal technolog!es for enhanc!ng an !ndustr!al!sed approach and !mprov!ng des!gn, product!on, and 
!mplementat!on processes.

 – Innovat!ve processes for cost-opt!mal!ty and l!fe-cycle cost (LCC) evaluat!on

 – C!rcular!ty pr!nc!ples (e.g., reduce, reuse, recycle), appl!ed to max!m!se resource e#c!ency.

 – Sav!ng potent!al !n spec!fic areas (construct!on s!te, labour, transport, costs, and env!ronmental 
!mpacts), enhanced by the solut!on.

For each product or solut!on collected, the follow!ng techn!cal !nformat!on was gathered: !) 
General !nformat!on, !nclud!ng name, br!ef descr!pt!on, and development context (e.g., European 
project); !!) Solut!on category, !n relat!on to the type of products (e.g., report/art!cle, data repos!tory, 
gu!del!nes, etc.) and bu!ld!ng components, for the envelope (e.g., façade, w!ndows, etc.) or techn!cal 
system (e.g., HVAC, RES, etc.), d!g!tal technolog!es (e.g., database, tool, platform, etc.), along w!th the 
source and any !dent!fied constra!nts (e.g., soc!al, econom!c, or techn!cal barr!ers); !!!) Repl!cab!l!ty 
potent!al, rated as low, med!um, or h!gh; !v) Explo!tab!l!ty and market read!ness; and v) Contact 
deta!ls of promoter partners.  

All five BUPS teams contr!buted the!r exper!ence and know-how to the data collect!on process by 
descr!b!ng !mplemented products, val!dated solut!ons, and pract!cal exper!ences (such as early-
adopter bu!ld!ng). The!r extens!ve knowledge acqu!red through work!ng w!th !nnovat!ve processes, 
products, and the!r !ntegrat!on !nto early-adopter bu!ld!ngs represents the added value of the 
database. Dur!ng data process!ng, a checkl!st of techn!cal requ!rements was developed to filter 
the collected !nformat!on, enhance !ts usab!l!ty, and enable repl!cat!on across d!$erent contexts. 
The collect!on process !s presented !n F!g. 3.
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Best Practices Collection Process

Template for data collection
Data collected::

Databased 
of innovative processes, products, and solutions

Identification of the collection criteria

5 BUPs-teams - ecosystem expert teams

Building 
owners

Architects, 
engineers… Manufactures Construction 

companies
Consulting 
companies

Public 
authorities

1) Prefabricated 
and 

industrialized 
modular 

technologies

2) Improvement 
in Energy 

performances 
and IEQ

3) Digital 
technologies

4) Cost-
optimality and 

LCC evaluation

5) Circularity 
principles 

6) Saving 
potential 
(energy 

efficiency)

General 
information

Type of 
solution (building 

components, 
mechanical 

system, digital 
technology)

Constraints 
(e.g., social, 
economic, or 

technical 
barriers)

Replicability 
potential

Exploitability 
and market 
readiness; 

Contact details 
of promoter

FIG. 3 Best Pract!ces collect!on process, database of !nnovat!ve solut!ons/products, and techn!cal requ!rements.

3.4.1 Techn!cal requ!rements checkl!st for prefabr!cated 
modular !ndustr!al!sed solut!ons 

The correct appl!cat!on of !nnovat!ve prefabr!cated modular !ndustr!al!sed components and related 
products !s a cruc!al factor !n ensur!ng qual!ty and ach!ev!ng successful outcomes. To support 
feas!b!l!ty assessments, the techn!cal requ!rements for each product were collected !n the templates 
used for the “Best Pract!ces collect!on”. Subsequently, the techn!cal requ!rements were grouped !nto 
a comprehens!ve l!st, shown !n Table 2.

At a later stage, dur!ng an !n-person co-workshop, the five BUPS teams were requested to evaluate 
the most s!gn!ficant barr!ers for each type of !nnovat!ve product. The output was a techn!cal 
requ!rements checkl!st for each product category. These checkl!sts m!ght be fac!l!tat!on tools to 
support qu!ck feas!b!l!ty assessments. They m!ght be used, part!cularly by arch!tects, at the early 
stages of the retrofit des!gn phase, serv!ng as dec!s!on-mak!ng a!ds to ver!fy whether a product 
meets the necessary techn!cal requ!rements and can be adopted. Th!s approach s!mpl!fies 
repl!cat!ng the process across d!$erent bu!ld!ngs and contexts throughout Europe. 
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TABLE 2 L!st of techn!cal requ!rements

Building 
data

Homeowners Coord!nat!on w!th occupants

Informat!on and clear commun!cat!on

General information Property Ownersh!p: S!ngle owner or mult!-property

Hous!ng Tenure: Owned or rented

Bu!ld!ng Use: Res!dent!al, tert!ary, san!tary, sports, etc.

Bu!ld!ng Typology: SFH (S!ngle Fam!ly House) / MFH (Mult! Fam!ly House)

Year of construct!on of the bu!ld!ng

NO monumental protect!on: If the bu!ld!ng !s not under her!tage protect!on

NO colour restr!ct!ons !n arch!tecton!c elements, such as façades, roofs, etc. 

Expans!on Potent!al: Poss!b!l!ty to bu!ld more floors or !ncrease the useful surface.

Building-related 
requirements

Number of Floors

Number of underground floors

Dwell!ng Surface (m2)

Bu!ld!ng he!ght: e.g., free he!ght from street level

Indoor He!ght: free he!ght between pavement and ce!l!ng

Renovat!on S!ze: number of m2 renovated (façades, roof) or number of elements (e.g., w!ndows)

Structural Type: Mater!al and structure (wall, p!llars).

Structural Capac!t!es of the ex!st!ng bu!ld!ng.

Techn!cal Room: Ex!stence and s!ze 

Per!metral Wall Length

Façade-related 
requirements

D!mens!on of the façade

Façade he!ght: e.g., free he!ght from street level

Co-planar façade geometry (e.g., s!mple façade geometry)

Façade Construct!on System: type of construct!on/mater!al

Presence of !nsulat!on

Presence of balcon!es, terraces, or other elements

Façade F!n!sh: Type of external fin!sh.

Window-related 
requirements 

Number of w!ndows to renovate (!s there a m!n!mum number of w!ndows to renovate?) 

Open!ngs Layout: D!str!but!on and var!ety/regular s!ze of open!ngs.

Open!ngs S!ze: W!ndow s!zes.

Roof-related 
requirements

Roof Type: Flat or slop!ng.

Roof S!ze: D!mens!ons (m2)

Roof Construct!on System: Type of construct!on.

Shad!ng and obstacles (ch!mney, antennas...)

Systems Electr!cal Network: Status of the home’s electr!cal network, c!rcu!t separat!on.

HVAC System: Type of heat!ng, vent!lat!on, and a!r cond!t!on!ng system.

Heat!ng/DHW System: Ind!v!dual or central!zed.

DHW System: Type of domest!c hot water system.

Ex!stence of thermal or electr!cal storage systems.

Ex!st!ng Renewable Energy Systems

Surroundings side conditions Façade or!entat!on

Shadows (on the façade/roof/w!ndows)

Poss!b!l!ty of crane access from the street

Free space between the façade to be renovated and the façade of the oppos!te bu!ld!ng (e.g., m!n!mum street 
w!dth, absence of phys!cal obstruct!ons such as vegetat!on, ut!l!ty l!nes, or other elements that could h!nder 
!nstallat!on act!v!t!es)

Poss!b!l!ty of so!l connect!on next to the façade

Poss!b!l!ty to !nstall sca$old!ng

>>>
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TABLE 2 L!st of techn!cal requ!rements

Regulatory compliance F!re

(nat!onal, local)

Energy e#c!ency and RES use

Waste reduct!on

C!rcular!ty

Water use restr!ct!ons

Energy shar!ng/energy commun!ty’s leg!slat!on

Labour 

Process management Tra!n!ng and expert!se, knowledge

Data mon!tor!ng

Coord!nat!on between d!$erent actors (e.g., constructor, des!gner)

4 RESULTS

Th!s chapter reports the outputs of the preparatory phase and the val!dat!on of the matchmak!ng 
approach, both !dent!fied by the BUPS teams’ support. The outputs of the preparatory phase are the 
“Best Pract!ces collect!on” and the “Checkl!st of techn!cal requ!rements,” wh!ch together form the 
database of knowledge on solut!ons, exper!ences, and know-how of the BUPS teams. The outputs 
of the matchmak!ng approach are !) the most !nterest!ng solut!ons (products) for d!$erent users !n 
d!$erent ecosystems, and !!) market read!ness by gap !dent!ficat!on. Compared to the trad!t!onal 
process, the matchmak!ng approach supports the retrofit dec!s!on-mak!ng process by !dent!fy!ng the 
most e$ect!ve prefabr!cated solut!ons across var!ous contexts, o$er!ng a compet!t!ve advantage from 
the exper!ence of a large group of des!gners (experts) over a s!ngle des!gn team (FIG. 4).

IDENTIFICATION OF ENERGY 
RENOVATION MAESURES

IDENTIFICATION OF ENERGY 
RENOVATION MAESURES

Design process

traditional process matchmaking approach

Design Team 
experiences &  

knowledge

DATABASE 
of product

BUPS-teams 
experiences &  

knowledge

ENERGY RETROFIT 
PROJECT

ENERGY RETROFIT 
REQUIREMENTS

FIG. 4 Matchmak!ng approach - advantages from a large body of knowledge from a large number of bu!ld!ng experts (as 
des!gners).
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A cruc!al aspect of the matchmak!ng approach !s the ab!l!ty to fac!l!tate an e$ect!ve match 
between solut!ons, contexts, and users. F!rst, the strategy focuses on help!ng the BUPS users to 
d!scover and understand the ava!lable !nnovat!ve solut!ons that transform structured data !nto 
mean!ngful !ns!ghts. Secondly, the matchmak!ng results a!m to support dec!s!on-mak!ng by 
enabl!ng them to compare and assess d!$erent opt!ons through a product catalogue and a checkl!st 
of techn!cal requ!rements, turn!ng raw data !nto act!onable knowledge. F!nally, look!ng toward 
the future, the strategy a!ms to fac!l!tate the gradual adaptat!on of solut!ons, markets, and user 
awareness as !ndustr!al!sat!on evolves. Th!s w!ll be ach!eved by !dent!fy!ng the spec!fic needs of 
the renovat!on context and sett!ng out a checkl!st of techn!cal requ!rements for each !nnovat!ve 
product. Th!s checkl!st w!ll consol!date and analyse the key data, fac!l!tat!ng the adopt!on and 
repl!cat!on of the products. 

4.1 BUPS TEAM COMPOSITION

The Bu!ldUPspeed project enabled engagement w!th a broad set of local stakeholders, rang!ng 
from techn!cally sk!lled actors (bu!ld!ng profess!onals, construct!on compan!es, manufacturers, 
and academ!c !nst!tut!ons) to demand-s!de representat!ves (such as homeowners and publ!c 
author!t!es). Th!s d!vers!ty was essent!al to ensure that the matchmak!ng approach captured 
both the techn!cal feas!b!l!ty of the best pract!ces and the pract!cal constra!nts of the Ecosystems. 
Across the five part!c!pat!ng EU countr!es, the BUPS teams brought complementary expert!se that 
shaped the !dent!ficat!on and evaluat!on of !nnovat!ve prefabr!cated solut!ons. Desp!te d!$erent 
levels of awareness and market matur!ty, every team (composed of 4-6 experts) contr!buted by: 
!) prov!d!ng deta!led descr!pt!ons of !nnovat!ve solut!ons, products, and processes (later analysed 
and collected !n a database) and !!) supply!ng key contextual !nformat!on for bu!ld!ng market 
character!sat!on, !nclud!ng bu!ld!ng stock, retrofit requ!rements, and local gaps. The!r common entry 
po!nt was locat!on-based analys!s, ensur!ng that each assessment cons!dered the spec!fic!t!es of the 
ecosystem. The teams’ compos!t!on h!ghl!ghts the heterogene!ty of expert!se mob!l!sed: 

 – Austr!a: Expert!se !n prefabr!cated façade and roof modules (AEE INTEC), ed!ble balcon!es for retrofits 
(ESSBAR - Rhomberg Bau), d!g!tal !nnovat!ons and BIM (AEE INTEC), and c!rcular!ty solut!ons such as 
RE-USE-BOX (BauKarussell, Austr!an Inst!tute of Ecology).

 – France: C!rcular deconstruct!on and rebu!ld!ng, “Re fa!r” susta!nable redevelopment 
approach (La Fab -DomoFrance ), and low-!mpact construct!on and d!sassembly-d!smantl!ng 
processes (NOBATEK, INEF4).

 – Italy: Prefabr!cated mult!funct!onal façades modules !ntegrat!ng RES systems (Eurac research) and 
Energ!esprong model (Edera).

 – Dutch: Prefabr!cated mult!funct!onal façade modules, b!omater!als, PV and heat pumps (Zuyd, WEBO), 
d!g!tal/ BIM technolog!es (DEMO).

 – Span!sh: D!sassembly/adaptab!l!ty (DfD/A) tool such as RE10, construct!on waste and costs 
est!mat!on tools, BIM catalogue (IVE), and prefabr!cated systems !nclud!ng CREE and CLT (ACR), 
supported by d!g!tal !nnovat!on (PTEC). 

Th!s compos!t!on not only prov!ded a w!de spectrum of techn!cal and organ!sat!onal perspect!ves but 
also !nfluenced the collected data (Chapters 4.2, 4.3), the qual!tat!ve outcomes of the matchmak!ng 
analys!s (Chapter 4.4), and the gaps !n repl!cab!l!ty (Chapter 4.5), fac!l!tat!ng the ta!lor!ng of solut!ons 
to local needs and support!ng the broader goal of accelerat!ng energy-e#c!ent retrofits across 
Europe. Countr!es w!th more robust markets, for example, !n prefabr!cat!on, have proposed more 
mature solut!ons, wh!ch also help other Ecosystems address system!c barr!ers, knowledge gaps, 
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regulatory constra!nts, and d!g!tal l!m!tat!ons more e$ect!vely. Conversely, countr!es w!th less 
developed markets have h!ghl!ghted challenges and contextual constra!nts that can !nform and 
refine the solut!ons proposed by more mature ecosystems.

4.2 CATALOGUE OF THE BEST PRACTICES

The representat!ve of the five BUPS teams contr!buted to the collect!on of “Best Pract!ces” by fill!ng 
!n a structured template that collected products and pract!cal exper!ences, both outcomes from 
prev!ous EU projects and !n-house solut!ons of BUPS partners, accord!ng to s!x cr!ter!a (Chapter 
3.4). The analys!s of the collected Best Pract!ces showed that many solut!ons present mult!ple 
pos!t!ve attr!butes across the s!x cr!ter!a, mean!ng they often address more than one object!ve 
s!multaneously. Th!s means that a s!ngle prefabr!cated modular solut!on can, for example, !mprove 
energy performance, enhance !ndoor env!ronmental qual!ty, support c!rcular!ty, reduce construct!on 
t!me and costs, and !ncrease worker safety, all at once. To !mprove usab!l!ty, the solut!ons collected 
!n the Catalogue of Best Pract!ces were organ!sed !nto three categor!es accord!ng to the!r nature: 
(!) Methodolog!es and Gu!del!nes, (!!) Solut!ons and Technolog!es, and (!!!) D!g!tal Technolog!es. 
Append!x A (Table 4) presents the Catalogue of Best Pract!ces, !nclud!ng the category, ma!n top!c, 
solut!on name, br!ef descr!pt!on, or!g!n (EU projects and !n-house products), and reference source. 
Subsequently, a data analys!s was conducted to structure a database of energy retrofit solut!ons by 
!dent!fy!ng cr!ter!a that !mprove the usab!l!ty of the collected !nformat!on. Th!s process ensured that 
retrofit requ!rements could be e$ect!vely l!nked to the appropr!ate solut!ons, allow!ng users to eas!ly 
access and filter prefabr!cated and !nnovat!ve retrofit opt!ons.

4.3 TECHNICAL REQUIREMENTS CHECKLIST 

To support feas!b!l!ty assessments and s!mpl!fy the adopt!on of !nnovat!ve products, the techn!cal 
requ!rements of each product category were !nvest!gated. The template used !n the Best Pract!ces 
collect!on !ncluded !nformat!on on repl!cab!l!ty potent!al, explo!tab!l!ty, market read!ness, and 
techn!cal barr!ers. Once all product data had been collected, the barr!ers were comp!led !nto a 
comprehens!ve l!st (Table 2). Next, the BUPS teams conducted a follow-up analys!s to !dent!fy 
the cr!t!cal barr!ers for each product, start!ng w!th the comprehens!ve barr!ers l!st. Us!ng five 
levels of !mportance (very !mportant, moderately !mportant, !mportant, relat!vely !mportant, 
and not !mportant), the BUPS teams defined the Techn!cal Requ!rements Checkl!st (Append!x 
B) for each product. The first two levels of the checkl!sts (very !mportant, moderately !mportant) 
represent mandatory requ!rements that must be sat!sfied for correct !mplementat!on, such as 
the dependence on boundary cond!t!ons and !nstallat!on feas!b!l!ty. For example, the Techn!cal 
Requ!rements Checkl!st for Prefabr!cated Façade Modules h!ghl!ghts three clusters of ‘very 
!mportant’ requ!rements:

 – Façade-related requirements !nclude the surround!ng context and regulatory constra!nts. Key data, 
such as the “façade d!mens!ons” and “co-planar façade geometry,” are cr!t!cal for assess!ng 
repl!cab!l!ty. For example, the façade area should exceed 30-40 m%, as !nvestment below th!s 
threshold !s typ!cally not econom!cally v!able.

 – Surrounding side requirements, the s!te must allow for su#c!ent “crane access from the street” and 
prov!de “free space between the façade to be renovated and the façade of the oppos!te bu!ld!ng (e.g., 
m!n!mum w!dth of the street, absence of phys!cal obstruct!ons, such as vegetat!on, ut!l!ty l!nes, or 
other elements that could h!nder !nstallat!on act!v!t!es)”. 
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 – Regulatory compliance: the prefabr!cated façade modules must comply w!th relevant nat!onal 
bu!ld!ng codes, part!cularly those related to “fire safety” and “se!sm!c” performance.

 – The “!mportant” techn!cal requ!rements for prefabr!cated façade modules !nclude a var!ety of factors, 
such as her!tage protect!on constra!nts, colour restr!ct!ons, the type of ex!st!ng façade mater!als, 
the presence of !nsulat!on, the number of w!ndows, and the overall bu!ld!ng he!ght (!.e., number of 
floors). Wh!le not un!versally cr!t!cal, these parameters shape the degree of adaptat!on needed for 
each solut!on and therefore a$ect the scale-up potent!al across d!$erent contexts.

Overall, the Techn!cal Requ!rements Checkl!sts funct!on as operat!onal dec!s!on-support tools. 
They are des!gned to ensure e$ect!ve !mplementat!on across d!verse bu!ld!ng contexts and to 
fac!l!tate dec!s!on-mak!ng by ant!c!pat!ng !nstallat!on constra!nts, resolv!ng potent!al obstacles, 
and !dent!fy!ng the cond!t!ons under wh!ch each product can be repl!cated or standard!sed. As a 
result, the checkl!sts promote the adopt!on of !nnovat!ve solut!ons and max!m!ze market uptake by 
clar!fy!ng where techn!cal feas!b!l!ty !s assured, where adaptat!on !s needed, and where repl!cat!on !s 
l!m!ted by context-spec!fic constra!nts.

4.4 MATCH! INTERESTING SOLUTIONS FOR DIFFERENT 
USERS IN DIFFERENT ECOSYSTEMS

Draw!ng on local part!cular!t!es, such as bu!ld!ng stock, energy renovat!on requ!rements, and 
ava!lable capac!t!es, each BUPS team !mplemented the part!c!patory matchmak!ng approach 
through an !n-person workshop to !dent!fy the most prom!s!ng solut!ons. Us!ng the Best Pract!ces 
Catalogue (Append!x A), each team engaged !n a structured d!scuss!on-based evaluat!on process 
to determ!ne the su!tab!l!ty levels of the collected solut!ons for the!r spec!fic ecosystem. Th!s 
assessment cons!dered factors l!ke retrofit needs, bu!ld!ng-sector matur!ty, and pr!or!ty renovat!on 
challenges. Dur!ng the workshop, the experts evaluated each solut!on based on techn!cal and 
mater!al feas!b!l!ty relat!ve to local construct!on pract!ces, !mplementat!on feas!b!l!ty (!nclud!ng 
workforce sk!lls and manufactur!ng capac!ty), compl!ance w!th nat!onal and reg!onal renovat!on 
requ!rements, and ant!c!pated l!m!ts to repl!cab!l!ty, awareness, or user acceptance. Based on 
th!s collect!ve analys!s, each team ass!gned one of three su!tab!l!ty levels: very su!table (xxx), 
moderately su!table (xx), or potent!ally su!table (x) us!ng consensus rather than numer!cal scor!ng. 
The evaluat!on results are reported !n Table 3.

These outputs !dent!fied the most !nterest!ng and prom!s!ng solut!ons for each Ecosystem (Austr!a, 
France, Italy, the Netherlands, and Spa!n). They prov!de valuable !ns!ghts that clar!fy wh!ch 
solut!ons, products, technolog!es, or d!g!tal technolog!es are su!table for each Ecosystem, accord!ng 
to the bu!ld!ng stock character!st!cs, retrofit needs, and market matur!ty (e.g., regulatory barr!ers 
or other cond!t!ons that l!m!t the!r uptake). Collect!vely, these !ns!ghts can !nform value-added 
!nnovat!on and gu!de future !nvestments by var!ous stakeholders, !nclud!ng !nvestors, construct!on 
compan!es, and manufacturers.
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TABLE 3 Level of !nterest!ng solut!ons for each Ecosystem: very su!table (xxx), moderately su!table(xx), potent!ally su!table(x), and not su!table

Product type Short description AT FR ES NL IT

End of Life Manual Manual deconstruction and dismantling activities XXX XXX X XX XXX

Repository of EE and IEQ 
performance evaluation in EU 
countries

Repository of energy performance evaluation results for di"erent 
type of buildings in di"erent type of climate context

XXX XXX X XX XXX

Advanced window Solar Window Block X XXX XXX XX XXX

Active Window System X XXX XXX XX

BGTEC smart windows X XXX XX

Bloomframe® folding balcony X XX X X

HVAC component HVACsystems - air-heat pump -DHW storage - MODULE XX XX XX

Energy storage XXX XXX XX XX

Micro heat pumps façade-integrated XXX XXX XX X X

New envelope component PAN rooftop retrofitting/ extension module XXX XX X

Balcony system technologies Edible balcony gardens for retrofit - Vertical greening technology for 
the city 

XX XX XX XX

Exterior finishing 3D printing and robotics Source: P2EnDURE X X X

Prefabricated modules for façades 
& roofs

Prefabricated façade (insulation and PV integrated) XXX XXX XXX XX X

Prefabricated active modules for façades. XXX XX XX XX

Prefabricated timber façade integrated with di"erent technologies 
(e.g., PV, greening) 

XXX XX XX XX

Prefabricated timber façade XXX XXX XXX XX XXX

Multifunctional prefabricated timber façade integrated with other 
technologies

XX XX XX XX

Prefabricated concrete panel X XX X XXX

Micro-heat pumps façade-integrated XXX X XX XXX X

Digital technology for monitoring 
system

Life Cycle Cost Façade tool X XXX XXX XX XXX

BIM platform X XXX X XXX XX

RE LCC X XXX X XX XX

One Stop Access Platform (OSAP) XXX XXX X

Building energy performance simulation (BEPS) tools into the BIM 
platform

XXX XXX X XXX XX

Digital technology for monitoring 
system

Monitoring system XX XXX XXX XX

Digital technologies for circularity, 
end-of-life, assembly & 
disassembly

End of Life tool X XXX XXX XX

Disassembly and adaptability analysis tool (ISO 20887:2020 
standard)

X XXX XXX

Construction and demolition waste management X XXX XXX XXX

Digital technologies for IEQ and 
Energy-Performance evaluation

BIM platform X X XXX XX

Open BIM for analytical model XX X XXX

Meta building optimization tool (BIM tool) X X XXX

BIM construction solution catalogue XX XX XXX

RE energy tool XX XXX XXX

PV system platform XXX XXX XX

One Stop Access Platform (OSAP) XXX XX X

Human comfort Comfort Eye X XXX XX XXX XX

Building site management RE Onsite XXX XX X X

RE Asset management XX X XX

Online BIM viewer XX X X
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4.5 READINESS OF DIFFERENT ECOSYSTEMS

Once the l!st of poss!ble cultural, econom!c, regulatory, and processual and techn!cal gaps was 
comp!led (Table 1), the BUPS teams selected the local constra!nts from th!s comprehens!ve l!st 
that could l!m!t the adopt!on and repl!cat!on of the !nnovat!ve solut!ons and products collected !n 
the Best Pract!ces catalogue. Through a part!c!patory approach, based on an !n-person workshop, 
the 5 BUPS teams d!scussed and !dent!fied the most common local barr!ers !n each context of 
each product category (prefabr!cated façade, HVAC, RES technolog!es, control systems, mon!tor!ng 
systems, bu!ld!ng enhancement, database and repos!tory, d!g!tal technolog!es, process!ng serv!ces, 
platform, and user !nteract!on). Each team ass!gned a score of 1 for every barr!er !dent!fied !n the!r 
local Ecosystem, and a score of 0 (null) when there were no barr!ers. As a result, each category of 
product/solut!on category could accumulate up to 5 po!nts per gap (one for each team), h!ghl!ght!ng 
wh!ch gaps are most frequently encountered across all Ecosystems (FIG.5). The figure shows the 
d!str!but!on of the cultural, soc!al, procedural, and techn!cal and financ!al barr!ers for each solut!on 
category. Notably, soc!al and cultural gaps are the most prevalent obstacles l!m!t!ng the adopt!on of 
!nnovat!ve technolog!es. The most common soc!al barr!er !s “resistance to implement changes and 
innovations”, followed by the three cultural barr!ers “lack of knowledge and understanding”, “lack of 
experience”, and “lack of knowledge on circularity criteria (in the demolition phase, reuse of materials)”.

