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Abstract

:

This paper introduces a novel modular retrofitting solution to enhance the energy efficiency and seismic resilience of building façades, particularly within the Portuguese context. In the context of Europe’s “Renovation Wave” strategy, and as a product of the nationally funded ZeroSkin+ project, the proposed renovation solution addresses the urgent need for sustainable building renovations to help mitigate climate change and meet European climate neutrality goals by 2050. Unlike traditional methods that often rely on non-eco-friendly materials without integrating seismic and thermal performances, the renovation solution leverages fused deposition modelling (FDM) 3D printing technology to introduce a dual-layered panel system. This system features a durable, UV-resistant PET-G thermoplastic outer layer and a cork interior to ensure additional thermal insulation. The integrated renovation solution shows a 42% improvement in seismic reinforcement’s out-of-plane capacity and achieves U-values as low as 0.30 W/m2·K, exceeding Portugal’s thermal efficiency standards (0.35 to 0.50 W/m2·K). The proposed renovation solution also embraces circular economy principles, emphasising waste reduction and recyclability.
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1. Introduction


In the evolving landscape of climate challenges and environmental sustainability, the “Renovation Wave for Europe” strategy, unveiled in 2020 [1], emerges as a critical milestone. It underscores the urgency to double the energy renovation rate of buildings by 2030 to achieve European climate neutrality by 2050. Considering buildings are responsible for approximately 37% of global CO2 emissions [2], their role in climate change is undeniable. In the European Union (EU), about 35% of the buildings are over 50 years old, and 75% are energy inefficient [3]. In addition, the operational phase of a building’s lifecycle is the largest contributor to its carbon footprint [4], thus exposing the need for building renovation to reduce global CO2 emissions.



Portugal’s seismic hazards and risks add another layer of complexity to the building renovation challenge [5]. The Decree-Law no. 95/2019 [6] mandates comprehensive seismic vulnerability assessments and, when necessary, building reinforcements have to be implemented in renovation projects. The mandatory seismic assessment of the existing building stock, which often does not comply with regulation requirements, demands a holistic renovation approach that effectively combines structural enhancements with energy performance optimisations. This holistic building renovation perspective ensures buildings are seismically resilient and energy efficient [7].



The existing literature on integrated seismic and energy retrofitting strategies highlights a diverse range of approaches, from the incorporation of steel exoskeletons with energy retrofit systems to eco-friendly timber-based solutions like cross-laminated timber (CLT) [8] and laminated veneer lumber (LVL) panels [9]. However, many of these strategies overlook a holistic approach that effectively combines energy renovation with circular economy principles, revealing a crucial gap in addressing the environmental impact and structural integrity together. This oversight underscores the pressing need for innovative solutions that enhance building performance and align with sustainable practices, such as using sustainable materials and adopting design principles that promote efficient resource use and waste management [10]. The European Circular Economy Action Plan’s vision for a fully circular economy by 2050 [11], while emphasising innovative business models and sustainable materials like cork or wood fibres, points towards a future where construction practices are fundamentally aligned with the principles of sustainability and efficiency [12,13,14].



In addition to sustainable and innovative solutions, additive manufacturing, particularly fused deposition modelling (FDM) 3D printing, offers promising advances for the construction sector [15,16,17]. Despite its advantages in design flexibility, component integration, and environmental benefits, particularly regarding energy and material efficiency, the application of 3D printing in building renovation, especially façade systems, remains limited and underexplored [18,19]. Although not part of this research, it is worth mentioning that other emerging technologies, such as AI [20], can be used to optimise the design and manufacturing process of 3D-printed elements [21].



This paper presents a novel modular retrofitting solution developed within the nationally funded ZeroSkin+ project [22] scope, targeting façade systems to improve energy efficiency, reduce energy consumption and CO2 emissions, and enhance seismic resilience. This system combines a dual-layered approach: an outer layer of PET-G thermoplastic for durability and UV resistance and an inner layer of cork for superior thermal insulation. Embracing circular economy principles, the design ensures minimal waste and optimal recyclability. The core contribution of this work is in its detailed examination of thermoplastics in additive manufacturing alongside sustainable materials like cork for façade panels. Addressing the challenges of 3D printing underscores the importance of precise configurations and straightforwardness in filament properties. This research offers valuable information on applying these materials and techniques to improve buildings’ thermal and seismic performance.