FIG. 5 D!str!but!on of cultural, soc!al, procedural, techn!cal, and financ!al barr!ers for each solut!on category.

In add!t!on, the relat!onsh!p between the trend !n barr!ers w!th!n each Ecosystem and the solut!on 
category can be analysed !ndependently. FIG. 6 shows the d!str!but!on of the barr!ers across the 
five Ecosystems for the “Prefabr!cated Modules for Façades” category. The most s!gn!ficant barr!ers 
to the adopt!on of prefabr!cated façade modules across all ecosystems are pr!mar!ly cultural and 
processual/techn!cal. Culturally, the “lack of knowledge on circularity criteria (in demolition phase, 
reuse of materials)” stands out as a major obstacle. On the processual and techn!cal s!de, a key 
barr!er !s the “lack of adequate procurement procedures of industrialized/prefabricated solutions (e.g., 
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mono-multicomponent elements), costs, and criteria”. Recogn!s!ng these gaps !s essent!al for plann!ng 
targeted !n!t!at!ves to reduce barr!ers and promote the use of such technolog!es. For example, to 
address cultural gaps, educat!onal !n!t!at!ves can !nclude tra!n!ng and workshops, exchange events, 
and the development of gu!del!nes and modules to promote the use of c!rcular!ty cr!ter!a.

FIG. 6 D!str!but!on of the barr!ers across the five Ecosystems (FR, NL, AT, IT, SP) for the “Prefabr!cated Modules for Façades” 
category.

5 DISCUSSION

The work descr!bed presents a qual!tat!ve approach for !dent!fy!ng the most !nterest!ng and 
repl!cable !nnovat!ve !ndustr!al!sed solut!ons and products across d!$erent contexts. The central 
challenge addressed !s the trans!t!on of the retrofit market from trad!t!onal renovat!on solut!ons 
to !nnovat!ve !ndustr!al!sed processes and products. To th!s end, a matchmak!ng approach was 
appl!ed to select the most e$ect!ve and !nterest!ng solut!ons from a predefined database of products, 
leverag!ng the collect!ve expert!se of mult!d!sc!pl!nary teams. To ensure contextual relevance, 
the study mapped several key aspects: geograph!cal cl!mate cond!t!ons, bu!ld!ng pol!c!es and 
regulat!ons, character!st!cs of the bu!ld!ng stock and deep retrofit packages, retrofit !ncent!ves, 
and local players and capac!t!es. The mapp!ng act!v!t!es also cons!dered the local exper!ences w!th 
!nnovat!ve !ndustr!al!sed products and technolog!es, w!th part!cular attent!on to prefabr!cated 
solut!ons, c!rcular processes, and d!g!tal technolog!es. A core methodolog!cal element was the 
engagement of !nformed stakeholders (such as bu!ld!ng experts, pol!cymakers, bu!ld!ng compan!es, 
and manufacturers) w!th!n the BUPS project framework. F!ve expert teams (BUPS teams), 
composed of key actors from five EU countr!es (AT, FR, IT, NL, SP), shared pos!t!ve exper!ences 
w!th !ndustr!al!sed prefabr!cated products and processes. One of the results of th!s collaborat!ve 
process was a catalogue of “Best Pract!ce”, collect!ng !nnovat!ve solut!ons and products from the!r 
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profess!onal exper!ence and prev!ous EU projects. In parallel, to fac!l!tate the repl!cat!on of such 
!nnovat!ve products, a techn!cal requ!rements checkl!st was developed as a fac!l!tator tool for each 
product type. At the same t!me, ecosystem market barr!ers that l!m!t the uptake of prefabr!cated and 
!ndustr!al!sed solut!ons were !dent!fied, h!ghl!ght!ng cr!t!cal constra!nts related to sk!lls, processes, 
and market read!ness.

From a user perspect!ve, the outcomes of th!s work are relevant to both aware and less-aware 
stakeholders, who nonetheless share a common object!ve: the adopt!on of !ndustr!al!sed solut!ons 
!n ex!st!ng bu!ld!ngs and renovat!on projects. The entry po!nt !s locat!on-related, cons!der!ng both 
bu!ld!ng stock and market constra!nts. The l!m!tat!on of th!s work l!es !n the val!dat!on phase, wh!ch 
!nvolved a l!m!ted number of stakeholders and pr!mar!ly those already fam!l!ar w!th !nnovat!ve 
solut!ons. To strengthen robustness and general!sab!l!ty, future val!dat!on act!v!t!es should !nvolve a 
broader and more d!verse group of actors, !nclud!ng less-aware users. 

Engag!ng such users would enable the assessment of acceptance levels and percept!ons, both 
pos!t!ve and negat!ve, towards !ndustr!al!sed renovat!on solut!ons. For example, !f there are negat!ve 
aesthet!c percept!ons of a spec!fic !ndustr!al!sed solut!on, !t !s necessary to !nvolve des!gners and 
developers !n !mprovement processes and/or change users’ awareness. Ra!s!ng awareness !s cruc!al 
for the bu!ld!ng sector to sh!ft towards c!rcular construct!on and susta!nable processes (e.g., reuse, 
recycle, restore). In l!ne w!th th!s bottom-up approach, the New European Bauhaus !n!t!at!ve a!ms 
to support the green trans!t!on by !mprov!ng well-be!ng and a sense of belong!ng, gu!ded by three 
cr!ter!a: together, beaut!ful, susta!nable. 

6 CONCLUSIONS

Th!s study h!ghl!ghts the potent!al of a qual!tat!ve, context-sens!t!ve matchmak!ng approach as a 
strateg!c !nstrument to support and accelerate the adopt!on of !ndustr!al!sed prefabr!cated solut!ons 
across bu!ld!ngs !n d!$erent ecosystems. By valor!s!ng predefined technolog!es (collected !n the 
catalogue of best pract!ces), the approach acts as a fac!l!tator help!ng stakeholders to !dent!fy 
modular prefabr!cated solut!ons compat!ble w!th local bu!ld!ng character!st!cs and boundary 
cond!t!ons, !nclud!ng regulatory frameworks, market cond!t!ons, and stakeholder capac!t!es. 

In th!s perspect!ve, the !ntegrat!on of techn!cal requ!rement checkl!sts represents a key enabl!ng 
element to reduce uncerta!nty and support the feas!b!l!ty assessment of !nnovat!ve solut!ons !n real 
renovat!on contexts. At the same t!me, !dent!fy!ng local shortcom!ngs !s a necessary step to !nform 
future !n!t!at!ves a!med at overcom!ng ex!st!ng constra!nts. For example, where l!m!ted adopt!on !s 
l!nked to gaps !n techn!cal knowledge or sk!lls, targeted act!ons such as tra!n!ng programmes or 
demonstrat!on spaces may be forecasted. 

Moreover, the matchmak!ng approach can be ut!l!sed !n mult!ple ways for var!ous purposes by 
d!$erent stakeholders !) as a dec!s!on-support tool for des!gn teams operat!ng across d!verse 
contexts; !!) as a feedback mechan!sm for developers and compan!es to dr!ve the cont!nuous 
!mprovement of products; !!!) as a strateg!c support tool for publ!c author!t!es and !nvestors to gu!de 
strateg!c plann!ng for !ncent!ves and !nnovat!ve !nvestment models; and !v) as an awareness-ra!s!ng 
!nstrument for bu!ld!ng users, a!med at !mprov!ng understand!ng and acceptance of these solut!ons. 
In th!s sense, the approach can be further developed and scaled to support more system!c trans!t!ons 
towards !ndustr!al!sed and c!rcular renovat!on pract!ces.
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bu!ld!ngs14061764
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7 APPENDIX A

Table 4 reports the Best Pract!ces collected, d!v!ded by solut!on type (category and ma!n top!c), name, 
br!ef descr!pt!on, EU projects, !n-house products, and source.

TABLE 4 Level of !nterest!ng solut!ons for each Ecosystem: very su!table (xxx), moderately su!table(xx), potent!ally su!table(x), and not su!table.

Category Main topic Title Brief description Project Source

Guidelines, 
methodologies

End of Life Manual 
deconstruct!on 
and d!smantl!ng 
act!v!t!es

Understand!ng of the added value of the d!$erent 
approach !n plann!ng the deconstruct!on phase.

Soc!al Urban 
M!n!ng

(“Manual 
Deconstruct!on 
and D!smantl!ng 
Act!v!t!es,” 2024)

Energy and IEQ 
Performance 
Evaluation

Repos!tory 
of results for 
performance 
evaluat!on

A set of s!mulat!ons !n s!x European geoclusters ap-
ply!ng several renovat!on packages (always !nclud!ng 
the prefabr!cated façade for retrofit) to evaluate the 
performance of the bu!ld!ng after renovat!on.

4R!nEU (“Deep 
Renovat!on 
Packages”, 2020)

Solutions and 
Technologies

Advanced 
window

Smart W!ndow 
k!t

Prefabr!cated wooden façades w!th !ntegrated 
technolog!es that !nclude green façades, mechan!cal 
vent!lat!on un!ts, BIPV, BIST, and smart w!ndows w!th 
shad!ng systems controlled by !ntegrated sensors !n 
the DGU.

Infin!te (“IN-
FINITE”,2023)

Solar W!ndow 
Block

An autonomous, mult!funct!onal, and prefabr!cated 
w!ndow system that !ntegrates an !nsulat!ng frame, 
a h!ghly e#c!ent w!ndow, a PV module, a shad!ng 
system, and a decentral!sed vent!lat!on mach!ne.

Energy-
Match!ng

(“Solar W!ndow 
Block”, 2023)

Act!ve W!ndow 
System

A modular t!mber frame system, movable adapt!ve 
shad!ng system, !ntegrated decentral!zed vent!lat!on 
dev!ce, and the !nteract!on between shad!ng, sem!-ven-
t!lated cav!ty, and decentral!sed vent!lat!on dev!ce, to 
explo!t the shad!ng cav!ty vent!lat!on for opt!m!s!ng 
!ndoor a!r qual!ty and energy consumpt!on.

CulturalE (“Smart 
Technolog!es”, 
2021)

BGTEC smart 
w!ndows

Smart w!ndow w!th rotat!ng and lock!ng mechan!sms 
that enhance ant!-burglary features, w!th fully 
!ntegrated electromagnet!c lock!ng fully !ntegrated !nto 
the frame.

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)

Window – 
Balcony

Bloomframe® 
fold!ng balcony

A w!ndow-balcony appl!cable both !n new and ex!st!ng 
bu!ld!ngs, espec!ally where a regular balcony !s not 
poss!ble or not allowed.

P2ENDURE (“Bloomframe”, 
2022)

Innovative 
Plaster

3D pr!nt!ng and 
robot!cs

3D pr!nt!ng !s pr!mar!ly used to create plaster!ng 
w!th a spec!al l!mestone mater!al on concrete walls, 
vent!lat!on ducts, or water p!pes. It prov!des 3D exter!or 
fin!sh!ng !n comb!nat!on w!th pa!nt!ng.

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)

Prefabricated 
Envelope

Modular 
prefabr!cated 
t!mber façade 

A mult!funct!onal t!mber façade a!m!ng at a qu!ck 
!nstallat!on process for bu!ld!ng renovat!on.

Legnatt!vo (Sebast!an!, 
D’Amore, P!nott!, 
& Pampan!n, 
2024)

Mult!funct!onal 
Prefabr!cated 
t!mber façade 

A t!mber frame mult!funct!onal façade for bu!ld!ng 
retrofit, !ntegrat!ng a vent!lat!on mach!ne, new 
w!ndows, new shad!ngs, and !nsulat!on.

4R!nEU (“Demo Cases”, 
2021)

Modular 
prefabr!cated 
t!mber façade 

Prefabr!cated wooden façades w!th !ntegrated 
technolog!es that !nclude green façades, mechan!cal 
vent!lat!on un!ts, BIPV, BIST, and smart w!ndows w!th 
shad!ng systems controlled by !ntegrated sensors !n 
the DGU.

Infin!te (“INFINITE”, 
2023)

EASEE Concrete 
Prefabr!cated 
Panel

Two layers of Text!le Re!nforced Concrete (1.2 cm 
each) and an !nsulat!on core between them made 
of expanded polystyrene (10 cm) for h!gh thermal 
performance and h!gh adaptab!l!ty.

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)
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Category Main topic Title Brief description Project Source

Solutions and 
Technologies

Prefabricated 
Envelope

PnPprefabH-
VACsystems

A!r heat pump, storage capac!ty for domest!c hot water 
(DHW), mechan!cal vent!lat!on system, expans!on 
barrel, and control systems. The appl!cat!on of smart 
connectors s!gn!ficantly reduces the on-s!te mount!ng 
t!me. 

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)

Energy storage Compact seasonal storage system based on novel 
h!gh-dens!ty mater!als that can supply requ!red 
heat!ng, cool!ng, and domest!c hot water (DHW) w!th up 
to 100% RES.

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)

M!croheatpumps 
façade 
!ntegrated

M!cro heat pumps for gas-phase Out !n mult!-storey 
res!dent!al bu!ld!ngs w!th!n prefabr!cated façades.

PhaseOUT  

Prefabr!cated 
façade

Prefabr!cated façade elements w!th !ntegrated external 
wall heat!ng and PV.

EXCESS (“EXCESS”, 2022)

Prefabr!cated 
façade

Energy act!ve, ser!al, and mult!funct!onal bu!ld!ng 
envelope elements (Project started !n early 2023).

RENVELOPE

Monitoring 
system

aBMS 
ADAPTABLE 
BMS

Prefabr!cated wooden façades w!th !ntegrated 
technolog!es that !nclude green façades, mechan!cal 
vent!lat!on un!ts, BIPV, BIST, and smart w!ndows w!th 
shad!ng systems controlled by !ntegrated sensors !n 
the DGU.

Infin!te (“INFINITE”, 
2023)

Mon!tor!ng 
system

Env!ronmental and structural mon!tor!ng systems, 
embedded !n prefabr!cated structural elements.

BUILT2SPEC (“Bu!lt2Spec”, 
n.d.)

Innovative insu-
lation-structural 
panels

Prefab panels 
composed of two 
layers of Text!le 
Re!nforced 
Concrete 

Prefab panels composed of two layers of Text!le 
Re!nforced Concrete and an !nsulat!on core between 
them made of expanded polystyrene 

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020) https://
www.
p2endure-proj-
ect.eu/en/
demonstrat!on/
plug-play-
solut!ons

Building 
enhancement

PAN rooftop 
retrofitt!ng 
extens!on 
module

A flat roof !s renovated to new-bu!ld standards w!th the 
opt!on of !nd!v!dual !mprovements, such as an extra 
skyl!ght or your own energy generat!on.

P2ENDURE (“P2Endure | 
PLUG & PLAY 
SOLUTIONS”, 
2020)

Ed!ble Balcony 
gardens for 
Retrofit - Ver-
t!cal Green!ng 
technology for 
the c!ty

Ed!ble balcony gardens for retrofit a!m to reduce 
heat-!sland e$ects and bu$er ra!nwater peaks dur!ng 
heavy ra!n events, !mprov!ng the renovat!on by 
green!ng measures on ex!st!ng bu!ld!ngs. 
The ESSBAR project addresses these problems 
and essent!al object!ves of the tender and a!ms to 
demonstrate an a$ordable, resource-sav!ng and 
!nnovat!ve green!ng solut!on w!th ed!ble plants on 
the vert!cal surfaces of ex!st!ng bu!ld!ngs focus!ng on 
people's needs for green open space.

ESSBAR (“ESSBAR”,2023)

Digital 
technology

Life Cycle 
assessment 
(Cost / Environ-
mental impact/ 
End-of-Life)

L!fe Cycle Cost 
Façade tool

An LCC tool espec!ally des!gned to compare façade 
solut!ons.

Legnatt!vo (“Legnatt!vo2, 
2019)

BIM platform BIM platform where the bu!ld!ng’s geometr!c model !s 
uploaded, and d!$erent tools for LCC, LCA, Energy and 
PV, O&M, and Installat!on can be accessed.

Infin!te (“INFINITE”, 
2023)

End of L!fe tool End of L!fe (EoL) tool developed to analyse the waste 
management plan of the d!$erent components and 
mater!als !ncluded !n the technolog!es developed 
w!th!n the project.

Energy-
Match!ng
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Category Main topic Title Brief description Project Source

Digital 
technology

Life Cycle 
assessment 
(Cost / Environ-
mental impact/ 
End-of-Life)

One Stop Access 
Platform (OSAP) 

A set of easy-to-use tools and serv!ces for fast and 
adaptable renovat!on processes. Data collect!on, 
data management (us!ng extended BIM capac!t!es), 
data-dr!ven des!gn (e.g., !nd!cat!ve pr!mary energy 
consumpt!on of a real bu!ld!ng based on pre-s!mulated 
reference models, env!ronmental susta!nab!l!ty tracker, 
and BIM-based LCA/LCC, automat!c BIM from 2D 
plans).

BIM4REN (“B!m4Ren”, 
2022)

D!sassembly 
and adaptab!l!ty 
(DfD/A) analys!s 
tool.

The tool analyses each of the twelve cr!ter!a set out !n 
the ISO 20887:2020 standard (Versat!l!ty, Convert!b!l!ty, 
Expandab!l!ty, Ease of access to components and 
serv!ces, Independence, Revers!ble connect!ons, Avo!d-
ance of unnecessary treatments and fin!shes, Support 
for c!rcular economy, S!mpl!c!ty, Standard!sat!on, 
Safety when d!smantl!ng, Durab!l!ty), adapt!ng them to 
res!dent!al bu!ld!ng renovat!on.

RE10 (“RE10 | IVE”, 
2023)

Construct!on and 
demol!t!on waste 
management

The tool generates a document !nclud!ng the est!mated 
measurements of construct!on waste generated, the 
spec!fic techn!cal prescr!pt!ons for on-s!te waste 
management operat!ons, and an econom!c est!mate of 
these operat!ons.

RCDs Tool (“RCD”, 2023)

RE LCC BIM-based LCC calculat!on where open-source files, 
such as IFC, are requ!red for geometry data extract!on, 
and, w!th a connect!on to a cost database, the LCC 
calculat!on can be performed for d!$erent t!me per!ods 
and d!$erent user-defined parameters.

RE Su!t (“Bu!ld!ng 
Management”, 
2023)

Energy and IEQ 
Performance 
Evaluation

PV system 
platform 

Energy Match!ng Platform. The tool suggests 
prel!m!nary configurat!ons for the PV system (the 
capac!ty and pos!t!on of the photovolta!c modules, plus 
the capac!ty of the electr!c storage).

Energy-
Match!ng

(“Energy 
Match!ng 
Platform”, 2021)

BIM construct!on 
solut!on 
catalogue

Onl!ne appl!cat!on that o$ers a w!de range of 
construct!on solut!ons (façades, roofs, floors, walls, 
part!t!ons, w!ndows), prov!d!ng !nformat!on on the!r 
thermal, acoust!c, waterproofing, fire protect!on, etc. 
performance.

BIM 
catalogue

(“Catalogue of 
Construct!ve 
Elements”, 2022)

D!g!tal tw!n 
platform (w!th 
6D BIM model) 
Bu!ld!ng energy 
performance 
s!mulat!on 
(BEPS) tools !nto 
the BIM platform

A bu!ld!ng energy modell!ng !ntegrat!on !nto BIM 
models alongs!de real-t!me !ntegrat!on of actual energy 
performance of the bu!ld!ng !nto a d!g!tal model. 
Data-dr!ven dec!s!on mak!ng for renovat!on.

PRECEPT (“Precept”, n.d.)

Open BIM 
analyt!cal model

Open BIM analyt!cal model !s a tool that develops 
analyt!cal models for thermal and acoust!c s!mulat!ons. 
It !ncludes opt!ons that allow an analyt!cal model to be 
created d!rectly w!th!n the program or automat!cally 
generated from BIM models !n IFC format.

BIM-SPEED (“CYPE 
Software”, 2024)

Megabu!ld!ng 
Opt!m!zat!on 
Tool

AI technology that enables real estate profess!onals 
to create better bu!ld!ngs. Based on BIM and bu!ld!ng 
s!mulat!ons, we explore b!ll!ons of poss!ble scenar!os 
for each project.

BIM-SPEED (“Metabu!ld 
GmbH”, 2025)

RE Energy tool The tool prov!des all the essent!al features to ut!l!se 
and explo!t the benefits of energy-related bu!ld!ng 
!nformat!on. It allows corporat!ons, hous!ng managers, 
and consultants to e#c!ently mon!tor the energy 
performance of real estate and acqu!re/manage energy 
performance cert!ficates.

RE Su!t (“RE Su!te,” n.d.)

Comfort Eye The Comfort eye enables the assessment of 
thermal comfort and a!r qual!ty to support res!dent!al 
renovat!on projects.

BIM-SPEED
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Category Main topic Title Brief description Project Source

Digital 
technology

Energy and IEQ 
Performance 
Evaluation

3DASH tool !s 
a plug-!n for 
REVIT 

The “3DASH tool” (3D Automat!c Surfaces Handl!ng 
- REVIT plug-!n) automat!cally detects and creates 
BIM ent!t!es (walls for now) from 3D po!nt clouds 
(PTX, PTS, PLY formats) acqu!red by laser scann!ng or 
photogrammetry systems.

BIM-SPEED (“3DASH Tool”, 
2020)

Building site 
management

Onl!ne BIM 
v!ewer

Integrated onl!ne WebGL v!ewer for mak!ng BIM 
models ava!lable on-s!te, to access BIM !nfo from the 
construct!on s!te.

BUILT2SPEC (“Bu!lt2Spec”, 
n.d.)

RE Ons!te An app to collect data on ex!st!ng bu!ld!ngs from 
!nhab!tants. The appl!cat!on can be used by anyone 
!nvolved !n a renovat!on project who needs to collect 
data on ex!st!ng bu!ld!ngs to perform needed analys!s.

RE Su!t (“RE Ons!te”, 
n.d.)

RE Asset Man-
agement and RE 
Ma!ntenance

The tool allows part!es to mon!tor the management 
process clearly, e#c!ently, and !n real-t!me. 
Inspect!on and surveys can be performed object!vely 
by send!ng d!g!tal data d!rectly from the s!te w!thout 
any paperwork !n between.

RE Su!t (“Bu!ld!ng 
Management”, 
n.d.)
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8 APPENDIX B

Techn!cal requ!rements checkl!sts of d!$erent products.

TABLE 5 Techn!cal requ!rements checkl!st for prefabr!cated façades modules.

Prefabricated Façade  

Very important Façade feature D!mens!on of the façade 5

Co-planar façade geometry (e.g., s!mple façade geometry) 5

Surroundings Poss!b!l!ty of crane access from the street 5

Free space between the façade and the façade of the oppos!te bu!ld!ng 5

Regulations (national, 
local)

F!re 5

Se!sm!c 5

Important Homeowners Informat!on and clear commun!cat!on 4

Building general 
information

Year of construct!on of the bu!ld!ng 4

NO monumental protect!on: If the bu!ld!ng !s not under her!tage protect!on. 4

NO colour restr!ct!ons !n arch!tecton!c elements, such as façades, roofs 4

Building features Renovat!on s!ze: number of m2 renovated (façades, roof) or number of elements (e.g., w!ndows) 4

Structural type: Mater!al and structure (wall, p!llars). 4

Structural capac!t!es of the ex!st!ng bu!ld!ng. 4

Façade feature Façade he!ght: e.g., free he!ght from street level 4

Presence of !nsulat!on 4

Windows features Number of w!ndows to renovate (!s there a m!n!mum number of w!ndows to renovate?) 4

Open!ngs layout: d!str!but!on and var!ety/regular s!ze of open!ngs. 4

Open!ngs s!ze: W!ndow s!zes. 4

Process management Tra!n!ng and expert!se, knowledge 4

Coord!nat!on between d!$erent actors (constructor, des!gner) 4

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

Building general 
information

Property Ownersh!p: S!ngle owner or mult!-property. 3

Building features Number of Floors 3

Dwell!ng Surface (m2) 3

Bu!ld!ng he!ght: e.g., free he!ght from street level 3

Façade feature Façade construct!on system: type of construct!on/mater!al 3

Presence of balcon!es, terraces, or other elements 3

Façade fin!sh: type of external fin!sh 3

Regulations (national, 
local)

Energy e#c!ency and RES use 3

Waste redact!on 3

C!rcular!ty 3

Water use restr!ct!ons 3

Energy shar!ng/energy commun!ty’s leg!slat!on 3

Labour 3

Process management Data mon!tor!ng 3
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TABLE 6 Techn!cal requ!rements checkl!st for smart-advanced w!ndows.

Smart-advanced windows

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

Informat!on and clear commun!cat!on 3

Building general 
information

NO monumental protect!on: If the bu!ld!ng !s not under her!tage protect!on. 3

Windows features Number of w!ndows to renovate (!s there a m!n!mum number of w!ndows to renovate?) 3

Surroundings Poss!b!l!ty to !nstall sca$old!ng 3

Process management Tra!n!ng and expert!se, knowledge 3

Less Important Building general 
information

Property Ownersh!p: S!ngle owner or mult!-property. 2

Hous!ng tenure: owned or rented 2

Bu!ld!ng use: res!dent!al, tert!ary, san!tary, sports, etc. 2

Bu!ld!ng typology: SFH (S!ngle Fam!ly House) / MFH (Mult! Fam!ly House) 2

Year of construct!on of the bu!ld!ng 2

Building features Number of floors 2

Structural type: mater!al and structure (wall, p!llars). 2

Façade feature Co-planar façade geometry (e.g., s!mple façade geometry) 2

Windows features Open!ng layout: d!str!but!on and var!ety/regular s!ze of open!ngs. 2

Open!ng s!ze: w!ndow s!zes 2

Surroundings Façade or!entat!on 2

Shadows (on the façade/roof/w!ndows) 2

Poss!b!l!ty of crane access from the street 2

Regulations (national, 
local)

F!re 2

Energy e#c!ency and RES use 2

Process management Coord!nat!on between d!$erent actors (constructors, des!gners) 2

TABLE 7 Techn!cal requ!rements checkl!st for prefabr!cated balcon!es.

Prefabricated Balcony

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

Informat!on and clear commun!cat!on 3

Building general 
information

Year of construct!on of the bu!ld!ng 3

NO monumental protect!on: If the bu!ld!ng !s not under her!tage protect!on. 3

Façade feature Façade construct!on system: type of construct!on/mater!al 3

Presence of balcon!es, terraces, or other elements 3

Windows features Number of w!ndows to renovate (!s there a m!n!mum number of w!ndows to renovate?) 3

Less Important Building general 
information

Property ownersh!p: s!ngle owner or mult!-property. 2

Bu!ld!ng use: res!dent!al, tert!ary, san!tary, sports, etc. 2

Building features Bu!ld!ng he!ght: e.g., free he!ght from street level 2

Renovat!on s!ze: number of m2 renovated (façades, roof) or number of elements (e.g., w!ndows) 2

Façade feature Façade he!ght: e.g., free he!ght from street level 2

Co-planar façade geometry (e.g., s!mple façade geometry) 2

Windows features Open!ng s!ze: w!ndow s!zes 2

Surroundings Poss!b!l!ty of so!l connect!on next to the façade 2
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TABLE 8 Techn!cal requ!rements checkl!st for prefabr!cated modular roof systems.

Prefabricated modular roof systems

Very important Roof features Roof type: flat or slop!ng 5

Important Homeowners Informat!on and clear commun!cat!on 4

General information Year of construct!on of the bu!ld!ng 4

NO monumental protect!on: If the bu!ld!ng !s not under her!tage protect!on. 4

Roof features Roof s!ze: d!mens!ons (x or m2) 4

Roof construct!on system: type of construct!on 4

Shad!ng and obstacles (ch!mney, antennas) 4

Regulations (national, 
local)

F!re 4

Regulations (national, 
local)

Se!sm!c 4

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

General information Property ownersh!p: s!ngle owner or mult!-property. 3

Bu!ld!ng use: res!dent!al, tert!ary, san!tary, sports, etc. 3

NO colour restr!ct!ons !n arch!tecton!c elements, such as façades, roof 3

Building features Renovat!on s!ze: number of m2 renovated (façades, roof) or number of elements (e.g., w!ndows) 3

Structural type: mater!al and structure (wall, p!llars) 3

Structural capac!t!es of the ex!st!ng bu!ld!ng 3

Surroundings Poss!b!l!ty of crane access from the street 3

Process management Tra!n!ng and expert!se, knowledge 3

Coord!nat!on between d!$erent actors (constructors, des!gners) 3

TABLE 9 Techn!cal requ!rements checkl!st for modular heat pump systems.

Heat pump

Important Homeowners Coord!nat!on w!th occupants 4

Building General 
information

Property Ownersh!p: S!ngle owner or mult!-property 4

Bu!ld!ng use: res!dent!al, tert!ary, san!tary, sports, etc. 4

Building systems Electr!cal network: status of the home’s electr!cal network, c!rcu!t separat!on. 4

Heat!ng/DHW System: !nd!v!dual or central!sed. 4

DHW System: type of domest!c hot water system. 4

Regulations (national, 
local)

Energy e#c!ency and RES use 4

Moderately 
important

Building systems Ex!stence of thermal or electr!cal storage systems 3

Process management Coord!nat!on between d!$erent actors (constructors, des!gners) 3
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TABLE 10 Techn!cal requ!rements checkl!st for modular HVAC system.

HVAC

Important Building General 
information

Property ownersh!p: s!ngle owner or mult!-property. 4

Bu!ld!ng use: res!dent!al, tert!ary, san!tary, sports, etc. 4

Building Systems Electr!cal network: status of the home’s electr!cal network, c!rcu!t separat!on 4

HVAC system: type of heat!ng, vent!lat!on, and a!r cond!t!on!ng system 4

Process management Tra!n!ng and expert!se, knowledge 4

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

Informat!on and clear commun!cat!on 3

Building general 
information

Hous!ng tenure: owned or rented 3

Building features Techn!cal room: ex!stence and s!ze 3

Building Systems Heat!ng/DHW system: !nd!v!dual or central!sed 3

Ex!stence of thermal or electr!cal storage systems 3

Regulations (national, 
local)

Energy e#c!ency and RES use 3

Process management Coord!nat!on between d!$erent actors (constructors, des!gners) 3

TABLE 11 Techn!cal requ!rements checkl!st for RES !ntegrat!on.

RES (as BIPV)

Important Homeowners Informat!on and clear commun!cat!on 4

Building Systems Electr!cal network: status of the home’s electr!cal network, c!rcu!t separat!on 4

Surroundings Façade or!entat!on 4

Regulations (national, 
local)

Energy e#c!ency and RES use 4

Energy shar!ng/energy commun!ty’s leg!slat!on 4

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

General information Property ownersh!p: S!ngle owner or mult!-property. 3

Roof features Roof type: flat or slop!ng 3

Roof s!ze: d!mens!ons (x or m2) 3

Shad!ng and obstacles (ch!mney, antennas) 3

Surroundings Shadows (on the façade/roof/w!ndows) 3

Process management Data mon!tor!ng 3

TABLE 12 Techn!cal requ!rements checkl!st for control systems !ntegrat!on.

Control systems

Important Building Homeowners Informat!on and clear commun!cat!on 4

Building Systems Electr!cal network: status of the home’s electr!cal network, c!rcu!t separat!on 4

Regulations (national, 
local) 

Energy shar!ng/energy commun!ty’s leg!slat!on 4

Process management Data mon!tor!ng 4

Moderately 
important

Homeowners Coord!nat!on w!th occupants 3

Building general 
information

Property Ownersh!p: S!ngle owner or mult!-property 3

Building Systems HVAC System: type of heat!ng, vent!lat!on, and a!r cond!t!on!ng system 3

Heat!ng/DHW System: !nd!v!dual or central!sed. 3
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TABLE 13 Techn!cal requ!rements checkl!st for mon!tor!ng system !ntegrat!on.

Monitoring systems

Very Important Informat!on and clear commun!cat!on 5

Moderately 
important

Homeowners Informat!on and clear commun!cat!on 3

Building general 
information

Property ownersh!p: s!ngle owner or mult!-property. 3

Building Systems Electr!cal network: status of the home’s electr!cal network, c!rcu!t separat!on. 3

HVAC system: type of heat!ng, vent!lat!on, and a!r cond!t!on!ng system 3

Energy shar!ng/energy commun!ty’s leg!slat!on 3

Process management Tra!n!ng and expert!se, knowledge 3

Data mon!tor!ng 3

Coord!nat!on between d!$erent actors (constructors, des!gners) 3

TABLE 14 Techn!cal requ!rements checkl!st for bu!ld!ng enhancements through prefabr!cated and !ndustr!al!zed 3D solut!ons..

Building enhancement

Very Important Homeowners Coord!nat!on w!th occupants 5

Important Homeowners Informat!on and clear commun!cat!on 4

Building general 
information

Property ownersh!p: S!ngle owner or mult!-property. 4

Moderately 
important

NO monumental protect!on: If the bu!ld-!ng !s not under her!tage protect!on. 3
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Abstract 
As part of a project aimed at upgrading older, non-renovated buildings by retrofitting their envelopes 
to meet the European climate targets required by 2050, a low-cost Augmented Reality (AR) tool was 
developed to facilitate the renovation and maintenance process. Considering that the renovation process 
involves a large number of di#erent panels, which are assembled like a large puzzle in the building 
using plug-and-play techniques, traceability remains a challenge. To facilitate the assembly of the 
panels, which contain digital information, and using AR techniques, the panels will be displayed on the 
real building in their final position.
In this way, AR tools will bridge the gap between digital information and the real-world environment, 
allowing users to visualise information about the position to be installed in the real place. Additionally, 
the tool will have the option to display further information (such as safety instructions or installation 
details) related to each panel, ensuring that workers have all necessary information on-site. Developed 
as a web-based Single Page Application (SPA) compatible with standard smartphones and tablets via 
WebXR, the tool eliminates the need for expensive hardware or software installations.
The tool demonstrates the feasibility of using a cost-e#ective AR solution to provide necessary 
information to on-site operators, as well as generating real-time Key Performance Indicators (KPIs) and 
alerts that managers can consult.
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1 INTRODUCTION

The European decarbon!sat!on strategy (“2050 Long-term Strategy,” n.d.) !s closely al!gned w!th the 
object!ves of bu!ld!ng rehab!l!tat!on, h!ghl!ght!ng the cruc!al role that envelopes play !n ach!ev!ng 
these goals. Furthermore, the strategy underscores the !mportance of !ndustr!al!sat!on and 
prefabr!cat!on as key enablers of th!s transformat!on.

Accord!ng to the European Comm!ss!on, 85% of EU bu!ld!ngs were constructed before 2000, and 75% 
of them exh!b!t poor energy performance (“Energy Performance of Bu!ld!ngs D!rect!ve,” n.d.). Th!s 
fact underscores the urgent need for large-scale, e#c!ent renovat!ons to al!gn the bu!ld!ng stock w!th 
modern energy e#c!ency standards.

In th!s context, the use of prefabr!cated panels !n bu!ld!ng retrofits !s ga!n!ng recogn!t!on for !ts 
ab!l!ty to shorten construct!on t!mes and enhance energy performance. Prefabr!cat!on o$ers mult!ple 
benefits, !nclud!ng reduced waste, m!n!m!sed d!srupt!on to occupants, !mproved e#c!ency, faster 
!nstallat!on, h!gher qual!ty, !ncreased safety, and greater susta!nab!l!ty. Numerous European case 
stud!es have demonstrated the success of th!s approach !n retrofitt!ng projects, h!ghl!ght!ng best 
pract!ces and e$ect!ve !mplementat!on strateg!es (Callegaro & Albat!c!, 2023; Loebus, Ott, & W!nter, 
2014; Sousa et al., 2013). However, several pers!stent challenges h!nder !ts opt!mal !mplementat!on.

To support the successful execut!on of panel-based retrofitt!ng, !t !s essent!al to perform e$ect!ve 
!nformat!on management dur!ng the whole !nstallat!on and subsequent val!dat!on process. 
The renovat!on must be carr!ed out w!th rel!able and deta!led knowledge of the bu!ld!ng to be 
renovated, along w!th a sound understand!ng of the des!red result.

Prefabr!cated panels demand prec!se al!gnment and sequenc!ng dur!ng !nstallat!on. In retrofit 
scenar!os—where ex!st!ng structures may be !rregular or poorly documented—th!s complex!ty 
!ncreases the r!sk of m!sal!gnment, lead!ng to costly rework and delays. Wh!le X!ao and Bhola 
(2021) do not focus spec!fically on retrofitt!ng, they emphas!se that the lack of standard!sed 
des!gn processes and real-t!me feedback mechan!sms !n prefabr!cated systems often results !n 
!ne#c!enc!es and coord!nat!on breakdowns.

S!nce prefabr!cated components can be manufactured o$-s!te, !t !s essent!al to ensure accurate 
bu!ld!ng measurements and prec!se data exchange between the des!gn, manufactur!ng, and 
construct!on teams. Th!s coord!nat!on requ!res a h!gh degree of accuracy and attent!on to deta!l, 
part!cularly dur!ng the on-s!te assembly process, to guarantee a seamless fit and ensure that 
the prefabr!cated modules meet the requ!red spec!ficat!ons. L! et al. (2023) also state: “We can 
only s!gn!ficantly !mprove the construct!on process and reduce loss and waste !f !nformat!on 
!s shared throughout the des!gn, manufacture, transportat!on, assembly, construct!on, and 
ma!ntenance phases” (p. 3).

The use of Bu!ld!ng Informat!on Modell!ng (BIM) technology has rap!dly expanded among AECO 
(Arch!tecture, Eng!neer!ng, Construct!on, and Operat!ons) profess!onals. However, !t rema!ns 
pr!mar!ly focused on new des!gns and faces several challenges, !nclud!ng h!gh equ!pment and 
software costs (Azhar, 2024). BIM !s used !n façade renovat!on to ensure accurate data flow as !t 
creates a central!sed, accurate, and cont!nuously updated model that all stakeholders can access 
and rely on. In complex renovat!on projects, !nformat!on often comes from mult!ple sources, such 
as arch!tectural surveys, eng!neer!ng analyses, and construct!on s!te reports. W!thout a structured 
system, th!s data can eas!ly become fragmented, outdated, or !ncons!stent. BIM prov!des a solut!on 
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by !ntegrat!ng all !nformat!on !nto a s!ngle env!ronment where changes are automat!cally updated 
across the model. Th!s ensures that arch!tects, eng!neers, contractors, and project managers 
are always work!ng w!th the latest and most accurate data. As a result, dec!s!ons can be made 
confidently, errors are reduced, and coord!nat!on between d!sc!pl!nes becomes smoother. Ult!mately, 
us!ng BIM to manage data flow prevents m!sunderstand!ngs, rework, and delays, thereby mak!ng the 
renovat!on process more rel!able and e#c!ent.

The versat!l!ty of BIM extends beyond renovat!on projects, o$er!ng s!gn!ficant advantages !n other 
construct!on doma!ns such as modular construct!on. In th!s context, Pan and Zhang (2023) argue 
that !ntegrat!ng BIM w!th AI and real-t!me data analyt!cs !s cruc!al for manag!ng the complex!ty of 
modular construct!on. They h!ghl!ght that event log m!n!ng and real-t!me alerts enable proact!ve 
dec!s!on-mak!ng, wh!ch !s otherw!se h!ndered by the react!ve nature of trad!t!onal mon!tor!ng 
systems. “W!thout real-t!me data and alerts, managers are unable to make t!mely dec!s!ons, wh!ch 
can lead to !ne#c!enc!es, delays, and !ncreased r!sk” (Pan & Zhang, 2023, p. 1092).

In prefabr!cated construct!on, workers often face challenges !nterpret!ng d!g!tal models or 
understand!ng complex !nstallat!on sequences, espec!ally when they lack pr!or exper!ence w!th BIM 
or AR technolog!es. Accord!ng to Azhar (2011), Bu!ld!ng Informat!on Model!ng (BIM) s!gn!ficantly 
enhances understand!ng by allow!ng users to v!sual!se construct!on processes !n a s!mulated 
env!ronment. Th!s not only reduces the need for extens!ve tra!n!ng but also helps br!dge the sk!ll 
gap between exper!enced profess!onals and newer workers, mak!ng !t eas!er for them to perform 
complex tasks accurately and confidently.“BIM enables v!sual!sat!on of construct!on processes, 
wh!ch enhances understand!ng and reduces the need for extens!ve tra!n!ng” (Azhar, 2011, p. 245).

L! and Wu (2021) argue that trad!t!onal safety and management systems are !nsu#c!ent for 
prefabr!cated construct!on due to the sh!ft from on-s!te cast!ng to o$-s!te manufactur!ng and on-s!te 
ho!st!ng. They emphas!se that real-t!me mon!tor!ng of transportat!on, stack!ng, and !nstallat!on 
!s essent!al to prevent safety !nc!dents and ensure workflow e#c!ency. The authors propose a 
BIM-RFID-based system to prov!de real-t!me updates and alerts, enabl!ng managers to respond 
proact!vely to !ssues as they ar!se.

The !ntegrat!on of BIM w!th complementary technolog!es !s transform!ng how !nformat!on !s 
managed and del!vered across the construct!on l!fecycle. Wh!le BIM ensures central!sed and accurate 
data flow, !ts full potent!al !s real!sed when comb!ned w!th tools l!ke RFID, augmented real!ty (AR), 
and art!fic!al !ntell!gence (AI). These !ntegrat!ons address the cr!t!cal challenge of mak!ng complex 
d!g!tal !nformat!on access!ble and act!onable on-s!te.

However, desp!te these advancements, a s!gn!ficant hurdle rema!ns: e$ect!vely del!ver!ng BIM-based 
!nformat!on to the workplace !n a format that !s both s!mple and !ntu!t!ve. To truly empower on-s!te 
personnel, there !s a press!ng need for systems that can translate deta!led d!g!tal models !nto clear, 
act!onable gu!dance, convey!ng !nstallat!on procedures, safety !nstruct!ons, techn!cal spec!ficat!ons, 
and final pos!t!on!ng of prefabr!cated modules !n a user-fr!endly manner.

In th!s context, the ma!n contr!but!on of the research l!es !n the creat!on of a low-cost AR tool for 
use !n the construct!on field, wh!ch guarantees both the rel!ab!l!ty of the data presented to the 
operator and the !ntegrat!on of data generated dur!ng !ts use. To ach!eve th!s, the tool overlays 
d!g!tal elements onto the real-world v!ew, prov!d!ng users w!th contextual, real-t!me !nformat!on 
about the construct!on s!te. Th!s reduces rel!ance on plans and photographs and enables operators 
to work more e#c!ently and safely. BIM model !ntegrat!on !s a mandatory requ!rement to ma!nta!n 
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data cons!stency and comply w!th var!ous EU standards, such as the EU D!rect!ve 2014/24/
EU (European Parl!ament and Counc!l, 2014). The cho!ce of a low-cost dev!ce as the platform for 
demonstrat!ng the tool stems from the goal of mak!ng !t as a$ordable as poss!ble, encourag!ng 
w!despread market adopt!on.

The object!ve of th!s research !s to develop a low-cost AR tool to ass!st !n the !nstallat!on and 
ver!ficat!on of bu!ld!ng envelope panels. Desp!te !ts low cost, the tool !ncludes a full su!te of 
augmented real!ty (AR) capab!l!t!es. These !nclude real-t!me 3D model overlay onto the phys!cal 
env!ronment, spat!al anchor!ng, !nteract!ve data d!splay, and dynam!c al!gnment a!ds to ensure 
accurate panel pos!t!on!ng. Th!s tool should del!ver deta!led !nformat!on about the panels (safety 
gu!del!nes, !nstruct!ons) and d!splay the final placement of the panels on the actual bu!ld!ng us!ng 
AR. The tool w!ll o$er three pr!mary features:

 – AR-gu!ded !nstallat!on support: The tool enables operators to v!sual!se the exact final pos!t!on of 
each panel d!rectly on the bu!ld!ng through augmented real!ty. By overlay!ng d!g!tal panel models 
onto the phys!cal structure !n real t!me, the system helps !nstallers al!gn and place components 
accurately. Th!s reduces rel!ance on pr!nted plans or manual measurements and m!n!m!ses the r!sk 
of !nstallat!on errors.

 – Real-t!me data capture and alert generat!on: Dur!ng !nstallat!on, the tool captures status updates 
and generates alerts based on operator !nput (e.g., panel accepted or rejected). Th!s !nformat!on 
!s !nstantly synchron!sed w!th the central system, ensur!ng that managers rece!ve up-to-date 
!ns!ghts from the field.

 – KPI mon!tor!ng and progress track!ng: Managers can access a dashboard that d!splays key 
performance !nd!cators such as the number of panels !nstalled, ver!fied, or rejected, along w!th real-
t!me alerts. Th!s supports !nformed dec!s!on-mak!ng and project overs!ght.

The pr!mary advantage of the tool !s !ts remarkable access!b!l!ty, enabl!ng users to operate !t w!thout 
!nvest!ng !n expens!ve hardware or rely!ng on propr!etary data formats. The tool !s des!gned to 
funct!on on consumer-grade dev!ces such as smartphones or tablets, mak!ng the technology w!dely 
usable w!thout spec!al!sed AR headsets. Th!s access!b!l!ty promotes broader adopt!on and supports 
more !nclus!ve d!g!tal!sat!on across the construct!on sector, contr!but!ng to e#c!ency, safety, and 
susta!nab!l!ty goals. Th!s ensures that even small and med!um-s!zed enterpr!ses can benefit from 
advanced d!g!tal construct!on technolog!es w!thout !ncurr!ng proh!b!t!ve costs.

2 STATE OF THE ART AND INNOVATION

AR !s !ncreas!ngly transform!ng the construct!on !ndustry by enabl!ng the overlay of d!g!tal models 
onto phys!cal env!ronments. Th!s capab!l!ty not only enhances real-t!me v!sual!sat!on but also 
fac!l!tates more e#c!ent dec!s!on-mak!ng on the job s!te. As Nasseredd!ne et al. sa!d:

"Respondents were asked to elaborate on the!r exper!ence and use of the technology and they 
frequently reported that AR !mproves project v!sual!sat!on by allow!ng owners and contractors 
to v!rtually walk through the project, supports dec!s!on mak!ng on-s!te by br!dg!ng the gap 
between o#ce and field…”. (Nasseredd!ne et al., 2022, p. 11)
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In order to make use of the AR, a phys!cal dev!ce w!th the necessary capab!l!t!es !s requ!red. These 
dev!ces are currently d!v!ded !nto two types: Head-Mounted D!splays (HMDs) and mob!le dev!ces. 
Both vary !n cost and performance. HMDs are more expens!ve due to the!r spec!al!sed technology, 
!nclud!ng advanced d!splays, sensors, and process!ng power. Mob!le dev!ces, on the other hand, are 
more a$ordable, o$er!ng su#c!ent performance for bas!c AR tasks, w!th h!gh-end models prov!d!ng 
enhanced features for smoother, more accurate exper!ences.

HMDs o$er a more !mmers!ve exper!ence and even allow users to rema!n hands-free; however, the!r 
shorter battery l!fe and ergonom!c !ssues (wh!ch may even prevent the use of Personal Protect!ve 
Equ!pment (PPE)) make them d!#cult to use !n construct!on env!ronments. In add!t!on, due to the!r 
cost and l!m!ted compat!b!l!ty, the!r adopt!on !s not w!despread, reflect!ng the current reluctance 
among construct!on compan!es to ut!l!se them (Bressan, Scarpa, & Peron, 2024).

Cont!nu!ng the focus on HMDs, Dallasega, Schulze, and Revolt! (2022) analyse whether AR can 
overcome the barr!ers to !mplement!ng v!sual management (VM) !n mechan!cal, electr!cal, and 
plumb!ng (MEP) construct!on project markup work. As a case study, they performed a MEP 
!nstallat!on !n a mult!-story apartment bu!ld!ng, ut!l!s!ng an augmented real!ty helmet (HMD) to 
support the mark!ng work. The results showed that the AR can save t!me and leads to sat!sfactory 
levels of accuracy, as well as reduc!ng tra!n!ng e$ort and res!stance to the !mplementat!on of VM. 
The hardware used cons!sts of a h!gh-cost HMD dev!ce for use !n AR !n the construct!on field. 
Rankoh! et al. (2023) go even further, o$er!ng !n the!r book Applications of Augmented Reality - Current 
State of the Art, a rev!ew of AR technolog!es and the!r appl!cat!ons !n arch!tectural, eng!neer!ng, and 
construct!on (AEC) projects. It d!scusses the challenges of apply!ng AR !n these types of projects and 
!ncludes a case study on the appl!cat!on of AR !n a manufactur!ng plant !n Canada. It demonstrates 
the use of QR markers to make the l!nk between the real world and the v!rtual world. The dev!ce 
chosen for th!s case study !s HoloLens 2, a n!che market dev!ce w!th a h!gh pr!ce tag.

The !ntegrat!on of AR !n modular construct!on has been explored through the use of h!gh-cost HMDs 
(Pan, Chen, Fu, & Lu, 2023). The study d!scusses the use of a central!sed database and mult!ple 
profiles for d!$erent v!sual!sat!ons. In th!s setup, the HoloLens, a head-mounted d!splay, !s used to 
br!ng AR !nto the construct!on env!ronment.

In Europe, BIM !s !ncreas!ngly regulated and standard!sed through several key frameworks. The EU 
D!rect!ve 2014/24/EU (European Parl!ament and Counc!l, 2014) encourages the use of BIM for 
publ!cly funded construct!on projects across member states. The ISO 19650 standard (Internat!onal 
Organ!zat!on for Standard!zat!on, 2018), w!dely adopted throughout Europe, defines the processes 
for organ!s!ng and d!g!t!s!ng !nformat!on about bu!ld!ngs and !nfrastructure us!ng BIM. Add!t!onally, 
the EN 17412-1:2020 standard (European Comm!ttee for Standard!zat!on, 2020) focuses on 
defin!ng the Level of Informat!on Need !n BIM, help!ng to structure what !nformat!on !s requ!red 
at d!$erent stages of a project. Many European countr!es, such as the UK, Germany, France, and 
Italy, have !ntroduced nat!onal mandates or roadmaps that al!gn w!th these broader EU standards 
and ISO gu!del!nes. Support!ng these e$orts, the EU BIM Task Group (EU BIM Task Group, 2017) 
br!ngs together publ!c sector bod!es across Europe to share best pract!ces and promote a un!fied 
approach to BIM adopt!on. These collect!ve e$orts demonstrate a clear comm!tment across Europe 
to harmon!se BIM pract!ces, ensur!ng greater e#c!ency, !nteroperab!l!ty, and !nnovat!on w!th!n the 
construct!on !ndustry.