2. Retrofitting Strategies Overview


Recent research has presented various strategies for integrated seismic and energy retrofitting, focusing on reinforced concrete (RC) frames while acknowledging the necessity for customised solutions for other building types [23]. Strategies include the implementation of steel exoskeletons, traditional cast in situ RC structures with thermal insulation for RC frames, and eco-friendly timber-based solutions like cross-laminated timber (CLT) and laminated veneer lumber (LVL) that integrate structural and thermal performance [8,9]. Composite materials, notably textile-reinforced mortar (TRM) with thermal insulation, have been proposed for both RC [24] and masonry buildings [25], alongside methods that enhance thermal efficiency by substituting or partially replacing existing infill walls with materials such as autoclaved aerated concrete (AAC) blocks [26] or composite sandwich panels [27].



Despite these advancements, there is still a research gap, particularly in fully integrating energy renovation strategies with circular economy principles, such as disassembly design and material passports [28,29,30,31]. Current approaches often overlook these holistic concepts. Additionally, the exploration of 3D printing technologies for façade renovations using polymers, specifically PET-G, for their mechanical and UV resistance properties indicates a promising but underdeveloped area [32,33]. However, using recycled materials in 3D printing faces challenges, including variability in material properties and a lack of detailed information on the composition of recycled filaments, complicating their application in sustainable building practices.



Some thermoplastic materials used for FDM 3D printing, such as HDPE, ABS, and PLA, are recycled [34,35], and their use would improve the sustainability performance of the proposed renovation solution. However, these materials do not often meet the building façade requirements and were not available in a composite that matched the UV-resistance requirement within the project’s timeframe. Although many recycled plastic filaments are available on the market, most manufacturers do not provide information about the amount of recycled material in the filament or the origin of the materials. This confidentiality regarding polymer composition has proven challenging when acquiring commercially available recycled filament. Furthermore, recycled polymers may require constant printing configuration adjustments due to differences in the recycled polymer [35,36].



This paper aims to address these gaps by developing a comprehensive building renovation solution that meets seismic and thermal performance requirements and aligns with environmental sustainability goals. The project seeks to innovate by incorporating thermoplastic materials into the circular economy, thus promoting the recycling of these materials in the building renovation sector and advancing towards more sustainable construction practices. The innovation driven by the building renovation solution underscores a critical shift towards holistic building renovation solutions that consider the entire lifecycle of building materials. By integrating principles of the circular economy, such as recycling and material reusability, with advanced manufacturing techniques like 3D printing, the project aims to create a sustainable model for the construction industry’s future. This approach enhances the environmental performance of building renovations and sets a precedent for future research and development in sustainable construction methods.




3. Conceptualisation and Development


3.1. Renovation Solution and Objectives


The proposed building façade renovation solution consists of a prefabricated system of 3D-printed plastic panels fixed to the building envelope by an external steel structure. This solution was designed to respond simultaneously to the thermal, seismic, and circularity requirements of the construction sector and the current concerns of the building stock.



An external steel structure implemented in the renovated building assures seismic performance enhancement by providing additional resistance to the building structure, which is often inadequate for current standards. In addition to the structural strengthening, the external structural grid supports the polymer 3D-printed panels, avoiding the requirement for further fixation systems in the renovated building’s façade. The 3D-printed panels applied to the pre-existing façade wall provide additional thermal resistance, improving the building’s thermal performance by decreasing the building’s energy needs, which are usually high due to the poor thermal performance of the original envelope. Based on a typical wall construction composition, the panels are designed to meet the legal thermal requirements for the Portuguese context.



The developed solution is compatible with the principles of the circular economy, as it promotes the minimisation of the use of resources and the generation of waste and allows the easy disassembly and reuse of building components at the end of their life. Therefore, the following section presents the conceptualisation of the renovation solution divided into two main components: the structural grid and the renovation panel.



Figure 1 shows a flowchart on the building renovation solution development, focusing on both thermal and seismic performance improvements on underperforming building stock.




3.2. Steel Structure


The external steel structure has two roles: to improve the building’s seismic performance and to provide structural support for the renovation panels. The first aspect is fundamental, given the inadequacy of many existing buildings to the current Portuguese regulation regarding seismic requirements [37]. Moreover, the supporting function of the 3D-printed panels allows for integration between structural and energy aspects. Steel was chosen as the material used for this structural grid due to the combined need for good mechanical performance and the limited space for external applications. The steel profiles are vertically oriented and directly connected to the reinforced concrete elements, namely the beams. At the same time, there are no devices to link the strengthening system to the infill masonry wall. In this way, it is possible to reduce the time required for installation and avoid potential uncertainties due to the anchorage to the masonry.