The !ntegrat!on of AR and BIM !s a top!c of grow!ng !nterest and has been the subject of cons!derable 
research and pract!cal explorat!on. Gerger, Urban, and Schranz (2023, p. 3) exam!ne the potent!al 
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uses of AR !n bu!ld!ng author!ty processes, us!ng the c!ty of V!enna as a case study. The art!cle 
concludes that AR, espec!ally when comb!ned w!th openBIM, has s!gn!ficant potent!al to accelerate 
bu!ld!ng author!ty processes and !mprove c!t!zen part!c!pat!on, as !t c!tes ‘’Appl!cat!ons for 
mAR are often geared towards the des!gn and preconstruct!on phases, as no exact locat!on or 
super!mpos!t!on !s necessary.’’.

S!m!larly, Pan and Isnaen! (2024) explore the !ntegrat!on of AR and BIM to !mprove construct!on 
!nspect!on. The authors propose a model that comb!nes these technolog!es to !mprove data l!fe cycle 
management and the e#c!ency of construct!on management pract!ces. The AR component was 
developed us!ng Un!ty 3D and Gamma SDK, result!ng !n an .apk file for Andro!d dev!ces. To !ntegrate 
the BIM file !nto the app, a convers!on !s requ!red, mean!ng the or!g!nal BIM file !s not d!rectly 
used !n the appl!cat!on.

As !n the prev!ous case, Cha! et al. (2019) study the !ntegrat!on of BIM w!th AR to !mprove the 
appl!cab!l!ty of BIM !n fieldwork w!th!n the construct!on !ndustry. The authors exam!ne the 
cred!b!l!ty of the AR-BIM pa!r!ng us!ng a case study that repl!cates the system by comb!n!ng Un!ty 
3D and C# and a convers!on of the BIM file. The results !nd!cate that, although the developed 
system !s st!ll evolv!ng, !ntegrat!ng AR w!th BIM !s feas!ble, thereby ma!nta!n!ng the benefits of 
both BIM files and AR.

As shown !n the examples above, the !ntegrat!on of AR w!th BIM !s predom!nantly accompl!shed 
through the use of expens!ve head-mounted d!splay (HMD) dev!ces, the convers!on of BIM to other 
file formats, the deployment of appl!cat!ons that requ!re pr!or !nstallat!on on the target dev!ce, or a 
comb!nat!on of the aforement!oned technolog!es. These approaches, wh!le e$ect!ve, often present 
l!m!tat!ons !n terms of access!b!l!ty, cost-e#c!ency, and ease of use. Mob!le dev!ces, wh!ch are 
capable of del!ver!ng AR exper!ences at a substant!ally lower cost, o$er a v!able alternat!ve. Equ!pped 
w!th AR capab!l!t!es, these dev!ces prov!de proven portab!l!ty, autonomy, and econom!c e#c!ency. 
Moreover, g!ven the!r w!despread use, mob!le dev!ces represent a more pract!cal and cost-e$ect!ve 
solut!on, part!cularly for small and med!um-s!zed enterpr!ses w!th l!m!ted budgets.

In conclus!on, the !mplementat!on of a low-cost AR tool for the !nstallat!on and ver!ficat!on of panels 
!n bu!ld!ng envelopes represents a pract!cal and access!ble solut!on that enhances e#c!ency and 
safety !n construct!on processes. Integrat!ng the BIM asset d!rectly !nto the appl!cat!on w!thout 
convers!on ensures that we both adhere to and leverage the benefits of var!ous European d!rect!ves 
and standards. To take advantage of mob!le dev!ces and web technolog!es, a cross-platform 
exper!ence can be ach!eved w!thout the need for nat!ve appl!cat!ons, thus el!m!nat!ng compat!b!l!ty 
!ssues and outdated vers!ons.

3 METHODOLOGY

The development of the tool follows an !terat!ve, user-centred methodology focused on enhanc!ng 
construct!on workflows through role-spec!fic funct!onal!ty and AR !ntegrat!on. Des!gned for both 
managers and operators/!nstallers, the tool supports dual operat!ng modes: a non-AR !nterface for 
managers to mon!tor real-t!me progress and KPIs, and an AR-enabled !nterface for !nstallers to 
v!sual!se, !nstall, and ver!fy façade panels on-s!te.



 041 JOURNAL OF FACADE DESIGN & ENGINEERING   VOLUME 13 / Nº 1 / 2025

Installat!on and val!dat!on processes are structured around gu!ded AR workflows. Us!ng a phys!cal 
reference po!nt, !nstallers al!gn the v!rtual model w!th the real bu!ld!ng, then scan and assess each 
panel. The system d!splays relevant !nformat!on, such as locat!on, spec!ficat!ons, and safety data, 
v!a sem!-transparent overlays, allow!ng cont!nuous s!tuat!onal awareness. Dec!s!ons made dur!ng 
!nstallat!on or ver!ficat!on automat!cally update the system, generat!ng alerts and adjust!ng KPIs 
accord!ngly. A colour-coded val!dat!on system (blue, green, red) helps qu!ckly !dent!fy panel status.

In!t!al test!ng !s conducted us!ng the OpenBIM model of an exper!mental bu!ld!ng, a full-scale fac!l!ty 
!deal for !terat!ve development and val!dat!on. Th!s controlled env!ronment enables early detect!on 
of !ssues and enables real-t!me refinement. Follow!ng successful test!ng, the tool w!ll be deployed 
!n real renovat!on scenar!os, val!dat!ng !ts performance !n d!verse European contexts and ensur!ng 
pract!cal scalab!l!ty and operat!onal rel!ab!l!ty.

3.1 TOOL WORKING MODES

The tool developed w!ll have dual use, depend!ng on the end user, as shown !n F!gure 1.

FIG. 1 Usage possibilities.

 – Manager: No AR capab!l!t!es. The !nterface des!gned for the manager profile does not !ncorporate 
augmented real!ty funct!onal!t!es. However, !t enables real-t!me mon!tor!ng of the status of !nd!v!dual 
panels, categor!sed as !dle, !nstalled, !nval!d, or qual!ty-checked, w!th dynam!c updates as the 
!nstallat!on progresses. Add!t!onally, the manager has access to system-generated alerts. Th!s 
component of the tool !s !ntended to fac!l!tate the track!ng of construct!on progress and overall 
project status through the use of key performance !nd!cators (KPIs).

 – Operator/!nstaller: W!th AR capab!l!t!es. Th!s part of the appl!cat!on w!ll allow the overlay of the 
v!rtual bu!ld!ng over the real one, enabl!ng the scann!ng of d!$erent panels and d!splay!ng the!r final 
locat!on as well as !nformat!on related to the!r !nstallat!on and/or secur!ty deta!ls. When perform!ng 
both the !nstallat!on and the ver!ficat!on of the !nstalled panels, the !nformat!on w!ll flow !n real t!me, 
generat!ng changes !n the manager’s part, updat!ng the d!$erent KPIs (total number and percentage 
of the status of the panels, as well as the number of alerts generated).
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Th!s dual-purpose approach enhances overall product!v!ty and accuracy w!th!n 
construct!on workflows.

The tool !tself w!ll detect !f the dev!ce has AR capab!l!t!es, and !f !t does not, !t w!ll not allow the 
operator/!nstaller mode, thus prevent!ng !mproper operat!on.

3.2 LINK BETWEEN AR AND REAL WORLD

When us!ng the tool !n !nstaller mode and us!ng the AR capab!l!t!es, the v!rtual bu!ld!ng !s overla!d 
over the real one. To ach!eve th!s, !t !s necessary to establ!sh a reference and p!vot po!nt !n the 
phys!cal env!ronment, wh!ch w!ll serve as the bas!s for accurately al!gn!ng the v!rtual bu!ld!ng w!th 
the real-world context, as !llustrated !n F!gure 2.

FIG. 2 Reference and pivot point.

By !dent!fy!ng the reference po!nt !n the phys!cal env!ronment through AR mode, the tool 
w!ll prec!sely pos!t!on the v!rtual bu!ld!ng !n !ts final locat!on. It w!ll use the necessary data 
from the BIM model, along w!th the relat!ve pos!t!on!ng !nformat!on stored w!th!n the tool, to 
ensure accurate placement.

The funct!onal!ty of be!ng able to move, scale, rotate, and control the transparency !n the 
v!rtual bu!ld!ng w!ll be added, so that chang!ng the reference po!nt does not pose a problem. 
The v!sual!sat!on of the v!rtual world can be adapted to the cond!t!ons of the real world (!ncreased 
lum!nos!ty, ra!n, fog). Once the final pos!t!on of the v!rtual model has been mod!fied w!th respect to 
the reference po!nt, !t !s poss!ble to pers!st !t !n the tool.

3.3 PANEL INSTALLATION PROCESS

The tool !s des!gned to ass!st operators w!th the repet!t!ve task of !nstall!ng panels on the bu!ld!ng. 
A workflow has been des!gned to gu!de the !nstaller through each step requ!red to !nstall the panels 
us!ng the tool. These steps !nclude !dent!fy!ng the panel, d!splay!ng relevant !nformat!on (such as 
spec!ficat!ons, !nstruct!ons, and safety data), and v!sual!s!ng the final !nstallat!on locat!on !n AR. 
The workflow !s dep!cted !n F!gure 3.
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NoOperator Install the
panel?

Panel status changes to
invalid + alert & KPIs are

updated

YES

Panel status changes
to installed + alerts &

KPIs are updated

Display BIM model over the
real building

Scan panel

Display panel position over
the building + installation &

safety intructions.

FIG. 3 Panel installation flow.

The panel !nstallat!on process beg!ns as follows: The operator w!ll pos!t!on the bu!ld!ng !n !ts 
actual locat!on us!ng the reference po!nt, along w!th the bu!ld!ng data, and make any necessary 
adjustments to fine-tune !ts al!gnment to the des!red pos!t!on. Once the v!rtual bu!ld!ng !s 
adjusted, the next steps w!ll be repet!t!ve (the add!t!on of panels), so that there !s no need to 
leave the AR env!ronment.

In the tool, the panel scann!ng mode w!ll be selected, and the !nstallat!on of each panel w!ll proceed 
accord!ngly. Each panel w!ll be scanned to retr!eve the relevant !nformat!on from the tool, wh!ch w!ll 
then d!splay the panel’s final pos!t!on on the v!rtual bu!ld!ng !n AR, along w!th any assoc!ated usage 
!nstruct!ons and safety cons!derat!ons.

The way to d!splay the !nformat!on !n AR w!ll be through a sem!-transparent menu, allow!ng the 
env!ronment to rema!n v!s!ble at all t!mes. The panel w!ll be h!ghl!ghted !n the bu!ld!ng us!ng the 
black colour, so that focus!ng w!th the dev!ce towards the bu!ld!ng h!ghl!ghts !ts pos!t!on.

The operator/!nstaller w!th the ava!lable !nformat!on w!ll dec!de whether to !nstall the panel or to 
reject !t (due to panel fa!lure). Both when reject!ng the panel and when val!dat!ng !t, the !nformat!on 
!n the tool w!ll be updated, generat!ng the necessary alerts and automat!cally updat!ng the KPIs.
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3.4 PANEL VALIDATION PROCESS

Once the panel !nstallat!on !s complete, !t !s poss!ble to ver!fy the panels to ensure that the final 
pos!t!ons match the spec!ficat!ons. For th!s, the workflow w!ll be sl!ghtly d!$erent from the 
!nstallat!on process, as shown !n F!gure 4.

Choose a panel
clicking over the

building (AR)

No     readed panel is 
the expected one?

Panel status changes
to invalid + generate
alerts & update KPIs

Yes

Panel status changes
to valid + generate

alerts & update KPIs

Display BIM model
with the installed

panels over the real
building

Scan installed panel 

FIG. 4 Panel installation flow.

The first step !s to load and pos!t!on the bu!ld!ng by read!ng the reference po!nt and mak!ng prec!se 
adjustments (pos!t!on, rotat!on, scal!ng, and opac!ty) !f necessary. In the tool, select the ver!ficat!on 
mode, wh!ch w!ll reveal w!th a colour code the d!$erent states of each of the panels:

 – Blue colour: Panel !nstalled but not ver!fied.

 – Green colour: Panel !nstalled and ver!fied.

 – Red colour: Panel !nstalled !n the wrong pos!t!on.

To !n!t!ate the ver!ficat!on process, a panel w!ll be selected from the AR bu!ld!ng by cl!ck!ng on !t. 
Once the panel !s selected, !t w!ll be scanned, and the tool w!ll automat!cally ver!fy that the selected 
panel !s the correct one. In th!s process, the !nformat!on on the tool w!ll be automat!cally updated, 
allow!ng alarms (!f any) to be generated and correspond!ng KPIs to be updated.

In the same way as dur!ng the !nstallat!on process, once a panel has been ver!fied, regardless of the 
result, the rest of the panels can be ver!fied, as th!s !s done !n the same AR sess!on, thus speed!ng 
up the whole workflow.
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3.5 TOOL MANAGER MODE

The manager mode enables real-t!me mon!tor!ng of construct!on progress w!thout the use of 
augmented real!ty. To support th!s funct!onal!ty, a ded!cated !nterface has been developed, allow!ng 
users to track the status of !nd!v!dual panels as well as access key performance !nd!cators (KPIs) 
relevant to project superv!s!on.

In th!s !n!t!al vers!on of the appl!cat!on, KPIs have been !mplemented to represent the d!str!but!on 
and relat!ve proport!ons of panels across the!r !nstallat!on statuses (!dle, !nstalled, !nval!d, or qual!ty-
checked). Add!t!onally, the !nterface !ncludes a sect!on for v!sual!s!ng system alerts, prov!d!ng further 
!ns!ght !nto the ongo!ng !nstallat!on process.

Real-t!me updates w!ll be rece!ved, and the !nterface w!ll d!splay a not!ficat!on, alert!ng the manager 
to the changes that have been made.

3.6 CONTEXT AND EXPERIMENTAL FRAMEWORK

The AEGIR (AEGIR EU Project, 2024) project !s a consort!um of 30 partners from n!ne EU countr!es 
that focuses on the development of modular, renewable, and !ndustr!al!sed bu!ld!ng envelope 
solut!ons for low-energy renovat!on. AEGIR des!gns scalable and custom!sable renovat!on 
envelope systems ta!lored to d!verse bu!ld!ng types, cl!mate zones, soc!al contexts, and occupant 
needs across Europe.

F!gure 5 !llustrates the d!vers!ty and range of panels that may be !nvolved !n an envelope renovat!on.

FIG. 5 Di#erent envelope panels. (AEGIR - EU Project, 2024)

To carry out the development and test!ng process, the OpenBIM (IFC) file of the exper!mental bu!ld!ng 
KUBIK was used, wh!ch !s located !n the Parque C!entífico y Tecnológ!co de B!zka!a !n Der!o, B!zka!a 
prov!nce, Basque Country, Spa!n (Tecnal!a, n.d.). Th!s !s an exper!mental fac!l!ty created to develop 
and val!date new concepts, products, and serv!ces !n full-scale tests. The !nfrastructure compr!ses 
a bu!ld!ng capable of reconfigur!ng up to 550 m%, spread across a basement and three above-
ground floors. The bu!ld!ng !s fully demountable and allows for the reconfigurat!on of s!multaneous 
scenar!os at the construct!on level by replac!ng façade, roof, and part!t!on components.
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By ma!nta!n!ng a test and development env!ronment that closely m!rrors the final use case, the 
appl!cat!on’s var!ous funct!onal!t!es have been r!gorously tested !mmed!ately upon !mplementat!on. 
Th!s approach has enabled rap!d !dent!ficat!on and resolut!on of !ssues, ensur!ng that each feature 
performs rel!ably under real!st!c cond!t!ons. It also fac!l!tates !terat!ve development, where feedback 
from early test!ng can be qu!ckly !ncorporated !nto subsequent updates. Furthermore, the final 
deployment s!tes of the AEGIR project w!ll !ntegrate th!s AR-based technology, trans!t!on!ng !ts 
val!dat!on from controlled laboratory sett!ngs to real-world renovat!on scenar!os across Europe. Th!s 
broader deployment not only serves to confirm the robustness and adaptab!l!ty of the system !n 
d!verse env!ronments but also prov!des valuable !ns!ghts !nto !ts pract!cal ut!l!ty and user exper!ence 
!n actual field cond!t!ons. By br!dg!ng the gap between development and deployment, the project 
ensures that the technology !s both techn!cally sound and operat!onally e$ect!ve !n support!ng large-
scale energy renovat!on e$orts.

4 RESULTS

4.1 SPECIFICATIONS AND FUNCTIONAL REQUISITES

A S!ngle Page Appl!cat!on (SPA) !s a web appl!cat!on that loads a s!ngle HTML page and dynam!cally 
updates !ts content as the user !nteracts w!th the app, prov!d!ng a smoother and faster exper!ence 
w!thout requ!r!ng the ent!re page to reload. The solut!on w!ll be approached us!ng a SPA-type tool, 
both because the ex!st!ng technology allows us to fulfil all the funct!onal requ!rements descr!bed 
below and because of the advantages of a mult!-platform solut!on w!thout the need for !nstallat!on, 
wh!ch th!s research a!ms to ach!eve.

 – AR capab!l!ty !n a web env!ronment. Th!s capab!l!ty w!ll be fundamental to carry!ng out the 
development of the solut!on. Th!s w!ll el!m!nate the need for propr!etary hardware, and the solut!on 
w!ll be compat!ble w!th a w!de range of dev!ces.

 – Ab!l!ty to d!splay openBIM elements !n an AR env!ronment. It !s essent!al to d!splay both the bu!ld!ng 
and the construct!on elements !n the real env!ronment.

 – Ab!l!ty to store !nformat!on and d!str!bute updates !n real t!me. For the appl!cat!on to have a 
s!gn!ficant !mpact on the operators, a real-t!me !nformat!on flow !s cr!t!cal, ensur!ng that alarms and 
updates are !nstantaneous and the !nformat!on d!splayed by the appl!cat!on !s the latest ava!lable.

 – Ab!l!ty to v!ew the overall status of components and d!$erent KPIs of the bu!ld!ng’s cond!t!on. 
The SPA shall be able to operate !n an AR env!ronment or !n normal web mode, depend!ng on the 
user’s needs, so that the !nformat!on prov!ded depends on the end user.

 – Ab!l!ty to capture real-world !nformat!on e#c!ently. Wh!le !t !s poss!ble to have the operator enter the 
un!que !dent!fier of each panel manually, we can el!m!nate th!s step to make the solut!on dynam!c by 
us!ng !mage capture, mak!ng the whole appl!cat!on flow more comfortable and faster.

 – Ab!l!ty to organ!se and d!splay !nformat!on e$ect!vely across mult!ple screen s!zes, ensur!ng 
a seamless and respons!ve user exper!ence on dev!ces rang!ng from smartphones to 
larger desktop mon!tors.

4.2 DEVELOPING TOOLS AND TECHNOLOGIES

React !s chosen for the development of SPA. React !s a JavaScr!pt l!brary used to bu!ld user 
!nterfaces, part!cularly those that requ!re e#c!ent and dynam!c updates. React allows developers 
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to create reusable components that handle the!r own state, mak!ng !t easy to bu!ld complex web 
appl!cat!ons !n an organ!sed and ma!nta!nable manner.

The creat!on of the SPA has been carr!ed out cons!der!ng the pr!nc!ples of respons!ve des!gn, so 
!t !s prepared for a w!de range of dev!ces, from PCs to mob!le dev!ces. Depend!ng on the dev!ce 
be!ng accessed, the !nformat!on on the screen w!ll be opt!mally organ!sed to make the best use of 
the screen’s resources. F!gures 6 and 7 show the var!ab!l!ty of screen s!zes and the correspond!ng 
rearrangement of content.

FIG. 6 SPA on iPad Pro screen. FIG. 7 Edit panel on Samsung Galaxy 
S8+ screen.

Another po!nt to cons!der when creat!ng the menus !s the need to make them usable w!th a 
s!ngle finger or po!nter, so that the operator does not have to type at any t!me. Thus, all the 
necessary commands have been translated !nto elements that can be operated w!th a s!ngle finger 
(buttons or sl!ders).

For the 3D v!ew!ng capab!l!t!es of OpenBIM (IFC) files and the use of AR, the Three.js l!brary has been 
used (“Three.js – JavaScr!pt 3D L!brary,” n.d.). Three.js !s a powerful JavaScr!pt l!brary that s!mpl!fies 
the creat!on and d!splay of 3D graph!cs !n the browser, leverag!ng WebGL for render!ng. Three.js can 
be used w!th IFC files by us!ng l!brar!es des!gned to !nterpret BIM data. Th!s compat!b!l!ty allows 
the v!sual!sat!on and render!ng of IFC data !n 3D d!rectly w!th!n web appl!cat!ons. The same l!brary 
allows the user to colour!se, rotate, !ncrease, or h!de each of the elements of the 3D env!ronment, so 
that the !nformat!on can be d!splayed as another v!sual element.

WebXR (“WebXR Dev!ce API,” 2024) !s a technology for obta!n!ng AR !n web-based appl!cat!ons due 
to !ts cross-platform compat!b!l!ty, cost-e$ect!veness, ease of deployment, and real-t!me !nteract!on 
capab!l!t!es. It bu!lds upon earl!er standards, such as WebVR, and extends capab!l!t!es to !nclude AR, 
enabl!ng developers to create appl!cat!ons w!thout the need for spec!al!sed hardware or software 
!nstallat!ons. It enables AR exper!ences to funct!on across a w!de range of dev!ces, !nclud!ng 
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smartphones, tablets, and AR glasses, all through standard web browsers l!ke Chrome, F!refox, and 
Edge. The technology also supports real-t!me updates, allow!ng users to !nteract w!th 3D models 
and d!g!tal content as they move or change the!r perspect!ve, further enhanc!ng user engagement. 
Furthermore, WebXR !ntegrates seamlessly w!th ex!st!ng web development tools and frameworks, 
such as HTML, JavaScr!pt, and WebGL. Overall, WebXR prov!des a scalable, access!ble, and e#c!ent 
solut!on for !ntegrat!ng AR !nto web appl!cat!ons. In add!t!on, by not requ!r!ng a nat!ve appl!cat!on, 
vers!on fragmentat!on !s avo!ded, as all dev!ces w!ll have access to the latest vers!on hosted on the 
server. F!gure 8 shows the w!de range of web browsers that support th!s capab!l!ty.

FIG. 8 Detail of support table for the WebXR Device API (“Immersive Web Developer Home,” n.d.)

Access to and storage of the !nformat!on !s carr!ed out us!ng the STRAPI tool, an open-source content 
management system (CMS) that allows developers to bu!ld, manage, and d!str!bute content e#c!ently 
(“Strap! - Open Source Node.js Headless CMS,” n.d.). STRAPI features WebSocket technology 
that enables real-t!me, two-way commun!cat!on between cl!ent and server. Th!s !s essent!al for 
appl!cat!ons that requ!re real-t!me updates, !nstant not!ficat!ons, or real-t!me collaborat!on. In th!s 
way, !nformat!on can be stored and not!ficat!ons managed !n real t!me w!th a s!ngle CMS.

For real-world, !nformat!on-captur!ng purposes, the chosen opt!on w!ll be the use of QR (Qu!ck 
Response) codes. The ease of creat!ng them (there are a mult!tude of l!brar!es and even web 
pages) and the amount of !nformat!on they can store make them an !deal cand!date. QR codes o$er 
numerous benefits for !mage capture !n a construct!on env!ronment, streaml!n!ng management 
and prov!d!ng sw!ft and e#c!ent access to !nformat!on. QR codes can be eas!ly scanned w!th 
mob!le dev!ces, streaml!n!ng the real-t!me updat!ng and exchange of data, thereby opt!m!s!ng 
commun!cat!on between the var!ous agents !nvolved !n construct!on. Th!s technology also 
contr!butes to reduc!ng errors and !ncreas!ng product!v!ty, as !t prov!des !nstant access to the 
necessary !nformat!on, thereby avo!d!ng wasted t!me and potent!al errors that can occur when the 
user manually enters the !nformat!on.

Development has been completed us!ng the TypeScr!pt programm!ng language (“JavaScr!pt 
W!th Syntax for Types,” n.d.). Th!s !s an open-source programm!ng language based on JavaScr!pt, 
wh!ch adds opt!onal stat!c typ!ng and other advanced features. Both Three.js and STRAPI support 
!ntegrat!on w!th TypeScr!pt, so we w!ll use a s!ngle programm!ng language throughout the solut!on.
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The V!sual Stud!o Code IDE has been used as a development env!ronment, and V!te has been 
used as a comp!lat!on tool (“V!te,” n.d.). V!te stands out for !ts flex!b!l!ty and modular!ty, allow!ng 
developers to choose the tools and technolog!es that best su!t the!r projects w!thout be!ng l!m!ted by 
r!g!d configurat!ons.

4.3 DATA ACCESS

The consumpt!on of the !nformat!on by the SPA w!ll be done through the STRAPI CMS. For th!s, we 
w!ll use two d!$erent accesses:

 – REST API to obta!n the deta!ls of the elements, such as the !nstallat!on deta!ls of the panels or the 
geometry of the bu!ld!ng.

 – WebSocket for obta!n!ng database changes !n real-t!me, such as creat!ng alerts or mod!fy!ng the 
status of any panel. Thus, as soon as a change !n the database needs to be d!splayed !n the SPA, the 
necessary act!ons w!ll be tr!ggered to br!ng th!s !nformat!on to the dev!ce.
 