The steel structure comprises steel omega profiles, as seen in Figure 2. These profiles should be spaced according to the renovated building seismic resistance requirements. The connection with the renovation panel will be performed by welding 14 mm diameter steel tubes to accommodate the designed connection. These tubes are 30 mm long and should be created according to the renovation panel sizes to ensure optimal fixation. The welding procedure can be industrialised to reduce manufacturing costs.



The developed solution offers an innovative approach to address seismic challenges in building renovation. The use of omega profiles and an automatised welding procedure demonstrates the modular aspect of the proposed renovation solution.




3.3. Renovation Panel


The main purpose of the renovation panel is to enhance the building’s thermal resistance. These modules cover the building’s opaque envelope, like other solutions commonly used in the renovation market, such as the external thermal insulation composite system (ETICS) [38] or other solutions like the ones discussed by Pihelo et al. [39], Sousa et al. [40], and Almeida et al. [41].



The renovation panel can be divided into four main parts to better understand the solution conceptualisation: connection element, hard shell, elastomeric band, and thermal insulation. The first is the element that serves as a connection with the structural steel structure and must allow the panel to be easily fixed to the building’s façade while also preventing theft. The second is the hard shell, which holds the insulation materials while protecting the façade from environmental agents. The third is the elastomeric belt, which is manufactured with flexible thermoplastics that accommodate imperfections in the building’s façade and thermal expansion of the material. The fourth is the thermal insulation material that improves the solution’s thermal performance, helping it to achieve the thermal legal requirements in Portugal. A scheme of the panel parts is shown in Figure 3.



3.3.1. Materials


Three materials were used to design the renovation panel solution. The primary material is thermoplastic polyethene terephthalate glycol (PET-G), which corresponds to 69% to 73% of the mass of the panel. This material was selected due to its biocompatibility, UV resistance, mechanical performance, and market availability [42,43]. PET-G is also used as a building façade material in some studies regarding 3D-printed building façade solutions [44,45]. Since PET-G is non-toxic, bio-compatible, UV-resistant, and food-safe, it is used in healthcare and food industries [46,47]. Meanwhile, thermoplastic polyurethane (TPU), representing 7% to 8% of the panel’s total weight, was used as a flexible material to be used on the surfaces connecting the panel to the pre-existing façade and in the connection between panels. This material was chosen due to its elastomeric behaviour, thermal performance, compatibility with the project’s 3D printer, and market availability [48,49,50]. TPU is also known for its many uses in the industry, including clothing, inflatable structures, conveyor belts, foams, and adhesives [51]. In addition to the thermoplastic materials, agglomerated corkboard was also used as an insulation material inside the renovation panel. This material was selected due to its high thermal resistance, availability in the Portuguese construction market, and low embodied carbon emissions [52,53].



The polymer composite performance for such use in building façade renovation solutions must comply with the same requirements as any façade material. These can be abridged to a polymer façade material with UV resistance, temperature and humidity resistance, fire performance, non-toxic gas emitting when exposed to fire, good chemical resistance, wind resistance, and sufficient mechanical performance to withstand strong winds.



Regarding building temperature, it should adequately resist humidity and environmental changes while withstanding extreme temperature variations between −16 °C and 47.3 °C, the minimum and maximum temperatures recorded in Portugal [54]. The selected polymers have a glass transition temperature of approximately 80 °C [55,56] for the rigid PET-G, a melting point of 192 °C and a glass transition temperature of −21.8 °C for the elastomer TPU [57]. Both are within the acceptable range of the temperature performance requirements.



Based on the typical climate in Portugal, the selected raw materials must withstand at least an average annual UV radiation of 1646 kWh/m2 and maximum monthly radiations of 241 kWh/m2. The selected materials are resistant, with TPU showing discolouration with minimal mechanical performance degradation to UV light. There is, however, the need to test the UV radiation degradation of the materials further for the expected lifecycle exposure of 30 years.



A concern in developing any renovation solution made from plastic is its fire performance. As thermoplastics can be combustible, using the wrong material on the building façade can lead to the rapid spread of fire throughout the building [58,59]. To address such issues, polymer composites used on a building façade must be self-extinguishable to prevent the fire from spreading horizontally [60]. Furthermore, the two-panel materials should abide by the fire-resistance building element regulation. As defined in NP EN 13501-1 [61], the panel fire-resistance classification should be between B and S2, allowing the panel to be used in larger buildings.



Achieving flammability requires using a fire-resistant polymer composite, either through the properties of the polymer or by adding a fire retardant to a selected polymer. The polymers selected in this study, PET-G and TPU, have not yet been evaluated for their fire resistance following the EN 13501-1 standard for fire classification of construction products and building elements [61]. Future developments of the proposed solution will include optimising materials, also considering this issue. Table 1 presents a summary comparison between the plastics used in the study, showing that there is still room for material improvement to meet the façade renovation panel requirements [62,63].




3.3.2. Connection Element


The panel integration into the steel structure is performed through a plug-in system, as seen in Figure 4, allowing quick and clean installation and disassembly at the end of the renovation solution’s life cycle [64,65]. The plug-in solution increases the advantages of a modular and prefabricated renovation solution, leading to a renovation solution with less environmental impact and waste generation [16,66,67]. It should be noted that the façade renovation solution will be in direct contact with the building’s pre-existing façade. To avoid creating significant thermal bridges due to the direct contact of two hard and sometimes irregular surfaces, the renovation panel has a flexible back zone made of an elastomeric plastic that aims to accommodate the imperfections of the pre-existing façade and guarantee a suitable connection between the renovation panel and the pre-existing façade [68].



The conceived plug-in system blocks the removal of the panel when another panel is placed above. Thus, in a building renovation, the lower panels will be locked until the upper panels are removed, thus preventing any passer-by from removing a panel from the building. This connection element will be 3D printed with the same characteristics as the hard-shell element, described in the following section, to guarantee maximum structural connection between the parts. These two elements’ characteristics resulted from the optimisation carried out in a previous study [18] concerning the infill geometry, weight, and thermal and mechanical performances. Printing was conducted with a 1.2 mm nozzle with a layer height of 0.6 mm with two perimetral layers and four top and bottom layers. The printed object was filled with a 25% stars infill configuration, which was the optimal infill configuration for this specific study, as shown in Figure 5, with mechanical resistance ranging from 15 kN to 20 kN in flexure. The printing configuration is the one shown in Table 2.




3.3.3. Hard Shell


The panel’s hard shell serves as a rigid envelope for the insulation materials, and it has three model variations, 61 mm, 86 mm, and 111 mm, which are related to the panel’s thickness and internal composition. The first model designed was the 86 mm one, followed by a thicker and thinner version. Therefore, the decision to make three different variations made it possible to test different thermal renovation solutions, allowing the adjustment of the consumption of material used in the production of the panel to the thermal performance requirements of the renovated building. These different models must have solutions to accommodate different numbers of insulating panels, thus adapting to the needs of the building to be renovated. The number of spaces for placing thermal insulation materials varies, as shown in Figure 6.



A noticeable aspect of the hard shell is the wavy pattern of its internal walls. This pattern improves the resistance to deformities in the manufactured piece that are expected on a high single-layer perimeter print. The wavy wall perimeter was designed in a double perimeter to decrease material consumption and printing time, as seen in Figure 7. This shell element takes advantage of the additive manufacturing process by being flexible in dimensions to fit the intervals of the structural grid. This flexible dimension, however, is limited by a minimum and maximum value according to printer dimensions and the minimum dimensions of the connection’s elements. The criteria used to define these features were the panel total weight, 3D-printer maximum dimensions, and connection element dimensions.



The panel minimum size, 230 mm by 110 mm, is defined as connection element dimensions, as discussed previously. The maximum size of the module is 1100 mm by 800 mm for linear modules and 500 mm by 500 mm by 800 mm for corner modules, limited by the printer’s maximum printing dimension of 1100 mm by 500 mm by 840 mm. The square meter of the PET-G module of this size weighs 12.3 kg to 18.2 kg, varying from the thinnest to the thickest model. Therefore, the size of the panel also impacts its workability. Using lighter panels avoids using heavy machinery to move panels around a construction site [69], making the solution more sustainable. Table 3 shows the weight and printing time of panels with different thicknesses.