After evaluat!ng several opt!ons, MySQL was selected as the database solut!on. The general 
schema of the database !s shown !n F!gure 9, wh!ch outl!nes the structure and relat!onsh!ps 
between the data elements.

FIG. 9 Database schema

As shown !n the schema, each panel !s !dent!fied by !ts un!que ID from the OpenBIM (IFC) file, 
allow!ng the tool to l!nk panel-spec!fic !nformat!on — such as !nstallat!on deta!ls, safety data, and 
current status (!nstalled, ver!fied) — d!rectly w!th the correspond!ng BIM data.
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To enhance the user’s ab!l!ty to access !nformat!on wh!le us!ng the AR component, automat!c QR 
code scann!ng w!ll be employed. These QR codes w!ll serve two pr!mary funct!ons: first, to define the 
reference po!nt and retr!eve the correspond!ng BIM file, and second, to capture the panel ID, enabl!ng 
the retr!eval of all relevant !nformat!on requ!red for the !nstallat!on or ver!ficat!on process.

The automat!c read!ng of QR codes w!ll s!gn!ficantly reduce the r!sk of human errors dur!ng panel 
!dent!ficat!on, ensur!ng that each panel !s accurately matched w!th !ts correspond!ng data. Th!s 
streaml!ned process not only enhances accuracy but also m!n!m!ses the t!me spent on manual 
checks or correct!ons. By el!m!nat!ng the poss!b!l!ty of m!s!dent!ficat!on or overs!ght, the overall 
workflow becomes more e#c!ent, lead!ng to faster and more rel!able panel !nstallat!ons or 
ver!ficat!ons. F!gure 10 shows an example of 2 QR codes.

FIG. 10 QR types.

4.4 MANAGER MODE

Th!s part of the SPA !s the one that the construct!on manager w!ll use, as !t conta!ns the global 
!nformat!on about the construct!on status, and also allows mod!ficat!on of the data that operators/
!nstallers can rece!ve.

FIG. 11 SPA in PC(Firefox).
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The !nterface !ncludes several key features des!gned to enhance usab!l!ty and prov!de 
comprehens!ve project mon!tor!ng:

 – Button to Start AR (F!gure 11, top r!ght corner): Th!s button allows users to !n!t!ate the AR sess!on, 
prov!ded the dev!ce supports AR capab!l!t!es. Act!vat!ng th!s feature enables access to operator or 
!nstaller mode for on-s!te !nteract!on w!th the v!rtual bu!ld!ng. The appl!cat!on automat!cally detects 
whether the dev!ce has AR capab!l!t!es, and access to these features w!ll only be ava!lable !f the 
dev!ce !s compat!ble.

 – Bu!ld!ng H!story (F!gure 11, centre left sect!on): Th!s sect!on d!splays deta!led !nformat!on for 
all panels, !nclud!ng the!r current status and spec!fic deta!ls. The l!st !s fully ed!table, allow!ng 
author!sed users to update the status or mod!fy the !nformat!on of each panel as necessary. Users 
can filter panels by status and v!ew key performance !nd!cators (KPIs), such as the complet!on 
percentage and the total number of panels. 

 – Alerts (F!gure 11, centre r!ght sect!on): Th!s sect!on presents alerts along w!th deta!led !nformat!on 
about each !ssue. It also !ncludes a graph!cal representat!on of the var!ous types of alarms rece!ved, 
enabl!ng qu!ck !dent!ficat!on of cr!t!cal problems.

The !nformat!on presented w!th!n the appl!cat!on !s cont!nuously synchron!sed !n real t!me through 
!ts connect!on to the database v!a WebSocket. Th!s ensures that users always have access to the 
most recent data regard!ng panel statuses, alerts, and project progress. Furthermore, each t!me 
an !tem or alert !s updated !n the system, the appl!cat!on automat!cally generates a not!ficat!on, 
d!splayed prom!nently !n the upper r!ght corner of the !nterface. Th!s feature enhances user 
awareness and respons!veness, ensur!ng that operators and managers are promptly !nformed of any 
changes or cr!t!cal updates requ!r!ng the!r attent!on.

In th!s vers!on of the appl!cat!on, KPIs have been !mplemented to d!splay both the total number and 
the relat!ve percentage of panels !n each !nstallat!on status, namely, !dle, !nstalled, !nval!d, or qual!ty-
checked. For !nstance, !t may !nd!cate that 60 out of 120 panels have been !nstalled, represent!ng 
50%. These metr!cs prov!de a clear and !mmed!ate overv!ew of the !nstallat!on progress, enabl!ng 
stakeholders to mon!tor performance and !dent!fy potent!al bottlenecks !n real t!me. Furthermore, 
the appl!cat!on also presents the total number of alerts generated throughout the process, 
d!st!ngu!sh!ng between correct and !ncorrect alerts. Th!s d!st!nct!on !s cruc!al for assess!ng the 
rel!ab!l!ty of the alert system and for !dent!fy!ng areas where !mprovements !n detect!on accuracy 
may be needed. By consol!dat!ng these !ns!ghts !nto a s!ngle !nterface, the appl!cat!on enhances 
operat!onal transparency and supports data-dr!ven dec!s!on-mak!ng.

Add!t!onally, the KPI dashboard !s des!gned w!th flex!b!l!ty !n m!nd, allow!ng !t to be ta!lored to 
fulfil the spec!fic needs of d!$erent users or teams. Whether !t’s adjust!ng the metr!cs d!splayed, 
mod!fy!ng thresholds, or !ntegrat!ng add!t!onal data sources, the system can be custom!sed to al!gn 
w!th vary!ng operat!onal goals and user preferences.

4.5 BIM OVERLAY IN AR

If the dev!ce !s equ!pped w!th AR capab!l!t!es, the system w!ll prompt the user for perm!ss!on to 
access the dev!ce’s camera when the AR sess!on beg!ns. Th!s access !s essent!al for scann!ng QR 
codes, wh!ch serve as reference po!nts for pos!t!on!ng and retr!ev!ng relevant panel !nformat!on. 
Grant!ng camera access ensures seamless !ntegrat!on between the phys!cal env!ronment and the 
v!rtual data d!splayed !n the appl!cat!on.
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To e$ect!vely use the tool, !t !s !mperat!ve to pos!t!on the v!rtual bu!ld!ng prec!sely over the phys!cal 
structure. Th!s !s accompl!shed by scann!ng the reference po!nt, a QR marker that conta!ns the 
relevant !nformat!on. Once that QR code !s successfully scanned, the v!rtual bu!ld!ng w!ll be 
downloaded and !ntegrated !nto the AR sess!on.

FIG. 12 Building with edit menu overlay. FIG. 13 Panel placed in the building with the installation details.

F!gure 12 shows the v!rtual bu!ld!ng !n !ts final pos!t!on together w!th the super!mposed adjustment 
menu. If needed, !ts pos!t!on can be fine-tuned us!ng the menu prov!ded for th!s purpose. 
The dec!s!on has been made to make all menus and !nformat!on ava!lable !n AR sem!-transparent 
for better !ntegrat!on w!th the env!ronment.

One of the most helpful funct!onal!t!es for the !ntegrat!on !nto the real env!ronment !s the control of 
the v!rtual bu!ld!ng’s opac!ty, allow!ng the operator or !nstaller to select the appropr!ate value based 
on the!r spec!fic requ!rements and preva!l!ng env!ronmental cond!t!ons.

Once the v!rtual bu!ld!ng has been accurately pos!t!oned, the !nstallat!on or val!dat!on of panels can 
beg!n by us!ng the opt!ons ava!lable on the tool’s !nterface. 

As the !nteract!on !n the appl!cat!on !s set up, !t !s poss!ble to sw!tch between panel !nstallat!on 
and panel ver!ficat!on. Th!s fac!l!tates use !n chang!ng env!ronments, s!nce !t !s poss!ble to take 
advantage of t!mes when !nstallat!on cannot be performed (e.g., due to adverse weather cond!t!ons) 
to perform val!dat!ons, or v!ce versa.
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4.6 INSTALLING PANELS

When !n panel !nstallat!on mode, the first act!on requ!red !s to scan the panel’s QR code. W!th the 
!nformat!on ava!lable !n the QR, the tool w!ll access the DDBB and retr!eve the panel deta!ls. Th!s 
!nformat!on w!ll be d!splayed !n AR !n two ways, as shown !n F!gure 13: 

 – D!splay!ng the panel’s pos!t!on on the bu!ld!ng !n black: Th!s ensures prec!se !dent!ficat!on of the 
panel’s final placement, el!m!nat!ng any poss!b!l!ty of error. The operator or !nstaller may freely 
move around the construct!on s!te w!th the AR sess!on act!ve, allow!ng them to adjust the!r v!ewpo!nt 
and obta!n a clearer perspect!ve of the panel’s locat!on !f needed.

 – Present!ng !nstallat!on and safety !nstruct!ons !n card format: The relevant !nformat!on !s d!splayed 
as overla!d, sem!-transparent text, prov!d!ng clear and access!ble gu!dance w!thout obstruct!ng the 
user’s v!ew of the work!ng env!ronment.

Once we have performed the panel scan, we can proceed w!th two act!ons:

 – Accept the panel and mark !t as !nstalled: Th!s w!ll update the deta!ls !n the database and the panel 
w!ll be ready for further ver!ficat!on.

 – Reject the panel and mark !t as !nval!d: A l!st of reject!on reasons w!ll be d!splayed, and after 
select!ng the one that fits the real!ty, we w!ll be able to reject the panel.

Both act!ons w!ll update the database, updat!ng the KPIs and generat!ng the correspond!ng alerts, 
wh!ch w!ll be sent to the manager !n real t!me.

4.7 VALIDATING PANELS

By us!ng the ver!ficat!on mode, the correct placement of the panels w!ll be confirmed, ensur!ng that 
each panel !s !nstalled !n !ts des!gnated pos!t!on. All panels subject to ver!ficat!on are d!splayed on 
the v!rtual bu!ld!ng, w!th colour cod!ng to !nd!cate the!r status: blue for !nstalled, green for ver!fied, 
and red for rejected, as !llustrated !n F!gure 14.

FIG. 14 Panel placed in the building with colour codes. FIG. 15 Panels !nstalled.
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The user !s requ!red to select a panel and subsequently scan !ts correspond!ng QR code to confirm 
that !t matches the !nformat!on spec!fied !n the openBIM file. In F!gure 15, all selectable panels are 
h!ghl!ghted !n blue. Th!s des!gnat!on !nd!cates that these panels have been !nstalled but have not 
yet undergone the ver!ficat!on process, mean!ng they have ne!ther been val!dated nor rejected. Th!s 
v!sual representat!on helps d!$erent!ate the panels that requ!re further !nspect!on or confirmat!on 
from those that have already been assessed. Add!t!onally, the !nterface prov!des the ab!l!ty to adjust 
the opac!ty of the panels, fac!l!tat!ng clearer v!sual!sat!on and a!d!ng !n the select!on process. 

After select!ng a panel !n the ver!ficat!on mode, the user should approach the correspond!ng phys!cal 
panel on-s!te and scan !ts QR code. Once the tool retr!eves the panel !nformat!on from the database, 
one of two outcomes w!ll be d!splayed:

 – Val!d panel: (F!gure 16) The scanned panel matches the des!gnated pos!t!on and !s correctly !nstalled.

 – Inval!d panel: (F!gure 17) The scanned panel does not correspond to the expected pos!t!on. In th!s 
case, the tool w!ll also d!splay the panel that should occupy the selected pos!t!on, help!ng to qu!ckly 
!dent!fy and correct any m!smatches. 

FIG. 16 Valid panel message. FIG. 17 Invalid panel message.

In both cases, whether the panel !s val!d or !nval!d, the user w!ll be prompted to confirm the act!on. 
Once confirmed, the system w!ll update the DDBB accord!ngly, automat!cally refresh!ng the KPIs and 
tr!gger!ng any necessary alerts based on the ver!ficat!on result. F!gure 18 shows the coloured d!g!tal 
bu!ld!ng w!th the ver!fied status of the panels. Here, the upper panel !s correctly pos!t!oned, and the 
other two are sw!tched.

5 CONCLUSIONS AND FUTURE WORKS

Th!s study presents a pract!cal and access!ble solut!on for enhanc!ng the !nstallat!on and ver!ficat!on 
of prefabr!cated bu!ld!ng envelope panels us!ng a cost-e$ect!ve Augmented Real!ty (AR) tool. Unl!ke 
trad!t!onal AR !mplementat!ons that rely on expens!ve head-mounted d!splays and complex BIM 
file convers!ons, th!s tool leverages w!dely ava!lable mob!le dev!ces and web technolog!es (WebXR, 
Three.js, React) to del!ver real-t!me, on-s!te gu!dance w!thout the need for spec!al!sed hardware or 
software !nstallat!ons. The tool eases the repet!t!ve task of !nstall!ng panels by prov!d!ng workers 
w!th accurate !nformat!on about the final locat!on of each panel, as well as !nstallat!on !nstruct!ons 
and safety deta!ls. Th!s feature helps m!n!m!se errors, accelerates the !nstallat!on and ver!ficat!on 
process through QR code scann!ng, and enhances on-s!te safety.

The tool successfully br!dges the gap between d!g!tal models and real-world construct!on 
env!ronments by overlay!ng BIM data d!rectly onto phys!cal structures. It supports both !nstallers 
and managers through dual !nterfaces, AR-enabled for field operat!ons and standard web-based for 
project overs!ght, ensur!ng synchron!sed, real-t!me updates v!a a central!sed database.
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FIG. 18 Verified panels displayed in AR over the building.

Wh!le the tool !s des!gned to streaml!ne workflows, !ts actual !mpact on !nstallat!on and val!dat!on 
t!me has not yet been quant!tat!vely assessed. However, by reduc!ng manual data entry, enabl!ng 
cont!nuous AR sess!ons, and prov!d!ng real-t!me v!sual gu!dance, the tool !s expected to s!gn!ficantly 
reduce the t!me requ!red for these tasks. Future stud!es should !nclude t!me-track!ng metr!cs to 
evaluate these potent!al ga!ns and val!date the tool’s e$ect!veness !n !mprov!ng on-s!te product!v!ty.

The tool, connected to a central!sed database v!a a RESTful API and WebSocket, allows real-t!me 
updates on the status of the !nstallat!on. Th!s !mproves commun!cat!on between operators and 
managers, fac!l!tates track!ng of s!te progress, and enables more !nformed dec!s!on-mak!ng.

In the short term, !t would be poss!ble to !ntegrate the capture of !mages of the !nstallat!on to 
document the process (both before and after) from the same dev!ce that !s be!ng used. Another 
funct!onal!ty that the WebXR !nterface allows !s to track the dev!ce’s movement, so that the 
movements of both the !nstaller and the val!dator can be mon!tored. W!th th!s data, subsequent 
analys!s (total val!dat!on t!me, average val!dat!on t!me per panel) could be performed, as well as 
suggest!ons or alerts on the movements made. Add!t!onally, and to fac!l!tate !nteract!on, !t could 
be pract!cal to use a module for captur!ng vo!ce commands, wh!ch would reduce the need for 
!nteract!on w!th the screen.

In the long term, s!m!lar tools could expand the!r funct!onal!ty beyond panel !nstallat!on to !nclude 
other tasks such as plumb!ng, electr!cal, or HVAC systems. In add!t!on, the tools could be !ntegrated 
w!th other emerg!ng technolog!es such as robot!cs or art!fic!al !ntell!gence.
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For example, !nformat!on from the AR tool could be used to gu!de robots !n perform!ng tasks or to 
enable the AI to detect errors !n real t!me. The use of art!fic!al v!s!on could avo!d hav!ng to resort to 
QR codes !n cases where elements to be !nstalled would allow !t.

In summary, the proposed tool addresses current l!m!tat!ons !n AR use w!th!n construct!on by 
enabl!ng the d!rect use of BIM files on mob!le dev!ces through WebXR, thereby el!m!nat!ng the need 
for costly hardware, complex data convers!ons, and software !nstallat!ons. It prov!des real-t!me 
gu!dance and ver!ficat!on for panel !nstallat!on, !mproves s!te commun!cat!on and e#c!ency, and has 
potent!al for future expans!on !nto other construct!on tasks and !ntegrat!on w!th robot!cs, art!fic!al 
!ntell!gence, and computer v!s!on.
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Abstract 
Traditional fabrication methods for plastic building panels, such as moulding and extrusion, have 
recently been advanced by large-scale robotic 3D printing (LSR3DP), enabling mass customisation and 
the production of complex architectural geometries. While existing research on LSR3DP has primarily 
focused on single-material printing, the exploration of multi-material or multi-property applications 
remains limited, especially at full architectural scale. This study addresses this gap by developing 
a performance-driven digital workflow for PETG-based façades that integrates structural e$ciency 
with solar-responsive transmittance gradients. A multiobjective optimisation process using the Non-
dominated Sorting Genetic Algorithm II (NSGA-II) generated 16 optimal façade geometries across four 
orientations (north, east, south, west), achieving up to 14% reduction in summer solar radiation and 26% 
increase in winter solar gain compared to a conventional vertical façade, while minimising structural 
displacement. The optimal south-facing solution was selected for detailed daylight performance 
assessment. A procedural gradient generation workflow was developed to discretise solar-based 
transmittance values across varying mesh densities and gradient resolutions. The best-performing 
variable transmittance configuration achieved 46.24% Useful Daylight Illuminance (UDI-a) and 69.21% 
spatial Daylight Autonomy (sDA), representing a 25.94% improvement in UDI-a over a conventional 
uniform-transmittance curtain wall. This integrated approach demonstrates LSR3DP’s potential to 
produce unified, materially expressive façades that embed environmental performance directly into form 
and material logic, eliminating reliance on mechanical shading systems.
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1 INTRODUCTION

1.1 BACKGROUND

Plast!cs have been used !n façade appl!cat!ons s!nce 1954, !n!t!ally !n the form of glass-fibre-
re!nforced plast!c (GRP) panels enclos!ng m!l!tary radar domes (Engelsmann et al., 2010). A few 
years later, !n 1957, the Monsanto House of the Future—des!gned by Monsanto, MIT, and WED 
Enterpr!ses—was constructed us!ng large GRP structural sect!ons cant!levered from a concrete 
core, demonstrat!ng the potent!al of th!s new mater!al for bu!ld!ng construct!on. S!nce then, plast!cs 
have been employed !n a var!ety of appl!cat!ons (Engelsmann et al, 2010): i) as panels !n bu!ld!ng 
envelopes, such as the polycarbonate façade of the Laban Centre !n London, UK, and the GRP façade 
of Term!nal V !n Lauterach, Austr!a; ii) as structural elements !n sculptures, roofs, or pav!l!ons, 
such as the Hoofddorp Bus Stat!on (Castañeda et al., 2015) !n the Netherlands; and iii) as both 
bu!ld!ng structure and envelope, as seen !n projects l!ke FG 2000 !n Altenstadt, Germany, wh!ch was 
constructed from compos!te GRP and PUR (Polyurethane) foam core structural sect!ons.

In most of these examples, the plast!c components were manufactured us!ng !nject!on mould!ng, 
cast!ng, or extrus!on—trad!t!onally the pr!mary fabr!cat!on methods for produc!ng such parts or 
sect!ons. Today, Large-Scale Robotic 3D Printing (LSR3DP) (M!lano et al., 2024) has been added 
to these methods, o$er!ng capab!l!t!es that extend beyond mass product!on by enabl!ng greater 
geometr!c complex!ty and adequate cost e#c!ency. One notable contemporary appl!cat!on of 
LSR3DP !n arch!tecture !s the use of ABS (acrylon!tr!le-butad!ene-styrene) plast!c panels to clad 
the steel structure of the east gate at Nanj!ng Happy Valley Plaza !n Ch!na (Yuan et al., 2022). 
The complex, non-repet!t!ve geometry of the structure made a bespoke fabr!cat!on method such 
as LSR3DP part!cularly su!table, enabl!ng the product!on of 4,000 un!que panels !n under two 
months. Th!s techn!que !s now be!ng !ncreas!ngly explored as a means of custom!s!ng the geometry, 
performance, and fin!sh of façade systems through the fabr!cat!on of bespoke, one-o$ panels. 

Add!t!onally, dayl!ght control, typ!cally ach!eved through mechan!cal shad!ng dev!ces, can !nstead 
be !ntegrated d!rectly us!ng LSR3DP. Th!s !s because construct!ng such shad!ng systems !nvolves 
a complex assembly process. Another s!gn!ficant !ssue !s “the cost of product!on and ma!ntenance 
of soph!st!cated mechan!cal systems” (Vazquez & Duarte, 2022). Furthermore, these systems must 
be fixed to the bu!ld!ng envelope us!ng metal components, wh!ch !ntroduces weak thermal po!nts 
due to cold br!dg!ng. In contrast, the novelty of LSR3DP l!es !n !ts ab!l!ty to m!n!m!se construct!on 
complex!ty, el!m!nate var!ab!l!ty !n thermal performance caused by the use of d!sparate mater!als 
and mechan!cal fix!ngs, and avo!d the ongo!ng ma!ntenance typ!cally assoc!ated w!th k!net!c or 
convent!onal shad!ng systems.

1.2 STATE OF THE ART

Research !nto the use of plast!cs !n bu!ld!ng façade panels has been ongo!ng for several years. 
Th!s work can be d!v!ded !nto mono- and mult!-mater!al approaches: the former concerns the use 
of a s!ngle type of plast!c across the ent!re panel, wh!le the latter !nvolves the fus!on of plast!cs of 
d!$erent types, colours, or opac!t!es. W!th!n the mono-mater!al category, sub-themes !nvest!gated 
!nclude vent!lat!on control and thermal heat storage (Mungenast, 2017);  thermal performance 
(Sarak!n!ot! et al., 2018; P!cc!on! et al., 2020); solar wall des!gn and manufactur!ng (Tenp!er!k et 
al., 2018); and assessments of a!r permeab!l!ty, water t!ghtness, w!nd loads, and !mpact res!stance 
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(Che!bas et al., 2024). Add!t!onally, M!lano et al. (2024) !nvest!gate the assembly of 3D pr!nted plast!c 
panels !nto a complete façade system, focus!ng on the !nterfaces between segments.

Of relevance to th!s study, Che!bas et al. (2023) exam!ne var!ous surface patterns on 3D-pr!nted 
plast!c panels to regulate dayl!ght transm!ss!on and d!str!but!on, wh!le Taseva et al. (2020) propose 
the use of c!rcular grad!ent, truss grad!ent, and Schwarz P !nfill geometr!es !n plast!c panels for l!ght 
control. In add!t!on, the eng!neer!ng pract!ce Eckersley O’Callaghan and des!gn stud!o Etcetera have 
undertaken research !nto “a bu!ld!ng enclosure platform that replaces a typ!cal mult!layered façade 
bu!ld-up w!th a unified "s!ngle-mater!al construct!on” (Qu!llet & Rogan, 2022), wh!ch !s also d!rectly 
relevant to th!s art!cle.

Regard!ng the currently l!m!ted mult!-mater!al approaches, Gr!gor!ad!s (2018, 2019) presented 
research on des!gn-to-fabr!cat!on workflows for a mult!-mater!al façade segment us!ng PolyJet 
mater!als by Stratasys (Tee et al., 2020). Furthermore, Taseva et al. (2020) showcased a strategy for 
fabr!cat!ng polyurethane foam-!nfilled, funct!onally graded plast!c panels, and Kwon et al. (2019) 
presented an approach for comb!n!ng carbon fibre-re!nforced thermoplast!cs w!th polymers.

FIG. 1 S!de v!ew render!ng of the MMIF project, !llustrat!ng the d!str!but!on of colour and transm!ttance grad!ents throughout the 
façade volume. Th!s project served as the !n!t!al bas!s for the research presented !n th!s paper.

1.3 CONTEXT

The study presented here bu!lds upon the Mult!-Mater!al Integrated Façade (MMIF) project, shown 
!n FIG 1 and FIG 2, !n!t!ally developed by Gr!gor!ad!s and Esses and prev!ously summar!sed !n 3D 
Printing and Material Extrusion in Architecture: Construction and Design Manuals (Gr!gor!ad!s & Lee, 
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2024). MMIF proposes a component-less bu!ld!ng façade, des!gned and ult!mately !ntended to be 
robot!cally fabr!cated, as a cont!nuous volume character!sed by gradual changes !n transm!ttance 
and colour. In do!ng so, !t e$ect!vely !ntroduces a fourth category to those outl!ned !n Sect!on 1.1: the 
use of mult!-propert!es or mult!-mater!als !n iv) a self-support!ng envelope.

FIG. 2 V!ew of the MMIF scale model pr!nted w!th PolyJet mater!als on the Stratasys J835 mult!-mater!al 3D pr!nter.

1.4 RESEARCH GAP

Current research on dayl!ght control !n 3D-pr!nted façades has predom!nantly focused on geometr!c 
approaches, such as surface patterns, !nfill geometr!es, and layer or!entat!on, rather than mater!al-
based transm!ttance grad!ents. Layered 3D pr!nted geometry has been shown to create an!sotrop!c 
opt!cal behav!our through var!at!ons !n layer he!ght, w!dth, and spat!al configurat!on (Che!bas et al., 
2023), wh!lst funct!onally graded façade elements us!ng m!n!mal surface !nfill structures have been 
developed, !n wh!ch grad!ent e$ects emerge from wavelength and ampl!tude var!at!ons controlled 
by geometr!c parameters (Taseva et al., 2020). S!m!larly, research has demonstrated that 3D pr!nt!ng 
process parameters can tune opt!cal propert!es from 90% transparency to 60% translucency (P!cc!on! 
et al., 2023). However, th!s tun!ng occurs through parameters that a$ect layer depos!t!on rather than 
through var!at!ons !n mater!al compos!t!on across the façade surface. These stud!es cons!stently 
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control l!ght transm!ss!on through phys!cal form man!pulat!on rather than through !nherent 
var!at!on !n mater!al opt!cal propert!es.