3.3.4. Elastomeric Belt and Panel


Thermoplastic materials, such as PET-G, have a high thermal expansion rate. Consequently, a thermoplastic panelised building façade renovation must accommodate the material expansions and contractions of the polymer. Hence, a belt of an elastomer polymer, TPU, is designed to contour the panel modules serving as an expansion joint.



The renovation solution must also avoid water infiltration through panel joints to avoid possible moisture-related pathologies in the building façade. The water tightness of a panel renovation solution is a commonly discussed aspect due to moisture and water infiltration risk [70,71]. Therefore, a 5 mm thick TPU belt outlines the panel module to create a water-tight seal. The elastomer belt is hollow with a 3D-modelled internal triangular structure, as depicted in Figure 8a. The panel connection water seal will be ensured through the pressure between the compressed elastomeric belts [72,73]. The elastomeric thermoplastic parts of the panel are highlighted in Figure 8b.



Another crucial part of the panel’s elastomeric zones is the TPU back panel, as already referred to. This 5 mm thick back panel, printed without infill and with two perimeter layers, accommodates the imperfections of the pre-existing building façade, being able to deform accordingly when applied to the building. This part is attached to the back of the PET-G module using insertion pins that will be printed on both parts of the module. The manufacturing of the TPU parts uses the same configuration as the PET-G module, with only some changes regarding the 3D-printing configuration, as shown in Table 4. Depending on the model, TPU material consumption does not vary as much as PET-G, because the part that consumes the most material is the back panel, which is similar across all panel modules. It is worth noting that the quantity of TPU material in a unit area renovation solution may change depending on the characteristics of the panel modules.



By large, the 3D printing of the TPU parts represents a small percentage of the total panel module renovation solution, but it plays an important role in the renovation solution. The rubber-like characteristics of the material are essential to the building renovation façade by creating a pressure water-seal while accommodating building façade imperfections.




3.3.5. Thermal Insulation


Adding agglomerated corkboard as an insulation material ensures the panel’s thermal performance. Depending on the model, it uses 20 mm thick agglomerated cork boards to fill the hard-shell spaces, varying from two to four per panel module. The thermal insulation represents 19% to 24% of the renovation solution mass, which is significant when considering the amount of material consumed for building façade renovation. The thermal insulation is also protected from UV radiation and water infiltration by the PET-G hard shell. Therefore, the insulation requirements must be compatible with the hard-shell material and accomplish the goal of improving the target building façade’s thermal performance following the Portuguese law requirements [74].



In addition, the division of the insulation element into 20 mm layers defined in the hard-shell element allows future customisation of the interior composition. Therefore, different material combinations can be used to optimise the thermal insulation and CO2 emission for each specific building requirement and location.




3.3.6. Panel Manufacturing


The sustainability of the renovation solution was a major concern during the development of the building renovation solution. Hence, its assembly and manufacturing process was conceptualised to allow the use of recycled materials and the easy disassembling and recycling of the solution at the end of its lifecycle, ensuring that the solution would fit a circular economy.



FDM 3D printing allows using recycled materials [75,76]. Therefore, the panel modules could be manufactured with recycled polymers that also fit UV resistance and biocompatibility requirements. Additionally, the insulation material used in this development could be replaced by a recycled material as long as it is compatible with the polymer. These actions could result in a recycled renovation solution.



The modular approach of the renovation solution aims to assemble without using adhesive materials to avoid contamination of the materials used and, at the same time, assist in the process of separating materials to be recycled at the end of life [77]. The manufacturing process was divided between 3D printing of PET-G and TPU parts to avoid unnecessary waste and material contamination. The separation of manufacturing also avoids waste generated from material discarded when changing filaments.



The panel modules should be assembled in a step-by-step process, easy enough to be hand-made but can also be easily automated. Figure 9 illustrates the assembly of the renovation panel parts. Firstly, the insulation material should be placed inside the PET-G hard shell, and the lid should be closed and secured with nylon screws, holding the panel closed with the insulation material inside. Secondly, the TPU back panel must be fixed by the matching pins printed with the model. Finally, the TPU belt can be stretched into place, hence being easily assembled and disassembled.



The renovation solution on-site assembly is designed to be equally simple. The structural grid should be fixated to the renovated façade as specified in the previous topic—Section 3.3.2. Then, the renovation panel can be plugged in place following the fixation support pins, from bottom to top, ensuring the proper connection between the panel and the structural grid. This ensures that the panels are secured in place and cannot be removed by anyone without removing the upper module.



Generally, the renovation solution is designed to be simple and modular, avoiding unnecessary waste while being designed for recycling. The easy on-site assembly of the renovation solution should be performed without using adhesive materials to avoid waste generation and allow for fast construction, reducing costs and emissions.



It should be noted that this study has not yet calculated the costs associated with this panel’s production, as it is still in the laboratory phase of prototype production. Additional studies are still needed to optimise the panel’s characteristics to have it ready to be launched on the market. Furthermore, it would be necessary to move from the laboratory production phase to the industrial production phase, which would reduce the costs associated with its production resulting from the industrialisation of the process. Additional studies to evaluate the cost-effectiveness of the proposed solution and possible environmental impacts are still necessary. Developing a business model for introducing this product to the market is still being prepared.





3.4. 3D-Printing Energy Consumption


The energy consumed during the 3D-printing process, specifically the FDM or FFF process, is another factor to consider when assessing the sustainability of a building renovation solution primarily 3D printed.



Although FDM 3D printers, as an additive manufacturing process, are quite straightforward in terms of energy demand, their energy consumption quantification can be complicated due to a vast number of factors that can directly impact the manufacturing energy consumption [78,79,80]. Any small changes in the 3D-printing configurations impact the overall manufacturing energy consumption [81] by increasing manufacturing time or compromising the desired characteristics of the printed object. This could mean that further optimisation and research on the renovation panel’s development could reduce manufacturing energy consumption.



The large-scale 3D printer used to prototype the panel modules had its energy consumption values measured during the prototyping manufacturing of the renovation panel. The measurement was performed through an energy measurement consumption from the model LEXMAN 84,586,358 connected to the power outlet of the Builder Extreme Pro 1500 industrial 3D printer. The results measured the following energy consumption: idle state (67.30 W), calibration state (116.99 W), warm-up state (1977.98 W), and build state (193.03 W). Therefore, a square metre of the plastic renovation solution accounted for the PET-G and TPU materials, considered 5 min of calibration state, 10 min of warm-up state, 118 to 202 h of build state for PET-G, and 50 to 63 h of built state for TPU, resulting in a total power demand ranging from 33 kWh/m2 to 52 kWh/m2 depending on the panel thickness. These results, however, can be different in different settings and printing configurations, with differences in energy consumption and printing time.



Regardless of the overall energy consumption of the 3D-printing process, it is worth mentioning that this manufacturing process only consumes electricity, which can be generated from renewable sources, and the materials consumed, which can be recycled and recyclable [82]. This can lead to a zero-emission circular manufacturing process.




3.5. Development Limitations


The development of the proposed building renovation solution observed some limitations due to several factors that shaped the results presented. The availability of 3D-printing materials and technology was a vital limitation factor. As discussed in previous sections, other thermoplastic materials could be used as primary materials for the renovation panel if these materials were available. The printer size and configuration limitations were also determinants in the design of the renovation panel.





4. Renovation Solution Performance


The thermal and seismic performance of the renovation solution is a determining factor in the quality and viability of the proposed solution. The integration of both performances marks the novelty of the developed solution. Therefore, the following sections will discuss the proposed renovation solution’s thermal and seismic performance enhancement following the Portuguese legislation requirements.



4.1. Seismic Renovation Structure


The structural function of the solution (i.e., increasing the building’s seismic capacity and supporting the panels) is fulfilled by using vertical steel profiles. In detail, the strategy employs cold-formed profiles with omega shapes connected to the frame’s reinforced concrete (RC) elements through injected anchorages. The advantages of such a solution are its versatility for different pre-existing conditions of the buildings (e.g., the presence of openings, complex geometry) and the system’s adaptability according to the value of the seismic demand. Indeed, it is possible to change either the section’s characteristics (i.e., geometry and thickness) or the horizontal spacing between the vertical elements. This way, the section size can be optimised based on the specific requirements.



While the out-of-plane capacity of the masonry infill wall alone can be computed following the recommendations of the Eurocode 8 [83], the evaluation of the contribution provided by the strengthening elements takes into account several factors, such as (i) uncertainties in the material properties; (ii) possible premature collapse of the infill wall due to masonry cracking; (iii) combined structural response of the infill wall with the still grid reinforcement. Due to this, it was necessary to test the infill wall with and without the strengthening system to experimentally assess its possible benefits in terms of out-of-plane behaviour.