Th!s art!cle advances th!s body of research by, for the first t!me, !nvest!gat!ng the d!str!but!on and 
d!scret!sat!on of cont!nuous transm!ttance grad!ents across complex façade geometr!es to opt!m!se 
performance. Wh!lst ex!st!ng research ach!eves l!ght control through geometr!cal art!culat!on, the 
present work addresses how mater!al propert!es can be systemat!cally var!ed across a surface 
to ach!eve performance object!ves. More spec!fically, !t o$ers an alternat!ve approach to prev!ous 
stud!es (Che!bas et al., 2023; Taseva et al., 2020), focus!ng on the d!str!but!on of transm!ttance 
grad!ents rather than surface textur!ng or !nfill geometr!es. The study addresses two prev!ously 
unexplored challenges: (1) spec!fy!ng var!able transm!ttance grad!ents across freeform geometr!es 
based on solar rad!at!on data, and (2) develop!ng d!scret!sat!on strateg!es for translat!ng cont!nuous 
transm!ttance propert!es !nto stepped zones for dayl!ght performance evaluat!on. Th!s represents a 
s!gn!ficant gap, as no robust framework currently ex!sts for the performance-dr!ven appl!cat!on and 
d!scret!sat!on of grad!ents, part!cularly for complex geometr!es enabled by LSR3DP.

The research that follows adopts a structured, mult!object!ve opt!m!sat!on approach to balance 
summer and w!nter solar rad!at!on w!th structural d!splacement cr!ter!a, determ!n!ng an opt!mal 
façade form, !llustrated !n FIG 3. Mult!object!ve opt!m!sat!on processes have typ!cally been appl!ed to 
the des!gn of façade shad!ng systems (Wag!r! et al., 2024; L!n & Tsay, 2024; Fan et al., 2022), relevant 
to th!s study, to explore the relat!onsh!p between glaz!ng types, !nsulat!on, w!ndow-to-wall rat!os, 
Useful Dayl!ght Illum!nance (UDI), and l!fe cycle cost (Shan & Sh!, 2016).

Bu!ld!ng on th!s foundat!on, the opt!m!sat!on process presented !n th!s art!cle cons!sts of a 
bespoke workflow that d!str!butes transm!ttance grad!ents across the cont!nuous global surface. 
Dayl!ght metr!cs analyses accompany th!s to evaluate the !mpact of these grad!ents on !nter!or 
l!ght!ng cond!t!ons.

(A) (B)

Anchor point

Horizontal displacement
(C)

FIG. 3 D!agram of (a) the segment of the v!rtual bu!ld!ng used as the basel!ne cond!t!on for the mult!object!ve opt!m!sat!on, (b) the 
locat!ons allowed to undergo d!splacement dur!ng opt!m!sat!on, and (c) the geometry after d!splacement.

E$ect!vely, th!s art!cle addresses two key research quest!ons:

1 How can mult!object!ve opt!m!sat!on be appl!ed to !dent!fy façade forms that balance summer solar 
rad!at!on reduct!on, w!nter solar ga!n max!m!sat!on, and structural d!splacement m!n!m!sat!on?

2 How can solar-!nformed transm!ttance grad!ents be systemat!cally d!str!buted and d!scret!sed across 
façade geometr!es to ach!eve comfortable !nternal dayl!ght levels?
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2 METHODOLOGY

The methodolog!cal framework of th!s study compr!ses two d!st!nct phases: form find!ng and 
grad!ent-based dayl!ght performance analys!s. Th!s two-phase approach reflects the h!erarch!cal 
nature of façade performance opt!m!sat!on, !n wh!ch geometr!c configurat!on must be establ!shed 
before mater!al propert!es can be mean!ngfully ass!gned. 

Phase 1 addresses the first research quest!on by !dent!fy!ng opt!mal façade forms that balance 
compet!ng env!ronmental and structural cr!ter!a through mult!object!ve opt!m!sat!on. Th!s 
phase focuses on generat!ng façade geometr!es through parametr!c modell!ng, evaluat!ng the!r 
env!ronmental and structural performance through coupled analys!s, and !dent!fy!ng opt!mal 
configurat!ons that balance compet!ng cr!ter!a through evolut!onary opt!m!sat!on algor!thms.

Phase 2 bu!lds upon the opt!m!sed geometry to address the second research quest!on by evaluat!ng 
how solar-!nformed transm!ttance grad!ents !nfluence !nter!or dayl!ght qual!ty. Th!s phase comb!nes 
procedural modell!ng and d!scret!sat!on techn!ques w!th a comprehens!ve evaluat!on of dayl!ght 
performance based on val!dated s!mulat!on metr!cs.

Th!s !ntegrated approach, summar!sed !n FIG 4, ma!nta!ns cont!nu!ty of geometr!c and performance 
data across both phases, ensur!ng that form-find!ng dec!s!ons d!rectly !nform the d!str!but!on of 
mater!al propert!es.

PARAMETRIC DESIGN SCRIPT
Rhino + Grasshopper

ENVIRONMENAL + STRUCTURAL SCRIPT
Grasshopper + Ladybug + Karamba3D

MULTI-OBJECTIVE OPTIMISATION (NSGA-II)
Grasshopper + Wallacei

OPTIMAL FORM

PHASE 1 - FORM FINDING PHASE 2 - PERFORMANCE ANALYSIS

GRADIENT GENERATION
SideFX Houdini

DAYLIGHT PERFORMANCE ANALYSIS
Grasshopper + Honeybee

RESULTS

MAP TRANSMITTANCE VALUES
SideFX Houdini + Grasshopper + Honeybee

FIG. 4 D!agram summar!s!ng the methodology used !n th!s study.

2.1 PHASE 1: FORM FINDING PROCESS

Th!s phase establ!shes the methodolog!cal foundat!on for performance-dr!ven façade des!gn 
through parametr!c modell!ng, !ntegrated env!ronmental-structural analys!s, and mult!object!ve 
opt!m!sat!on. The process systemat!cally explores how geometr!c var!at!on !nfluences solar exposure 
and structural behav!our, ult!mately !dent!fy!ng configurat!ons that ach!eve balanced performance 
across compet!ng cr!ter!a.

2.1.1 Parametr!c Des!gn Scr!pt

A parametr!c des!gn approach was adopted to enable a systemat!c explorat!on of façade geometr!es 
w!th vary!ng degrees of self-shad!ng and structural art!culat!on. Rh!noceros (Rh!no) (Robert McNeel 
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& Assoc!ates, n.d.) and Grasshopper (Rutten and Robert"McNeel"&"Assoc!ates, n.d.) were used to 
develop the parametr!c des!gn scr!pt. These platforms were selected for the!r v!sual programm!ng 
!nterfaces and seamless !ntegrat!on w!th env!ronmental and structural analys!s tools. Unl!ke fixed 
geometr!c configurat!ons, parametr!c modell!ng allows the s!multaneous !nvest!gat!on of mult!ple 
des!gn var!ables and the!r comb!nator!al e$ects on performance, wh!ch !s essent!al for !dent!fy!ng 
opt!mal solut!ons w!th!n a complex des!gn space.

A corner façade geometry was selected as the case study, representat!ve of typ!cal commerc!al or 
o#ce bu!ld!ng construct!on. E!ght pr!mary parameters were ut!l!sed to art!culate the façade w!th 
more control po!nts than a typ!cal vert!cal façade, enabl!ng var!at!ons !n profile depth, curvature, 
and corner or!entat!on. These parameters were establ!shed to ensure geometr!c feas!b!l!ty wh!lst 
max!m!s!ng performance var!at!on across env!ronmental and structural cr!ter!a.

2.1.2 Env!ronmental and Structural Analys!s

The parametr!cally generated façade forms were assessed through an !ntegrated env!ronmental and 
structural analys!s workflow w!th!n Grasshopper, us!ng Ladybug (Roudsar! and Ladybug Tools LLC, 
n.d.) for env!ronmental analys!s and Karamba3D (Pre!s!nger, 2013) for structural analys!s. Evaluat!ng 
both aspects together was necessary, s!nce geometr!c mod!ficat!ons that !mprove one cr!ter!on often 
comprom!se the other. The coupled approach supported the !dent!ficat!on of configurat!ons that 
ach!eve balanced performance across env!ronmental and structural cr!ter!a.

Solar !nc!dent rad!at!on was calculated for all façade !terat!ons for summer and w!nter per!ods. 
The seasonal spl!t was cr!t!cal because e$ect!ve façade performance requ!res low summer ga!ns to 
reduce cool!ng loads and h!gh w!nter ga!ns to support pass!ve heat!ng. The analys!s was conducted 
across four card!nal or!entat!ons (north, east, south, west), as solar exposure var!es s!gn!ficantly 
w!th or!entat!on and opt!mal geometr!c configurat!ons d!$er accord!ngly. Ladybug was used for th!s 
analys!s due to !ts val!dated solar-geometry algor!thms and !ntegrat!on w!th Grasshopper, wh!ch 
enabled real-t!me feedback dur!ng parametr!c adjustments. The study used London Heathrow EPW 
data to prov!de hourly rad!at!on values representat!ve of the UK cl!mate.

Structural d!splacement was calculated for all façade !terat!ons to assess how each geometry 
responds to self-we!ght and appl!ed loads. D!splacement served as an !nd!cator of structural 
e#c!ency and mater!al use because larger values show h!gher structural demand that requ!res 
add!t!onal mater!al or support to ma!nta!n stab!l!ty, wh!ch !nfluences fabr!cat!on feas!b!l!ty and cost 
(Pre!s!nger, 2013; Boll!nger et al., 2010). Karamba3D was used for th!s assessment due to !ts fin!te 
element analys!s capab!l!t!es and !ts !ntegrat!on w!th!n Grasshopper, wh!ch supported the comb!ned 
env!ronmental and structural workflow used to evaluate the parametr!cally generated façade forms. 

PETG (Polyethylene Terephthalate Glycol) was spec!fied as the façade mater!al due to !ts 
demonstrated su!tab!l!ty for LSR3DP appl!cat!ons. PETG o$ers a favourable comb!nat!on of durab!l!ty, 
flex!b!l!ty, and pr!ntab!l!ty. It exh!b!ts su#c!ent structural capac!ty for self-support!ng façades wh!lst 
ma!nta!n!ng the flex!b!l!ty necessary to accommodate thermal expans!on and m!nor deformat!ons 
w!thout br!ttle fa!lure (P!cc!on! et al., 2023a; Sarak!n!ot! et al., 2018). Its opt!cal propert!es also enable 
transm!ttance modulat!on, essent!al for Phase 2 of th!s research.
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2.1.3 Mult!object!ve Opt!m!sat!on and Pareto Solut!ons

A mult!object!ve opt!m!sat!on process was conducted us!ng Grasshopper and Wallace! 
(Showkatbakhsh et al., n.d.), employ!ng the Non-dom!nated Sort!ng Genet!c Algor!thm II (NSGA-II) 
to !dent!fy façade geometr!es that balance compet!ng env!ronmental and structural performance 
cr!ter!a. Th!s approach was necessary because the three performance cr!ter!a are !nherently 
confl!ct!ng. Mult!object!ve opt!m!sat!on enables explorat!on of the ent!re trade-o$ landscape, 
!dent!fy!ng solut!ons !n wh!ch no object!ve can be !mproved w!thout degrad!ng at least one other 
object!ve (Deb et al., 2002).

Three object!ves were selected to address fundamental façade performance requ!rements: (1) 
m!n!m!s!ng summer solar rad!at!on; reduc!ng cool!ng demand and overheat!ng d!scomfort; 
(2) max!m!s!ng w!nter solar rad!at!on; enhanc!ng pass!ve solar heat!ng and reduc!ng heat!ng 
energy consumpt!on; and (3) m!n!m!s!ng structural d!splacement; ensur!ng mater!al e#c!ency 
and fabr!cat!on feas!b!l!ty, as excess!ve deformat!on would requ!re add!t!onal mater!al or structural 
re!nforcement, comprom!s!ng the v!ab!l!ty of LSR3DP fabr!cat!on.

NSGA-II was employed through the Wallace! plug!n for th!s opt!m!sat!on process. NSGA-II was 
selected due to !ts establ!shed e$ect!veness !n generat!ng well-d!str!buted Pareto-opt!mal solut!ons 
for mult!object!ve problems (Deb et al., 2002). The algor!thm uses evolut!onary operat!ons such as 
select!on, crossover, and mutat!on to refine a populat!on of des!gn solut!ons !terat!vely, ma!nta!n!ng 
d!vers!ty across the Pareto front wh!le converg!ng toward opt!mal performance. The opt!m!sat!on 
was conducted !ndependently for each card!nal or!entat!on, as opt!mal façade configurat!ons vary 
s!gn!ficantly w!th d!rect!onal solar exposure.

The opt!m!sat!on process generated Pareto fronts conta!n!ng non-dom!nated solut!ons. To select 
a s!ngle representat!ve solut!on from each Pareto front that balances all three object!ves, the 
Techn!que for Order of Preference by S!m!lar!ty to Ideal Solut!on (TOPSIS) was appl!ed (Hwang 
& Yoon, 1981). TOPSIS !s a mult!-cr!ter!a dec!s!on-mak!ng method that ranks solut!ons based on 
the!r geometr!c d!stance from both an !deal solut!on (best poss!ble values for all object!ves) and 
a negat!ve-!deal solut!on (worst poss!ble values for all object!ves). The solut!on w!th the h!ghest 
preference score was selected as the TOPSIS-opt!mal solut!on for each or!entat!on, prov!d!ng a 
systemat!c approach for balanc!ng compet!ng object!ves w!thout arb!trary we!ght!ng schemes.

2.2 PHASE 2: DAYLIGHT PERFORMANCE ANALYSIS & 
TRANSMITTANCE GRADIENT GENERATION

Bu!ld!ng upon the prev!ous phase, th!s process ut!l!ses the Solar Inc!dent Rad!at!on data from Phase 
1 and the Phase 1 Opt!mal Geometry (P1OG) as !nputs. It follows a procedural workflow us!ng S!deFX 
Houd!n! (S!deFX, n.d.) and further env!ronmental s!mulat!ons us!ng Grasshopper and Honeybee 
(HB) (Roudsar! and Ladybug Tools LLC, n.d.) to generate a grad!ent des!gn and evaluate the dayl!ght 
performance, a!m!ng to establ!sh a methodology for assess!ng dayl!ght !n add!t!ve-manufactured 
mult!-property or mult!-mater!al façades. Houd!n! !s used for !ts procedural modell!ng capab!l!t!es, 
wh!ch allow for rap!d !terat!on and prec!se control over complex geometr!es and propert!es, such as 
colour and transm!ttance. Custom !nput/output (I/O) workflows were developed !n Python to enable 
the structured transfer of data between the two platforms for env!ronmental s!mulat!on, streaml!n!ng 
the computat!onal process.
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2.2.1 Grad!ent Generat!on

A procedural grad!ent-generat!on scr!pt was developed !n S!deFX Houd!n! us!ng the P1OG w!th the 
assoc!ated vertex colours from the solar rad!at!on heatmap generated !n phase 1. The P1OG was 
s!mpl!fied to three vers!ons, low, med!um, and h!gh resolut!ons, by reduc!ng the number of polygons 
used to represent the geometry. Th!s was done to compare model complex!ty w!th analys!s accuracy 
and runt!me dur!ng the env!ronmental s!mulat!ons.

2.2.2 Grad!ent D!scret!sat!on

By d!scret!s!ng the grad!ent, the mesh was segmented !nto polygonal zones w!th shared colour 
values through attr!bute-based group!ng. Promot!ng vertex colour attr!butes to the polygon level 
allowed polygons to be grouped !nto d!screte model components for data transfer between S!deFX 
Houd!n! and Grasshopper. Th!s enabled an evaluat!on of how grad!ent resolut!on !nfluences both the 
accuracy and computat!onal performance of dayl!ght metr!cs analyses, !ndependent of mesh dens!ty. 
H!gher numbers of d!screte steps prov!de a closer approx!mat!on to the or!g!nal cont!nuous grad!ent. 
A custom VEX code was wr!tten !n Houd!n! to convert the colour grad!ent !nto the des!red number of 
d!screte steps, summar!sed !n FIG 5. Th!s fac!l!tated ass!gn!ng stepped transm!ttance values across 
the geometry dur!ng the env!ronmental s!mulat!ons.

← 

INPUTS

← − 1)

← 

FIG. 5 D!agram of the method used for grad!ent d!scret!sat!on.
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2.2.3 Env!ronmental Analys!s 

The output mesh groups were then evaluated w!th!n Grasshopper, us!ng HB for env!ronmental 
analys!s. A custom Grasshopper component was developed !n Python to construct a sorted l!st 
of model components based on the!r ass!gned colour values, enabl!ng the mapp!ng of grouped 
geometry to correspond!ng transm!ttance values !n HB. Env!ronmental !nputs !nclude weather data 
from the EPW file, the Dayl!ght Autonomy (DA) threshold, and the occupancy schedule, wh!ch !nform 
the analys!s of DA and Useful Dayl!ght Illum!nance (UDI) exper!enced w!th!n the space. The analys!s 
was conducted !n two steps. (1) The first step a!med to evaluate the !mpact of mesh and grad!ent 
resolut!on on dayl!ght analys!s accuracy. (2) The second step a!med to !dent!fy the opt!mal range 
for the var!able transm!ttance model to ach!eve both h!gh dayl!ght performance and v!sual comfort. 
S!mulat!ons were conducted on a laptop powered by an AMD Ryzen AI 9 365 processor, featur!ng 10 
cores and 20 threads, w!th a base clock speed of 2.0 GHz and a max!mum boost clock of 5.0 GHz.

3 RESULTS

Th!s sect!on presents the outcomes of the two-phase methodolog!cal process developed !n 
th!s study. Phase 1 focuses on formulat!ng !nput parameters, evaluat!ng the!r sens!t!v!ty, and 
!dent!fy!ng opt!mal solut!ons based on mult!ple performance cr!ter!a. Phase 2 bu!lds upon the 
selected geometry from Phase 1 to assess !ts dayl!ght!ng performance and generate opt!m!sed 
transm!ttance grad!ent models.

3.1 PHASE 1: FORM FINDING PROCESS

Th!s phase presents the form-find!ng process, summar!sed !n FIG 6. Var!ous form !terat!ons are 
produced by man!pulat!ng the !nput var!ables, o$er!ng a range of des!gn opt!ons for further analys!s 
and opt!m!sat!on. Th!s cons!sts of 3 key steps: (1) develop!ng a parametr!c des!gn scr!pt that 
systemat!cally explores façade form opt!ons, (2) conduct!ng a sens!t!v!ty analys!s to test the !mpact of 
the bu!ld!ng’s geometry parameters on the env!ronmental and structural performance, (3) develop!ng 
a mult!object!ve framework for opt!m!s!ng the bu!ld!ng form !n response to the env!ronmental and 
structural performance.

3.1.1 Parametr!c Des!gn Scr!pt

The foundat!onal geometry !s a 6 ( 6-meter rectangular footpr!nt, extruded vert!cally to form a 
two-storey structure w!th a total he!ght of 8 meters (4 meters per floor). Th!s bas!c structure !s 
cons!stently appl!ed across all !terat!ons, wh!le the parametr!c flex!b!l!ty focuses on des!gn!ng and 
man!pulat!ng the corner wall façade.
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FIG. 6 D!agram summar!s!ng the workflow for Phase 1 of the study.
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3.1.2 Key Parameters and Structure of the Façade Des!gn

E!ght pr!mary parameters dr!ve the generat!on of the corner wall façade, !llustrated !n FIG 7, each 
respons!ble for d!$erent aspects of !ts geometr!c configurat!on:

1 Profile Articulation: S!x ma!n parameters define the wall’s corner profile, break!ng the vert!cal l!ne 
!nto three segments marked by four cr!t!cal po!nts:

a Segment Division: The vert!cal profile !s segmented at spec!fic po!nts to del!neate the ground 
and upper floors. The lower segment corresponds to the ground floor, wh!le the upper 
segments represent the upper floor.

b Point Displacements: Four parameters control the pos!t!on!ng of po!nts 1, 3, and 4 along the Y 
and Z axes. These po!nts’ d!splacements vary, allow!ng for a dynam!c range of form !terat!ons, 
each exh!b!t!ng un!que var!at!ons !n depth and shape across the façade. TABLE 1 outl!nes 
the range of values used for these d!splacements, enabl!ng a structured yet flex!ble approach 
to façade modulat!on.

c Curvature Control: To add smoother trans!t!ons between segments, two more parameters were 
added to fillet the corners at po!nts 2 and 3 on the vert!cal profile. The fillet rad!! at the po!nts 
can be adjusted to create t!ght or loose façade curvature. The d!$erent curves of the wall 
create a sense of cont!nu!ty along the façade, help!ng to smooth the trans!t!on between the 
ground and first-floor walls. 

2 Corner Profile Duplication and Orientation: The ma!n façade profile !s dupl!cated and appl!ed to 
both adjacent corners of the structure. Each profile copy !s rotated by 45 degrees, or!ent!ng toward 
the square’s centre, form!ng a cohes!ve wrap-around e$ect at each corner. The pos!t!on!ng of these 
corner profiles !s adjustable through an add!t!onal parameter that allows each corner profile to sh!ft 
e!ther !nward or outward relat!ve to the square’s corner, creat!ng subtle var!at!ons !n depth and 
spat!al dynam!cs along the façade. 

3 Rail Profile Connectivity and Filleting: Each of the four pr!mary profiles !s connected by a cont!nuous 
ra!l element that un!fies them vert!cally and hor!zontally, establ!sh!ng a smooth trans!t!on across the 
façade segments. The final parameter controls the ra!l, wh!ch adjusts the fillet rad!us at the corners 
of the ra!l. Mod!fy!ng the fillet creates rounded trans!t!ons between profiles, contr!but!ng to the 
façade’s overall aesthet!c. 

4 Lofting to Create the Façade Surface: Once all profiles and ra!ls are pos!t!oned, they are lofted 
together to form a cont!nuous façade surface. Th!s loft!ng operat!on !ntegrates the profiles and 
ra!ls !nto a s!ngle, cohes!ve surface, creat!ng a dynam!c façade structure that reflects the un!que 
var!at!ons and adjustments defined by the parameters.

By fine-tun!ng these parameters, th!s workflow (FIG 8) generates a comprehens!ve array of façade 
!terat!ons (FIG 9), each al!gned w!th the core 6 ( 6-meter bu!ld!ng module, yet showcas!ng un!que 
façade art!culat!ons for further analys!s.
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FIG. 7 Key parameters and structure of the façade des!gn.

TABLE 1 Form-find!ng des!gn parameters w!th value ranges used to !terate the model.

Parameter Nomenclature Value Range (m) Type

Base-Square-Size SS 6.0 * 6.0 F!xed

Floor-Height FH 4.0 F!xed

Point-1_Y-Displacement P1YD 0.5 - 2.0 Var!able

Point-3_Y-Displacement P3YD 1.5 - 3.0 Var!able

Point-3_Z-Displacement P3ZD 1.2 - 2.8 Var!able

Point-4_Y-Displacement P4YD 0.0 - 1.5 Var!able

Point-2_Fillet-Radius P2FR 0.25 - 1.0 Var!able

Point-3_ Fillet-Radius P3FR 0.25 - 0.5 Var!able

Rail_Fillet-Radius RFR 1.0 - 2.0 Var!able

Corner_Displacement CD -1.5 - 1.5 Var!able
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FIG. 8 Parametr!c generat!on sequence of the corner façade geometry, show!ng the transformat!on from a bas!c cub!c volume to 
the art!culated corner wall surface through the defin!t!on, man!pulat!on, and loft!ng of vert!cal profiles (red l!nes).

FIG. 9 S!x des!gn !terat!ons generated from the parametr!c form-find!ng scr!pt. Each var!at!on explores changes !n key geometr!c 
var!ables that !nfluence façade art!culat!on and self-shad!ng potent!al.

Env!ronmental Performance

After generat!ng the façade’s lofted surface, the des!gn scr!pt connects w!th an add!t!onal Ladybug 
scr!pt w!th!n Grasshopper to s!mulate annual solar rad!at!on (FIG 10). Th!s s!mulat!on uses the 
London Heathrow weather file as !ts cl!mat!c !nput. By apply!ng th!s data to the façade, the scr!pt 
v!sual!ses the d!str!but!on of solar rad!at!on across the surface over a typ!cal year, h!ghl!ght!ng areas 
of h!gh and low solar exposure.
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The analys!s was conducted on the façade w!th four ma!n or!entat!ons: north, east, south, and 
west. However, th!s study focuses pr!mar!ly on the south or!entat!on, wh!ch rece!ves the h!ghest 
solar rad!at!on. To prov!de seasonal !ns!ghts, the solar rad!at!on was d!v!ded !nto two key per!ods: 
summer (March 21 to September 21) and w!nter (September 21 to March 21). The ma!n object!ve 
!s to reduce solar rad!at!on dur!ng summer to m!n!m!se overheat!ng and cool!ng energy demand, 
wh!le max!m!s!ng solar rad!at!on !n w!nter to enhance pass!ve heat!ng and energy e#c!ency. 
These !ns!ghts are cr!t!cal for develop!ng opt!m!sed shad!ng strateg!es and !mprov!ng 
bu!ld!ng performance.

FIG. 10 Inc!dent solar rad!at!on v!sual!sat!on for three d!$erent generated solut!ons. For each solut!on, the left column (A) shows 
the annual total solar rad!at!on, the m!ddle column (B) represents the summer season, and the r!ght column (C) d!splays the 
w!nter season.