4.1.1. Experimental Setup


Two experimental tests were carried out on a half-scale RC frame with and without the strengthening system to assess the structural performance enhancement provided by the designed solution. The RC frame and infill wall characteristics considered for the specimen have been based on the full-scale sample studied by Furtado et al. [84], whose dimensions are representative of those presented in the Portuguese building stock. For practical reasons, half-scale dimensions of the specimen were considered for the test. The frame geometry, the dimensions of the RC elements, and the corresponding reinforcement detailing are reported in Figure 10 and Figure 11.



Regarding the materials employed for the sample, a C20 concrete class was used for the RC elements and an M5 cement mortar for the masonry infill wall. The wall was made of clay bricks with dimensions 10 cm by 10.5 cm by 24.5 cm, which was in agreement with the half-scale of the specimen. A loading system composed of a nylon airbag with dimensions 155 cm by 130 cm and a reaction structure on the opposite side made of a rigid panel and HEB profiles was used to apply a uniformly distributed load on the infill wall. In addition, four load cells inserted in correspondence with the steel profiles allowed the measurement of the actual load applied to the wall. The total load applied by the airbag was computed by the sum of the single load values measured by the four load cells. The RC frame was fixed to the laboratory wall using fixing steel devices. Two vertical actuators were placed at the top of the columns to simulate the presence of the upper elements, as for real RC structures. The load value applied by such actuators was computed using the stress values considered in similar tests performed at the University of Minho (e.g., [85]) and taking into account the scale factor used for the sample. Specifically, a vertical load of 50 kN was applied to each column. The test setup used for the unreinforced masonry (URM) wall testing is illustrated in Figure 12.



An automatic system was used to control the pressure increase inside the airbag following a displacement control protocol, with the main point at the centre of the wall. A total of 13 linear variable displacement transducers (LVDTs) were employed to measure the displacements in characteristic points of the infill wall and the RC elements (see also Figure 13). In addition to the central point, the displacements at the quarters and the edges of the wall were measured to characterise the evolution of the displacements during the test. Moreover, the LVDTs placed on the RC elements allowed the assessment of the relative displacements between the frame and the infill wall, evaluating the possible detachment of the masonry from the RC elements. A quasi-static monotonic load increase until the achievement of the maximum capacity of the infill was considered. The main output obtained from the experiment was a force–displacement curve representing the out-of-plane response of the wall subjected to horizontal loading and the corresponding cracking pattern.



Following the test performed on the URM wall, the infill was replaced by a second wall with the same characteristics of materials and elements. This second wall was reinforced by the integrated building renovation solution to assess the possible benefits of the out-of-plane capacity increase provided by the strategy. In detail, three steel profiles with omega section and constant interspacing (i.e., equal to one-quarter of the wall length) were placed vertically to strengthen the wall. The chosen section followed the average dimensions employed for the specific renovation solution, which, however, can be adapted according to the specific conditions and loading requirements. Furthermore, the omega profiles were scaled following the dimensions of the half-scale specimen. The half-scale omega section and a view of the steel profile are reported in Figure 14, while the schematic representation of the reinforcement applied to the second infill wall is shown in Figure 15. For the sake of simplicity, the presence of the 3D-printed panels was not considered in this test (they do not perform any structural role in the solution).



A picture of the reinforced masonry infill before the test is reported in Figure 16a. The connection between the reinforcing and RC elements (top beam and foundation) was made through injected anchorages, two for each side (see Figure 16b). Instead, there were no fixing elements between the reinforcement and the infill wall, which mainly interacted by contact that was ensured using levelling mortar to avoid possible load concentration in the masonry. Similarly to the URM wall testing, 13 LVDTs were used with the same disposition for the reinforced structure to obtain an optimal assessment of the displacements in characteristic points of the wall. Due to the presence of the omega profiles in the centre and at the quarters of the wall, the corresponding LVDTs were slightly moved to directly assess the displacement of the masonry, which may be different compared to the steel elements, particularly in the first part of the loading test (i.e., elastic field).