Structural Performance

In parallel, a Karamba3D scr!pt !s !ntegrated !nto the workflow to evaluate the structural 
d!splacement of the lofted surface, !llustrated !n FIG 11. Mater!al propert!es are !ncorporated !nto 
the scr!pt, w!th an assumed façade th!ckness of 10 cm (TABLE 2). PETG’s mechan!cal propert!es, 
!nclud!ng elast!c!ty and dens!ty, are !nput !nto the scr!pt to est!mate the surface’s behav!our under 
var!ous load cond!t!ons. Th!s allows Karamba to calculate and v!sual!se potent!al d!splacements or 
deformat!ons, ensur!ng the façade’s structural !ntegr!ty.

The analys!s assumed the façade structure !s fixed only at the base, w!th grav!ty and mater!al 
self-we!ght as the appl!ed loads, !llustrated !n FIG 12. Wh!le !n pract!ce, the structure would be 
laterally supported by adjacent walls and connected to a roof structure above, analys!ng !t as a 
self-structural envelope prov!des a conservat!ve assessment of the façade’s !nherent load-bear!ng 
capac!ty. Th!s approach !solates the performance of the façade geometry !tself, !ndependent of 
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aux!l!ary support systems, thereby evaluat!ng whether the proposed un!fied envelope can ma!nta!n 
structural !ntegr!ty under self-we!ght, a fundamental prerequ!s!te before cons!der!ng add!t!onal 
load!ng scenar!os or !ntegrat!on w!th the broader bu!ld!ng structure. Th!s methodology also enables 
d!rect compar!son across d!$erent geometr!c !terat!ons w!thout confound!ng var!ables !ntroduced by 
vary!ng support cond!t!ons.

FIG. 11 D!splacement of s!x façade !terat!ons s!mulated !n Karamba (Grasshopper) us!ng PETG mater!al propert!es. Darker colours 
!nd!cate h!gher d!splacement, measured !n cent!metres.

FIG. 12 Structural analys!s model !n Karamba show!ng the façade geometry w!th fixed boundary cond!t!ons at the base (black 
dots) and grav!ty loads appl!ed to the structure (yellow dots w!th downward arrows). The red and blue edges del!neate the façade 
profile boundar!es.
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TABLE 2 PETG mater!al propert!es.

Material Property Acronym Value Unit

Structure Thickness T 10 cm

Young’s Modulus E 295 kN/cm2

In-Plane Shear Modulus G12 105.43 kN/cm2

Transverse Shear Modulus G3 105.43 kN/cm2

Specific Weight gamma 12.454 kN/m3

Coe&cient of Thermal Expansion alphaT 0.000043 1/°C

Tensile Strength ft 5.868 kN/cm2

Compressive Strength fc 5.868 kN/cm2

3.1.3 Sens!t!v!ty Analys!s for the Parameters

A sens!t!v!ty analys!s was conducted to evaluate the relat!onsh!p between the des!gn parameters 
and three key object!ves: summer and w!nter solar rad!at!on, and d!splacement. A s!mple l!near 
regress!on was performed for each parameter to assess !ts R-squared (R%) value relat!ve to these 
object!ves, measur!ng the strength of the correlat!on and the proport!on of var!ance expla!ned. 
The method !nvolved vary!ng each parameter !nd!v!dually across !ts spec!fied range, as outl!ned !n 
TABLE 1, wh!le keep!ng all other parameters fixed at the!r mean values. Th!s approach enabled the 
!solated exam!nat!on of each parameter’s !nfluence on the object!ves. The analys!s prov!ded valuable 
!ns!ghts !nto the vary!ng degrees of !mpact and correlat!on that each parameter has w!th the des!gn 
object!ves, a!d!ng understand!ng of the!r contr!but!ons, as outl!ned !n TABLE 3.

Summer Solar Rad!at!on

The analys!s of summer solar rad!at!on across var!ous parameters reveals s!gn!ficant correlat!ons 
w!th parameters P1YD, P3YD, P4YD, P2FR, P3DR, and RFR, w!th R-squared values rang!ng from 0.848 
to 0.996. Th!s !nd!cates that these parameters account for a substant!al proport!on of the var!ance 
!n solar rad!at!on, suggest!ng that they are strong pred!ctors. Parameter P3ZD shows a moderate 
correlat!on (R% = 0.781), whereas CD has the lowest R% (0.180), !nd!cat!ng the weakest correlat!on w!th 
summer solar rad!at!on among the parameters. Th!s suggests that CD accounts for only a m!n!mal 
amount of the var!ance !n summer solar rad!at!on.

W!nter Solar Rad!at!on

The analys!s of w!nter solar rad!at!on across var!ous parameters reveals s!gn!ficant correlat!ons for 
most parameters, w!th R-squared values rang!ng from 0.814 to 0.992, !nd!cat!ng that they account 
for a substant!al proport!on of the var!ance !n solar rad!at!on and are strong pred!ctors. Parameters 
P3ZD and P4YD exh!b!t notably lower R-squared values, 0.559 and 0.768, respect!vely, suggest!ng 
weaker explanatory power for var!at!on !n w!nter solar rad!at!on than other parameters.
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D!splacement

The l!near regress!on analys!s shows strong correlat!ons for parameters P1YD, P3YD, P3ZD, 
P4YD, P2FR, P3DR, and CD, w!th R-squared values rang!ng from 0.856 to 1.00. These parameters 
demonstrate a rel!able l!near relat!onsh!p w!th the pred!cted façade d!splacements. In contrast, RFR 
exh!b!ts the weakest correlat!on (R% = 0.603), reflect!ng a weaker l!near assoc!at!on.

TABLE 3 Regress!on results for each parameter across the three object!ves: Summer Solar Rad!at!on, W!nter Solar Rad!at!on, and 
D!splacement. Reported metr!cs !nclude R-Squared, Mean Squared Error (MSE), Mean Absolute Error (MAE), Slope, and Intercept.

Objective Parameter R-Squared MSE MAE Slope Intercept

Summer Solar Radiation P1YD 0.996 0.666 0.650 26.969 571.973

P3YD 0.991 2.756 1.534 -37.105 689.594

P3ZD 0.781 2.175 1.318 21.572 594.258

P4YD 0.996 0.686 0.696 28.517 584.774

P2FR 0.939 0.218 0.382 7.063 601.829

P3FR 0.973 0.283 0.369 31.729 593.927

RFR 0.848 1.057 0.868 -2.717 605.927

CD 0.180 0.055 0.165 0.347 605.834

Winter Solar Radiation P1YD 0.814 0.369 0.475 2.758 318.113

P3YD 0.993 1.198 1.028 -27.471 383.555

P3ZD 0.559 0.887 0.803 -8.215 325.123

P4YD 0.768 0.340 0.456 -2.303 323.772

P2FR 0.869 0.068 0.234 2.593 320.456

P3DR 0.975 0.138 0.302 23.370 312.931

RFR 0.992 2.278 1.185 -19.248 323.517

CD 0.953 0.020 0.112 2.012 319.153

Displacement P1YD 0.953 0.041 0.175 1.988 6.248

P3YD 0.989 0.112 0.289 6.772 -6.366

P3ZD 0.921 0.001 0.020 -0.609 8.826

P4YD 0.990 0.064 0.216 5.559 4.602

P2FR 0.856 0.000 0.005 -0.056 8.525

P3FR 1.000 0.000 0.002 -3.334 9.749

RFR 0.603 0.084 0.244 0.398 8.197

CD 0.988 0.001 0.020 -0.699 9.520

3.1.4 Development of a Mult!object!ve Opt!m!sat!on Framework

A mult!object!ve opt!m!sat!on framework was developed to address the confl!ct!ng des!gn goals. 
The framework ut!l!sed the Wallace! plug!n w!th!n Grasshopper, wh!ch !mplements the NSGA-II 
to opt!m!se mult!ple object!ves s!multaneously. Th!s process was structured as descr!bed !n the 
follow!ng paragraphs.
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Parameter and Object!ve Defin!t!on

The process began by defin!ng the des!gn parameters and object!ves. As deta!led !n TABLE 4, the 
parameters were carefully selected based on the!r !nfluence on the des!gn object!ves, as determ!ned 
by the sens!t!v!ty analys!s. E!ght parameters were defined, each represent!ng a cr!t!cal des!gn 
var!able. The poss!ble values for each parameter were determ!ned !n 1 cm !ncrements, result!ng !n a 
finely granular range of opt!ons.

Th!s granular approach resulted !n a vast search space of poss!ble des!gn solut!ons, calculated as 
the product of the poss!ble values for all e!ght parameters. The total number of potent!al solut!ons 
was approx!mately 8.5 quadr!ll!on. Such an extens!ve search space h!ghl!ghts the complex!ty and 
computat!onal challenge of the opt!m!sat!on process, as !t was !mpract!cal to evaluate all poss!ble 
comb!nat!ons exhaust!vely. Th!s further emphas!sed the need to employ advanced opt!m!sat!on 
algor!thms, such as NSGA-II, to explore the search space and e#c!ently !dent!fy opt!mal solut!ons.

TABLE 4 Des!gn Parameters, Value Ranges, and Search Space for Form Generat!on.

Parameter Parameter Value Range (m) Number of Values

Base-Square-Size SS 0.5 – 2.0 151

Floor-Height FH 1.5 – 3.0 151

Point-1_Y-Displacement P1YD 1.2 – 2.8 41

Point-3_Y-Displacement P3YD 0.0 – 1.5 151

Point-3_Z-Displacement P3ZD 0.25 – 1.0 76

Point-4_Y-Displacement P4YD 0.25 – 0.5 26

Point-2_Fillet-Radius P2FR 1.0 – 2.0 301

Point-3_ Fillet-Radius P3FR -1.5 – 1.5 101

Rail_Fillet-Radius RFR 1.0 - 2.0 Var!able

Corner_Displacement CD -1.5 - 1.5 Var!able

Number of poss!ble solut!ons [Search Space] 8,479,876,127,884,620

The sens!t!v!ty analys!s revealed a cr!t!cal relat!onsh!p between the object!ves: summer solar 
rad!at!on and d!splacement were d!rectly proport!onal, wh!le w!nter solar rad!at!on was !nversely 
proport!onal to both. Th!s !nterplay !ntroduced add!t!onal complex!ty to the opt!m!sat!on process, as 
!mprov!ng one object!ve often adversely a$ected another.

Opt!m!sat!on Process

The framework was configured w!th 50 generat!ons and 20 genes per generat!on, result!ng !n 1,000 
runs. Each des!gn solut!on, represented as a gene, was evaluated aga!nst the three object!ves, w!th 
the algor!thm !terat!vely refin!ng the solut!ons through genet!c operat!ons, !nclud!ng crossover, 
mutat!on, and select!on. The result was a Pareto front of non-dom!nated solut!ons, where no object!ve 
could be !mproved w!thout worsen!ng at least one other object!ve. These solut!ons represented the 
trade-o$s between the confl!ct!ng object!ves, prov!d!ng a comprehens!ve v!ew of the opt!m!sat!on 
landscape. To ensure robustness and prevent premature convergence to a local opt!mum, the 
opt!m!sat!on was run mult!ple t!mes w!th d!$erent !n!t!al comb!nat!ons of des!gn var!ables. 
Th!s approach helped explore the search space more thoroughly and !ncreased the l!kel!hood of 
!dent!fy!ng global opt!mum solut!ons.
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FIG. 13 V!sual compar!son of the 16 opt!mal façade solut!ons categor!sed by opt!m!sat!on object!ve and or!entat!on. Column (a) 
presents the solut!ons selected us!ng the TOPSIS method, wh!le columns (b), (c), and (d) show the solut!ons opt!m!sed !nd!v!dually 
for summer solar rad!at!on, w!nter solar rad!at!on, and d!splacement, respect!vely. Each row corresponds to a spec!fic or!entat!on, 
from top to bottom: north, east, south, and west, respect!vely. The colour maps represent solar rad!at!on !n kWh/m% and 
d!splacement !n cm.

Opt!m!sat!on Results

A total of 16 opt!mal façade solut!ons were !dent!fied through the mult!object!ve opt!m!sat!on 
process, w!th four opt!mal configurat!ons generated for each or!entat!on (north, east, south, and 
west), !llustrated !n FIG 13. These !ncluded the TOPSIS-based opt!mal solut!on, along w!th opt!m!sed 
solut!ons for summer solar and w!nter solar rad!at!on, and structural d!splacement. The results 
show var!at!on across object!ves, w!th some trade-o$s observed between solar performance and 
d!splacement. Notably, for both the north and west façades, the d!splacement-opt!mal solut!on 
co!nc!ded w!th the TOPSIS-opt!mal one, !nd!cat!ng that !n these cases, m!n!mal deformat!on was 
al!gned w!th a balanced solar performance. Th!s overlap suggests that spec!fic des!gn configurat!ons 
can s!multaneously meet both structural and env!ronmental cr!ter!a, thereby reduc!ng the need for 
further comprom!se or adjustment.

The analys!s of the opt!m!sat!on results reveals several key !ns!ghts !nto the relat!onsh!p between 
solar performance, structural d!splacement, and surface area. South-fac!ng façades cons!stently 
exh!b!ted the h!ghest levels of both summer and w!nter solar rad!at!on, confirm!ng the!r cr!t!cal role 
!n pass!ve solar des!gn. However, these or!entat!ons also showed moderate d!splacement values, 
!nd!cat!ng a potent!al trade-o$ between solar ga!n and structural flex!b!l!ty. In contrast, the north 
façade rece!ved the lowest solar rad!at!on but ach!eved the smallest d!splacements, mak!ng !t more 
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structurally stable but less e$ect!ve for energy capture. The east and west façades demonstrated 
greater var!at!on !n both d!splacement and solar values, h!ghl!ght!ng the!r performance sens!t!v!ty 
to spec!fic geometr!c configurat!ons. The surface area was generally larger !n solut!ons opt!m!sed 
for solar ga!n, suggest!ng that !ncreased exposure often came at the cost of h!gher deformat!on. 
These find!ngs underscore the !mportance of or!entat!on-spec!fic des!gn strateg!es and the value of 
mult!object!ve opt!m!sat!on !n ach!ev!ng balanced façade performance.

To evaluate the performance ga!ns, all solut!ons were benchmarked aga!nst a trad!t!onal vert!cal 
façade w!th an !dent!cal footpr!nt (6 m x 8 m per façade). The !mprovement analys!s reveals that 
the opt!mal summer solar solut!ons ach!eved reduct!ons !n summer solar rad!at!on rang!ng from 
7.30% (west) to 13.99% (north) compared to the convent!onal vert!cal configurat!on. S!multaneously, 
the opt!mal w!nter solar solut!ons demonstrated substant!al !ncreases !n w!nter solar ga!n, rang!ng 
from 3.61% (west) to 26.80% (north), h!ghl!ght!ng the capac!ty of geometr!cally art!culated façades to 
enhance pass!ve solar heat!ng dur!ng colder months (TABLE 5).

TABLE 5 Compar!son of façade solut!ons based on TOPSIS rank!ng, summer and w!nter solar rad!at!on performance, 
d!splacement, and surface area across four or!entat!ons. The table presents the opt!mal solut!on accord!ng to the TOPSIS 
method alongs!de solut!ons opt!m!sed !nd!v!dually for summer solar ga!n, w!nter solar ga!n, and structural d!splacement.

Objective Traditional 
Façade

TOPSIS 
Optimal 
Solution

Optimal 
Summer 
Solar 
Solution

Optimal 
Winter 
Solar 
Solution

Optimal 
Displace-
ment 
Solution

Improve-
ment

Unit

North

Summer Solar 355 319.33 305.33 466.84 325.74 13.99%
kWh/m2

W!nter Solar 96 87.40 85.19 121.73 88.01 26.80%

D!splacement - 1.71 2.50 7.59 1.66 - cm

Surface Area 96 93.86 94.31 153.45 95.29 - m2

East

Summer Solar 460 466.61 423.31 500.42 466.61 7.98%
kWh/m2

W!nter Solar 212 210.17 192.88 226.01 210.17 6.61%

D!splacement - 2.56 8.49 6.60 2.56 - cm

Surface Area 96 120.10 154.76 149.36 120.10 - m2

South

Summer Solar 591 581.38 530.58 616.74 594.22 10.22%
kWh/m2

W!nter Solar 346 353.57 327.78 379.45 374.74 9.67%

D!splacement - 2.33 9.54 2.56 1.78 - cm

Surface Area 96 102.41 115.33 97.37 95.46 - m2

West

Summer Solar 486 517.80 450.54 504.45 517.80 7.30%
kWh/m2

W!nter Solar 230 211.80 212.38 238.31 211.80 3.61%

D!splacement - 1.81 7.19 4.37 1.81 - cm

Surface Area 96 97.12 152.13 146.00 97.12 - m2

These quant!tat!ve !mprovements demonstrate the e#cacy of the mult!object!ve opt!m!sat!on 
framework !n generat!ng façades that outperform convent!onal planar configurat!ons across mult!ple 
env!ronmental cr!ter!a.

Analys!s of the South-Or!ented Façade Pareto Front

To bu!ld on the broader opt!m!sat!on find!ngs, th!s sect!on prov!des a deeper analys!s of the 
south-or!ented façade, exam!n!ng how the three object!ves !nteract across !ts Pareto front. 
The south or!entat!on was selected for deta!led analys!s because of !ts cr!t!cal role !n pass!ve solar 
des!gn. Among all façades, !t cons!stently rece!ved the h!ghest levels of solar exposure, mak!ng 
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!t espec!ally relevant for evaluat!ng both thermal and dayl!ght!ng performance. Focus!ng on th!s 
or!entat!on enables a clearer understand!ng of the trade-o$s between solar control and structural 
behav!our. It prov!des a well-su!ted bas!s for select!ng a geometry to carry forward !nto the 
dayl!ght s!mulat!on phase.

The Pareto front analys!s of the south-fac!ng façade reveals a clear trade-o$ landscape between the 
three pr!mary performance object!ves: m!n!m!s!ng summer solar ga!n, max!m!s!ng w!nter solar 
access, and reduc!ng structural d!splacement. As shown !n FIG 14, the 3D scatter and correspond!ng 
2D plots !llustrate a well-defined Pareto front!er, where solut!ons beg!n to cluster along a curved 
edge, !nd!cat!ng non-dom!nated performance trade-o$s. Summer and w!nter solar ga!ns exh!b!t a 
pos!t!ve correlat!on, wh!le both are !nversely related to d!splacement. Th!s suggests that !mprov!ng 
env!ronmental performance often comes at the cost of !ncreased deformat!on, part!cularly when 
surface area !s expanded to capture more solar rad!at!on.

TABLE 6 Des!gn parameter values for the four selected south-fac!ng façade solut!ons: the TOPSIS Opt!mal Solut!on, the Opt!mal 
Summer Solar Solut!on, the Opt!mal W!nter Solar Solut!on, and the Opt!mal D!splacement Solut!on.

Parameters TOPSIS Optimal 
Solution

Optimal Summer Solar 
Solution

Optimal Winter Solar 
Solution

Optimal Displacement 
Solution

Unit

P1YD 0.52 0.51 1.15 0.75

m

P3YD 1.67 2.83 1.53 1.55

P3ZD 0.59 0.30 0.40 0.60

P4YD 0.04 0.02 0.20 0.05

P2FR 0.62 0.35 0.75 0.57

P3FR 0.35 0.34 0.35 0.33

RFR 1.28 1.65 1.54 1.34

CD -0.78 -1.38 -1.46 -1.39

From th!s analys!s, four key solut!ons were extracted and compared !n TABLE 6: the TOPSIS-
opt!mal solut!on, the solut!ons opt!m!sed !nd!v!dually for summer solar ga!n, w!nter solar ga!n, 
and d!splacement. These opt!ons span the Pareto front, captur!ng d!$erent pr!or!t!sat!on strateg!es 
w!th!n the solut!on space. The TOPSIS solut!on o$ers a balanced comprom!se between the three 
object!ves, w!th moderate solar values and relat!vely low d!splacement. In contrast, the summer 
solar-opt!mal solut!on s!gn!ficantly reduces exposure, albe!t at a h!gher d!splacement and w!th 
a larger surface area to prov!de shade on the lower part of the façade. The w!nter solar-opt!mal 
solut!on captures the most solar ga!n !n colder months but !s also assoc!ated w!th !ncreased surface 
area and correspond!ng structural !mpact. The d!splacement-opt!m!sed solut!on ach!eves the lowest 
deformat!on wh!le st!ll ma!nta!n!ng moderate solar performance.

Th!s comparat!ve analys!s !s essent!al !n select!ng the cand!date for further dayl!ght !nvest!gat!on 
!n Phase 2. The TOPSIS-opt!mal geometry was ult!mately chosen for !ts well-rounded performance 
across all object!ves. Unl!ke extremes that pr!or!t!se one cr!ter!on at the expense of others, th!s 
solut!on o$ers a balanced des!gn that !ntegrates solar exposure control w!th structural e#c!ency. 
Furthermore, !ts moderate form of complex!ty made !t su!table for apply!ng transm!ttance grad!ents 
w!thout !ntroduc!ng excess!ve s!mulat!on burden. Th!s dec!s!on ensured cont!nu!ty between 
performance-based form find!ng and the subsequent dayl!ght opt!m!sat!on process.
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FIG. 14 Opt!m!sat!on Pareto Front for the south-or!ented façade.

3.2 PHASE 2: DAYLIGHT PERFORMANCE ANALYSIS & 
TRANSMITTANCE GRADIENT GENERATION

The pr!mary object!ve of th!s phase was to conduct a dayl!ght performance analys!s of the 
transm!ttance grad!ent des!gn, ut!l!s!ng the P1OG, to determ!ne the opt!mal transm!ttance values 
for ach!ev!ng !ndoor dayl!ght levels and dayl!ght comfort. Th!s phase cons!sts of two key steps: 
(1) generat!ng opt!m!sed var!able transm!ttance models and (2) conduct!ng dayl!ght performance 
analys!s of the opt!m!sed models, summar!sed !n FIG 15.
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FIG. 15 D!agram summar!s!ng the workflow for Phase 2 of the study.

3.2.1 Opt!m!sed Grad!ent Transm!ttance Models

Var!ous models were generated by reconstruct!ng the P1OG at d!$erent mesh dens!t!es and 
d!scret!s!ng the grad!ent !nto a ser!es of vary!ng step resolut!ons. It was essent!al to opt!m!se the 
model to avo!d unnecessar!ly long s!mulat!on t!mes dur!ng the dayl!ght performance analys!s. Th!s 
prov!ded an opportun!ty to compare model complex!ty, defined by mesh and grad!ent resolut!on, 
aga!nst analys!s accuracy and s!mulat!on runt!me to !dent!fy the po!nt at wh!ch !ncreased model 
resolut!on no longer y!elded s!gn!ficant benefits. P1OG, conta!n!ng the whole year rad!at!on heatmap, 
was used !n the follow!ng steps.
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Grad!ent Generat!on

The heatmap was converted !nto a l!near grayscale grad!ent and normal!sed to the range 0 to 1. 
Alpha (transparency) values were then ass!gned to each vertex d!rectly from these remapped values. 
To enhance the v!sual d!st!nct!on of the opaque-to-transparent grad!ent, a colour was appl!ed to the 
model grad!ent. Th!s resulted !n a cont!nuous façade geometry exh!b!t!ng var!able opt!cal propert!es 
!n both colour and opac!ty, as !llustrated !n FIG 16.

(A) (B) (C)

FIG. 16 D!agrams of (a) the standard curta!n wall façade, (b) the grad!ent des!gn on the opt!mal geometry (blue represents 
opac!ty; and wh!te, transparency), (c) the !nverted grad!ent des!gn on the opt!mal geometry (blue represents opac!ty; and wh!te, 
transparency).

Opt!m!sed Model Var!at!ons

The geometry was reconstructed !nto a s!mpl!fied mesh, preserv!ng the d!splacement parameters 
of the model profile from the opt!mal solut!on, and subd!v!ded !nto three dens!ty vers!ons, Low Poly 
(LP), Med!um Poly (MP), and H!gh Poly (HP), as shown !n TABLE 7. An Attribute Transfer operat!on !n 
S!deFX Houd!n! was used to map the solar rad!at!on heatmap, stored as vertex colours, of the or!g!nal 
mesh onto the s!mpl!fied mesh. Th!s funct!on transfers attr!butes based on spat!al prox!m!ty (S!deFX, 
n.d.). The colour grad!ent was d!scret!sed !nto a vary!ng number of steps for each s!mpl!fied mesh, 
shown !n FIG 17. Colour and Alpha values of each vertex correspond to the transm!ttance values used 
!n the env!ronmental s!mulat!on. Polygons were grouped and sorted by colour attr!bute and then sent 
to Grasshopper for env!ronmental analys!s.

TABLE 7 Model var!at!ons of mesh dens!ty and grad!ent steps.

Phase 1 Model (P1) Low Poly Model (LP) Medium Poly Model (MP) High Poly Model (HP)

Number of polygons 10396 192 768 3072

Number of gradient steps

202 9 9 9

- 18 18 18

- 36 36 36

- - - 180
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FIG. 17 Phase 1: Opt!mal façade geometry w!th whole-year solar rad!at!on heatmap, and Phase 2: Opt!m!sed transm!ttance model 
var!at!ons.
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3.2.2 Dayl!ght Performance Analys!s

The output mesh groups were mapped to HB transm!ttance values based on the!r sort!ng, w!th!n 
a range of 0 to 0.9, and used to construct an HB model from faces. Th!s s!mulat!on uses the 
London Heathrow weather file as !ts cl!mat!c !nput. DA was evaluated aga!nst a 500-lux threshold, 
represent!ng a h!gh-perform!ng m!n!mum target !llum!nance spec!fied !n (BS EN 17037:2018, 2021). 
UDI was assessed w!th!n the 100-3000 lux range, captur!ng a broad spectrum of dayl!ght cond!t!ons 
su!table for o#ce env!ronments. An occupancy programme represent!ng a typ!cal large o#ce was 
used to define the occupancy schedule, weekdays between 8 AM and 5 PM, spec!fy!ng the number 
of occup!ed hours throughout the year. An open plan floor plan was defined for the occupancy 
layout. Analys!s results were collected for key dayl!ght metr!cs on a work!ng plane he!ght of 0.76m, 
!nclud!ng Spat!al Dayl!ght Autonomy (sDA), Autonomous Useful Dayl!ght Illum!nance (UDI-a), Non-
useful Dayl!ght Illum!nance (UD-n), and Excess!ve Dayl!ght Illum!nance (UDI-x), each expressed as a 
percentage of the occup!ed hours. FIG 18(a) shows the defined !nter!or volume, work!ng plane, and 
open-plan occupancy layout. UDI-a captures the percentage of occup!ed hours when !llum!nance 
!s w!th!n the useful range of 100–3000 lux, thereby support!ng v!sual comfort w!thout the need for 
supplementary l!ght!ng. UDI-n captures the percentage of occup!ed hours when !llum!nance !s below 
100 lux, !nd!cat!ng underl!t cond!t!ons requ!r!ng art!fic!al l!ght!ng. UDI-x captures the percentage of 
occup!ed hours when !llum!nance exceeds 3000 lux, represent!ng over-l!t cond!t!ons that may cause 
glare or v!sual d!scomfort (Educat!on Fund!ng Agency, 2014). The a!m for each performance metr!c 
!s shown !n TABLE 8.

TABLE 8 Performance cr!ter!a a!ms.

Performance Criteria Unit Objective

Autonomous Useful Daylight Illuminance (UDI-a) % Max

Non-useful Daylight Illuminance (UD-n) % M!n

Excessive Daylight Illuminance (UDI-x) % M!n

Spatial Daylight Autonomy (sDA) % Max

TABLE 9 Average DA, UDI-a, UDI-n, UDI-x and s!mulat!on run t!mes for d!$erent model var!at!ons. (Model nam!ng convent!on: LP: 
Low polygon count, MP: Med!um polygon count, HP: H!gh polygon count, VT: Var!able transm!ttance, FT: F!xed Transm!ttance)

Model 
Variations

Faces Steps Transmittance 
Rang

Time (mins)  verage DA 
5(( (%)

Average 
UDI-a (%)

Average 
UDI-n (%)

Average 
UDI-x (%)

LP1-VT1 192 9 0 - 0.9 4.6 62.28 25.19 32.26 42.55

LP2-VT1 192 18 0 - 0.9 3.6 62.35 24.93 32.23 42.84

LP3-VT1 192 36 0 - 0.9 3.9 63.14 22.35 32.01 45.64

MP1-VT1 768 9 0 - 0.9 5.8 62.32 25.05 32.24 42.70

MP2-VT1 768 18 0 - 0.9 5.4 62.34 24.97 32.24 42.79

MP3-VT1 768 36 0 - 0.9 5.8 62.32 25.07 32.24 42.69

HP1-VT1 3072 9 0 - 0.9 7.1 62.29 25.17 32.26 42.58

HP2-VT1 3072 18 0 - 0.9 6.1 62.31 25.08 32.25 42.68

HP3-VT1 3072 36 0 - 0.9 8.0 62.32 25.08 32.24 42.68

HP4-VT1 3072 180 0 - 0.9 8.9 62.31 25.11 32.24 42.64
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FIG. 19 Bar chart of average UDI-a and DA for the benchmark model and model var!at!ons of grad!ent resolut!ons.

Evaluat!ng the Impact of Model Resolut!on on Dayl!ght Analys!s Accuracy

Model var!at!ons shown !n TABLE 9 were first analysed to compare run t!me and accuracy. 
The results are compared !n FIG 19. In th!s study, the model var!at!on HP4-VT1 (3072 faces, 180 
steps) !s used as the benchmark to evaluate the !mpact of grad!ent resolut!on on dayl!ght analys!s 
accuracy across all model !terat!ons, as !t has the h!ghest number of steps and mesh resolut!on, 
prov!d!ng the most accurate and closest approx!mat!on to a smooth grad!ent.

To compare the model var!at!ons w!th the benchmark, an Absolute Relat!ve D!$erence (ARD) was 
calculated for the mean values of each UDI-a and DA. Th!s !s defined as:

The ARD measures the d!$erence between the benchmark mean and each model var!at!on’s mean, 
express!ng the magn!tude of th!s d!$erence as a percentage value, as shown !n TABLE 10. UDI ARD 
for LP models d!$ered by an average of 4.02%, MP models by an average of 0.32%, and HP models by 
an average of 0.17%.

Across all lower-resolut!on !terat!ons, the DA values rema!ned closely al!gned w!th the benchmark, 
w!th a max!mum DA ARD of just 1.33%, !nd!cat!ng that grad!ent and mesh resolut!on had a m!n!mal 
!mpact on the sDA. UDI was more respons!ve to resolut!on, w!th the h!ghest ARD of 11% !n model 
var!at!on LP3-VT1, reflect!ng reduced accuracy !n dayl!ght d!str!but!on at coarse resolut!ons. As the 
resolut!on !ncreases, part!cularly !n models MP3-VT1 and HP3-VT1, UDI converges toward the 
benchmark, w!th d!$erences of less than 0.2%, !nd!cat!ng near-equ!valent accuracy.
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TABLE 10 The DA ARD and UDI-a ARD for each model var!at!on.

Model 
Variations

Faces Steps DA ARD (%) UDI-a ARD (%)

LP1-VT1 192 9 0.05 0.32

LP2-VT1 192 18 0.07 0.73

LP3-VT1 192 36 1.33 11.02

MP1-VT1 768 9 0.02 0.24

MP2-VT1 768 18 0.05 0.55

MP3-VT1 768 36 0.02 0.18

HP1-VT1 3072 9 0.03 0.22

HP2-VT1 3072 18 0.00 0.14

HP3-VT1 3072 36 0.01 0.15

Th!s trend !nd!cates that wh!le !ncreased grad!ent resolut!on has m!n!mal !nfluence on sDA, !t does 
a$ect UDI accuracy. The results also demonstrate that s!mulat!on t!me !s predom!nantly !nfluenced 
by model complex!ty, w!th computat!on t!me !ncreas!ng w!th the number of faces, as shown !n FIG 
20. In contrast, the number of transm!ttance steps exh!b!ts a less pred!ctable !mpact on s!mulat!on 
t!me. Based on the results, an MP model complex!ty of 768 faces was selected to determ!ne the 
opt!mal transm!ttance range.
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FIG. 20 L!ne chart of s!mulat!on runt!mes across model var!at!ons.
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FIG. 21 Bar chart of average UDI-a and sDA for un!form and var!able transm!ttance models.

Determ!n!ng the Opt!mal Transm!ttance Range for Dayl!ght Performance

Add!t!onal model var!at!ons, shown !n TABLE 11 and FIG 21, were analysed to determ!ne the opt!mal 
transm!ttance range for the grad!ent des!gn.

Based on the Department for Educat!on (DfE) dayl!ght performance cr!ter!a (Department for 
Educat!on, 2022), a scor!ng methodology was developed to quant!tat!vely compare and rank the 
performance of each model var!at!on. Models ach!ev!ng an sDA of 50% or greater were ass!gned 
a max!mum score of 1. Models below th!s threshold were scored proport!onally, scaled between 
0 and 1, defined as:

For UDI-a, w!th a target of 80% w!th!n the 100-3000 lux range, the score was based on the absolute 
d!$erence from th!s target, normal!sed between 0 and 1, defined as:

A compos!te score was then calculated, prov!d!ng a s!ngle performance !nd!cator that !ntegrates both 
dayl!ght su#c!ency and d!str!but!on qual!ty, as presented !n TABLE 12. Th!s was defined as:

Among the un!form transm!ttance models, MP-FT1 (0.1 fixed transm!ttance) demonstrated the best 
UDI-a performance w!th an average of 50.32%; however, the sDA ach!eved 0%, result!ng !n the lowest 
compos!te score (0.31). MP-FT2 (0.15 fixed transm!ttance) ach!eved the h!ghest compos!te score (0.76) 
w!th an sDA of 99.27% and an average UDI-a of 41.69%. 

As transm!ttance !ncreased, UDI-a decl!ned s!gn!ficantly, !nd!cat!ng a h!gher r!sk of dayl!ght 
d!scomfort due to excess!ve !llum!nance as reflected !n h!gher UDI-x values.
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TABLE 11 S!mulat!on run t!mes, average DA, sDA, average UDI, average UDI-n, and average UDI-x for fixed and var!able 
transm!ttance models.

Model Variations Faces Steps Transmittance 
Range

Average DA 
5(( (%)

SDA 5((,5() 
(%)

Average 
UDI-a (%)

Average 
UDI-n (%)

Average 
UDI-x (%)

MP-FT1 768 - 0.1 46.54 0 50.32 37.53 12.15

MP-FT2 768 - 0.15 52.93 99.27 41.69 35.22 23.10

MP-FT3 768 - 0.2 56.83 100 36.93 34.00 29.07

MP-FT4 768 - 0.3 60.40 100 31.48 32.76 35.76

MP-FT5 768 - 0.4 62.16 100 25.93 32.26 41.82

MP-FT6 768 - 0.6 64.53 100 18.50 31.65 49.85

MP3-VT2 768 36 0.225 – 0 50.44 69.21 46.24 36.08 17.68

MP3-VT3 768 36 0.45 – 0 59.11 100 34.16 33.16 32.68

MP3-VT4 768 36 0.675 – 0 61.87 100 27.27 32.35 40.37

MP3-VT5 768 36 0.9 – 0 63.52 100 21.72 31.88 46.41

MP3-VT6 768 36 0 – 0.225 46.51 7.09 50.04 37.57 12.40

MP3-VT7 768 36 0 – 0.45 56.90 100 36.50 34.00 29.50

MP3-VT8 768 36 0 – 0.675 60.44 100 30.83 32.75 36.41

MP3-VT9 768 36 0.1 – 0.2 52.39 97.18 42.38 35.43 22.19

TABLE 12 Composite score analysis indicated that the sDA score, UDI-a score, and combined score ranked from best to worst 
performance.

Optimised 
Model

sDA Score UDI Score Composite Score

MP3-VT2 1 0.58 0.79

MP3-VT9 1 0.53 0.76

MP-FT2 1 0.52 0.76

MP-FT3 1 0.46 0.73

MP3-VT7 1 0.46 0.73

MP3-VT3 1 0.43 0.71

MP-FT4 1 0.39 0.70

MP3-VT8 1 0.39 0.69

MP3-VT4 1 0.34 0.67

MP-FT5 1 0.32 0.66

MP3-VT5 1 0.27 0.64

MP-FT6 1 0.23 0.62

MP3-VT6 0.14 0.63 0.38

MP-FT1 0 0.63 0.31

The var!able transm!ttance model MP3-VT2 ach!eved the h!ghest compos!te score (0.79) among 
all fixed and var!able models, demonstrat!ng a balanced performance across dayl!ght su#c!ency 
(average DA = 50.44%), d!str!but!on (sDA = 69.21%), and dayl!ght qual!ty (average UDI-a = 46.24%). 
Among the var!able transm!ttance models, MP3-VT6 ach!eved the h!ghest UDI-a (50.04%); however, 
aga!n at the cost of sDA (7.09%).
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TABLE 13 Results for average DA, sDA, average UDI, average UDI-n, average UDI-x, and Compos!te Score of a fully glazed curta!n 
wall model, compared w!th the fixed transm!ttance model MP-FT6 and the best perform!ng model MP3-VT2.

Transmittance 
Range

Average DA 
5(( (%)

sDA 5((,5() 
(%)

Average 
UDI-a (%)

Average 
UDI-n (%)

Average 
UDI-x (%)

Composite 
Score

Curtain Wall Model 0.6 63.82 100 20.30 31.80 47.91 0.63

MP-FT6 0.6 64.53 100 18.50 31.65 49.85 0.62

MP3-VT2 0.225 – 0 50.44 69.21 46.24 36.08 17.68 0.79

0
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Glazed Curtain Wall Model

FIG. 22 D!agram of transm!ttance values and assoc!ated DA, UDI, UDI-n, and UDI-x for the Glazed Curta!n Wall Model, MP-FT6 and 
MP3-VT2.
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Comparat!ve Analys!s

To conclude Phase 2, an analys!s of a fully glazed curta!n wall façade, w!th a w!ndow-to-wall 
rat!o of 92% on the south-fac!ng walls, !n the same pos!t!on and or!entat!on, was conducted as a 
further compar!son aga!nst a fixed transm!ttance model, MP-FT6, and the best-perform!ng var!able 
transm!ttance model, MP3-VT2,  shown !n TABLE 13 and FIG 22. 

MP-FT6 represents the opt!mal geometry !dent!fied !n Sect!on 3.1, w!thout any subsequent 
opt!m!sat!on of transm!ttance grad!ents. In th!s configurat!on, a un!form transm!ttance value 
of 0.6 !s appl!ed, match!ng that of the glazed curta!n wall. As expected, when no transm!ttance 
grad!ents are !ntroduced, the performance of the opt!mal geometry resembles that of the fully glazed 
reference façade. The results demonstrate that the var!able transm!ttance model MP3-VT2, wh!ch 
comb!nes opt!mal geometry w!th opt!m!sed transm!ttance grad!ents (shown !n FIG 23), s!gn!ficantly 
outperforms a convent!onal fully glazed curta!n wall system, !mprov!ng the UDI-a by 25.94%, from 
20.30% to 46.24%. Although most model var!at!ons exceeded the sDA targets for th!s study, none 
ach!eved a UDI-a target of 80% w!th!n the 100-3000 lux range.

Numerous factors may contr!bute to the target of 80% UDI-a not be!ng ach!eved. F!rstly, the ent!re 
room !s l!kely to be underl!t dur!ng spec!fic per!ods of the year, part!cularly !n w!nter morn!ngs 
and late afternoons when exter!or !llum!nance !s naturally low. Th!s !s ev!dent from the fully 
glazed curta!n wall, wh!ch st!ll y!elds a UDI-n of 31.80%, !nd!cat!ng that even w!th max!mum 
dayl!ght exposure for th!s or!entat!on and configurat!on, a s!gn!ficant percentage of occup!ed hours 
rema!n underl!t. Th!s also suggests that an 80% UDI-a !s a h!ghly amb!t!ous year-round target 
for the occupancy schedule used !n th!s study. Another factor to cons!der !s the spec!fic grad!ent 
transm!ttance pattern appl!ed. In th!s study, the patterns closely follow the !n!t!al solar rad!at!on 
heatmap on the façade surface. Although the transm!ttance ranges were adjusted and !nverted, the 
underly!ng d!str!but!on pattern rema!ned essent!ally unchanged, wh!ch !s a l!m!tat!on of the grad!ent 
opt!m!sat!on method. Alternat!ve grad!ent configurat!ons may therefore y!eld UDI-a values that 
exceed those ach!eved !n the current set of models.

0.225 transmittance

0.025 transmittance

0.125 transmittance0.10 transmittance

0.05 transmittance

0.225 transmittance

0.20 transmittance

FIG. 23 D!agram of the best-perform!ng var!able transm!ttance model MP3-VT2 demonstrat!ng the grad!ent appl!ed to the opt!mal 
geometry.
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4 CONCLUSION

Th!s study !nvest!gated the d!g!tal des!gn of PETG façades w!th var!able transm!ttance propert!es 
!ntended for future fabr!cat!on v!a LSR3DP, address!ng two fundamental quest!ons: how can 
mult!object!ve opt!m!sat!on be appl!ed to !dent!fy façade forms that balance solar performance 
w!th structural e#c!ency, and how can solar-!nformed transm!ttance grad!ents be systemat!cally 
d!str!buted and d!scret!sed to ach!eve comfortable dayl!ght levels? 

The study demonstrates that mult!object!ve opt!m!sat!on us!ng NSGA-II can e$ect!vely nav!gate 
complex des!gn trade-o$s, !dent!fy!ng geometr!cally opt!m!sed façades that s!gn!ficantly outperform 
convent!onal vert!cal configurat!ons, ach!ev!ng reduct!ons !n summer solar rad!at!on of up to 13.99% 
and !ncreases !n w!nter solar ga!n of up to 26.8% for d!$erent or!entat!ons wh!lst ma!nta!n!ng 
acceptable structural d!splacement. More s!gn!ficantly, the systemat!c appl!cat!on of solar-!nformed 
transm!ttance grad!ents through procedural d!scret!sat!on workflows proved h!ghly e$ect!ve for 
dayl!ght control, w!th the opt!mal configurat!on del!ver!ng a 25.94% !mprovement !n Useful Dayl!ght 
Illum!nance compared to a standard curta!n wall system. Th!s performance ga!n was ach!eved 
through mater!al-based l!ght modulat!on rather than mechan!cal shad!ng dev!ces, val!dat!ng the 
prem!se that transm!ttance var!at!ons can be embedded d!rectly !nto the façade system to prov!de 
spat!ally respons!ve dayl!ght control. The results establ!sh that un!fied, mult!-property envelopes 
enabled by LSR3DP can compete w!th, and !n key metr!cs exceed, the performance of convent!onal 
mult!layered façade assembl!es.

4.1 SUMMARY OF KEY RESULTS

The proposed two-phase methodology establ!shed a un!fied workflow that responds to both 
structural and env!ronmental performance cr!ter!a.

In Phase 1, a scr!pt was developed to generate a d!verse range of corner façade geometr!es, 
defined by e!ght geometr!c parameters. Sens!t!v!ty analys!s revealed strong correlat!ons between 
spec!fic parameters and the three target performance object!ves, prov!d!ng !ns!ght !nto wh!ch 
aspects of the geometry most !nfluence env!ronmental and structural outcomes. A mult!object!ve 
opt!m!sat!on process, !mplemented us!ng the NSGA-II algor!thm, was then employed to nav!gate 
the extens!ve des!gn space and !dent!fy façade solut!ons that balanced compet!ng object!ves. 
S!xteen opt!mal configurat!ons were !dent!fied across four ma!n or!entat!ons, !nclud!ng solut!ons 
!nd!v!dually opt!m!sed for solar exposure and structural deformat!on, as well as aggregated 
solut!ons ranked v!a TOPSIS. 

When focus!ng on the south-or!ented façade, add!t!onal !ns!ghts emerged regard!ng how 
d!splacement !nteracted w!th the env!ronmental object!ves and !nfluenced the result!ng geometr!es. 
The opt!mal solut!on for summer solar reduct!on exh!b!ted a pronounced overhang, e$ect!vely 
cast!ng self-shade over the lower port!ons of the façade to reduce !nc!dent rad!at!on. Th!s shad!ng 
strategy resulted !n the most geometr!cally art!culated form, w!th the largest surface area and the 
h!ghest structural d!splacement among the four solut!ons, h!ghl!ght!ng a clear trade-o$ between 
env!ronmental control and structural stab!l!ty. In contrast, the d!splacement-opt!mal solut!on, the 
w!nter solar-opt!mal solut!on, and the TOPSIS-opt!mal solut!on shared a s!m!lar, more l!near profile. 
These configurat!ons exh!b!ted m!n!mal surface art!culat!on and a more compact geometry, lead!ng 
to reduced d!splacement and smaller surface areas. Wh!le the w!nter solar solut!on !ntroduced 
a subtle surface extens!on to enhance solar ga!n dur!ng low-angle w!nter sun cond!t!ons, !ts 
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overall form rema!ned closely al!gned w!th the structurally e#c!ent d!splacement-opt!mal var!ant. 
The resemblance among these three solut!ons suggests a convergence !n wh!ch structural stab!l!ty 
and seasonal solar access can be ach!eved w!thout excess!ve formal complex!ty.

Bu!ld!ng on the south-or!ented opt!mal geometry, Phase 2 focused on explor!ng dayl!ght performance 
by apply!ng solar-!nformed transm!ttance grad!ents. A procedural workflow was developed to 
d!scret!se and apply grad!ent values across the façade surface, replac!ng the convent!onal aperture-
based dayl!ght!ng approach. Rather than rely!ng on w!ndows embedded w!th!n an opaque envelope, 
th!s method modulates l!ght transm!ss!on cont!nuously through local!sed var!at!ons !n mater!al 
transparency, o$er!ng a more nuanced and spat!ally resolved form of dayl!ght control. 

S!mulat!ons conducted !n Phase 2 us!ng mult!ple mesh dens!t!es and grad!ent resolut!ons confirmed 
that wh!le spat!al dayl!ght autonomy (sDA) rema!ned relat!vely stable across all model var!at!ons, 
useful dayl!ght !llum!nance (UDI-a) was more sens!t!ve to resolut!on and benefited s!gn!ficantly 
from finer grad!ent control. A deta!led comparat!ve analys!s revealed that lower-resolut!on meshes, 
part!cularly those w!th fewer polygons, led to notable dev!at!ons !n UDI-a accuracy. In contrast, 
h!gher-resolut!on models prov!ded greater prec!s!on but at the cost of s!gn!ficantly longer 
s!mulat!on t!mes. Interest!ngly, the number of grad!ent steps had m!n!mal e$ect on sDA and a less 
pred!ctable !mpact on runt!me, whereas mesh complex!ty was the dom!nant factor !nfluenc!ng 
computat!onal demand. 

Based on the trade-o$ between accuracy and s!mulat!on e#c!ency, the med!um-resolut!on model 
w!th 768 polygons was selected for the final transm!ttance range analys!s. Th!s configurat!on 
o$ered near-equ!valent performance to the h!gh-resolut!on benchmark wh!le substant!ally reduc!ng 
computat!on t!me, mak!ng !t the most pract!cal cho!ce for the rema!n!ng dayl!ght s!mulat!ons. 
The h!ghest-perform!ng var!able transm!ttance model demonstrated substant!al !mprovements !n 
dayl!ght d!str!but!on and qual!ty compared to both un!form transm!ttance alternat!ves and a fully 
glazed curta!n wall benchmark. These !mprovements were ach!eved w!thout sacr!fic!ng structural 
!ntegr!ty or geometr!c express!veness. The find!ngs demonstrate that by embedd!ng env!ronmental 
data d!rectly !nto the form and mater!al log!c of the façade, !t !s poss!ble to produce adapt!ve, 
performance-opt!m!sed surfaces that !ntegrate structural and dayl!ght!ng funct!ons hol!st!cally.

4.2 STUDY IMPLICATIONS

Th!s !ntegrated approach presents a s!gn!ficant sh!ft from convent!onal façade strateg!es, o$er!ng 
new opportun!t!es for env!ronmentally respons!ve arch!tecture through the !nteract!on of d!g!tal 
fabr!cat!on, parametr!c modell!ng, and env!ronmental s!mulat!on.

The sc!ent!fic relevance of these find!ngs extends beyond the spec!fic geometry and transm!ttance 
values !dent!fied. Th!s work establ!shes quant!tat!ve benchmarks for evaluat!ng un!fied, mult!-
property bu!ld!ng envelopes: the !mprovement !n dayl!ght qual!ty demonstrates that mater!al-
based transm!ttance modulat!on can ach!eve performance levels prev!ously requ!r!ng mechan!cal 
shad!ng systems, wh!lst the geometr!c analys!s reveals that moderate formal complex!ty can del!ver 
comparable env!ronmental benefits to h!ghly art!culated forms, wh!le ma!nta!n!ng structural 
e#c!ency. These outcomes challenge convent!onal assumpt!ons that h!gh-perform!ng façades 
necess!tate e!ther complex geometr!es or mechan!cal systems. 
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By demonstrat!ng measurable !mprovements across mult!ple performance cr!ter!a through 
embedded mater!al propert!es, th!s study prov!des emp!r!cal ev!dence support!ng the techn!cal 
feas!b!l!ty of LSR3DP-enabled façades as v!able alternat!ves to convent!onal mult!layered assembl!es. 
The d!scret!sat!on methodology developed !n Phase 2 addresses a cr!t!cal gap !n translat!ng 
cont!nuous performance data !nto stepped transm!ttance zones su!table for s!mulat!on and eventual 
fabr!cat!on, establ!sh!ng pract!cal gu!dance for balanc!ng computat!onal accuracy aga!nst s!mulat!on 
e#c!ency !n performance-dr!ven façade des!gn.

4.3 LIMITATIONS AND FUTURE WORK

The s!mulated transm!ttance values used !n th!s study rel!ed on proxy mater!al propert!es and 
un!form opt!cal behav!our, wh!ch can d!$er s!gn!ficantly from the actual performance of 3D-pr!nted 
structures. In pract!ce, factors such as pr!nt resolut!on, layer th!ckness, surface roughness, and 
!nternal !nfill geometry !ntroduce var!ab!l!ty !n l!ght transm!ss!on that dayl!ght s!mulat!ons often 
fa!l to capture. The an!sotrop!c nature of pr!nted layers, comb!ned w!th mater!al-spec!fic scatter!ng 
and absorpt!on e$ects, can substant!ally alter both the quant!ty and qual!ty of transm!tted l!ght. As a 
result, emp!r!cal test!ng would be essent!al to val!date and cal!brate s!mulat!on data, ensur!ng that 
pred!cted dayl!ght performance more closely al!gns w!th phys!cal behav!our. Future research should 
pr!or!t!se phys!cal prototyp!ng and emp!r!cal val!dat!on of the transm!ttance grad!ents, alongs!de the 
explorat!on of fabr!cat!on strateg!es to real!se mult!-property PETG façades at an arch!tectural scale.
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