4.1.2. Seismic Performance of the Solution


The experimental results obtained from the tests are mainly in terms of force values, measured by the four load cells placed at the contrasting structure, and displacements assessed using the 13 LVDTs. The comparison between the load–displacement curves obtained from the two tests is shown in Figure 17. As can be observed, the structural renovation solution reinforcement solution considerably improved the out-of-plane capacity of the infill wall, achieving a 42% increase compared to the URM wall. The maximum strength occurred for an out-of-plane drift value of approximately 1.5%. Such a result makes the proposed solution promising for enhancing the seismic performance of masonry infill walls, allowing them to achieve higher force levels before collapsing. The difference in the initial stiffness was mainly due to residual plasticity effects on the RC frame from the first test, which did not prevent the subsequent improvement of the wall capacity. The reinforcement system made by the omega profiles became effective after an initial displacement of 1 mm at the control node in correspondence with a sudden change in the slope of the reinforced infill curve. At this displacement value, the URM wall response also presented a change from the initial linear trend, showing initial cracking after an out-of-plane drift of 0.2%. This was mainly due to the formation of the first cracks and the achievement of the plastic range in the masonry. Indeed, while the reinforced wall presented a subsequent increased stiffness due to the contribution of the strengthening system, the URM wall exhibited a lower slope due to the masonry cracking. After this threshold, a clear different behaviour between the two plots can be noticed: while the URM wall showed a horizontal plateau with almost constant force and increasing displacement, the reinforced structure still exhibited an increase in the applied out-of-plane force. After attaining the maximum capacity, the reinforced wall exhibited a gradual strength degradation, which can be explained by the failure mode, mainly attributed to the collapse of localised masonry (see below). It should be mentioned that the boundary conditions changed with this reinforcing solution since the steel profiles worked as additional constraints to the wall. Differently, in the URM infill, there were no constraints to the wall displacement except for the connection with the RC frame, which resulted in a weak restraint for this type of structure, as evidenced in seismic events and studies from the literature [84,86,87].



Concerning the cracking formation and failure mode, the URM wall presented a trilinear cracking pattern with deformations concentrated in the central point of the wall (see Figure 18a). A vertical mid-crack in the upper part (see Figure 19a) joined to two diagonal cracks from the bottom corners of the wall, dividing the infill into three main bodies. On the other side, the reinforced wall exhibited a different collapse mode, presenting visible horizontal cracks in the mid-span and the bottom part. Moreover, the retrofitted wall showed generalised cracking (see Figure 18b), mainly concentrated in correspondence with the omega profiles, as a consequence of the increased stiffness provided locally by the steel reinforcement. This was mainly due to the constraint provided by the steel reinforcement, which did not allow the free deformation of the masonry and also involved localised increases in the applied load. Finally, both the walls presented detachment at the boundaries with the surrounding elements (see Figure 19b), even if for the reinforced infill, this phenomenon was observed for higher load values due to the change in the static scheme of the structure.



Such observations further explain the wall responses reported in the load–displacement plot of Figure 17. In the curve representing the reinforced wall behaviour, the peak with the maximum applied force was followed by a softening phase, which was mainly due to generalised cracking in the masonry. On the other hand, such a trend was less visible for the URM wall due to the lower load applied and the response to the failure of the infill masonry. Indeed, due to detachment phenomena, the URM infill acted as a rigid body with very dangerous consequences in real practice (e.g., complete expulsion of the infill). This was not observed for the reinforced structure, which not only increased the out-of-plane capacity of the infill but also prevented a fragile collapse of the masonry.



Figure 20 shows the out-of-.plane displacement profiles of the URM and reinforced walls obtained from the experimental tests at increasing load according to the disposition of the LVDTs in the two main alignments (i.e., vertical and horizontal). It can be noticed that the detachment of the infill from the surrounding RC elements occurred in both tests. This confirms that the connection between the infill and the RC frame does not provide a suitable constraint against the out-of-plane collapse of masonry walls. This was more evident at the top beam compared to the foundation due to the self-weight of the masonry at the bottom part. However, from the comparison between the displacement profiles along the vertical alignment (see Figure 20a,b), the reinforcing system considerably reduced the out-of-plane displacement at the top of the wall. On the contrary, the strengthening solution was not able to limit the detachment at the columns due to its configuration, as can be seen from the displacement profiles along the horizontal alignment (see Figure 20c,d). Indeed, the vertical profiles were connected to the beam and the foundation, while there were no additional constraints between the infill and the RC columns. A possible solution could be to insert supplementary profiles closer to the columns to limit this issue and further increase the out-of-plane capacity of the reinforced wall. Alternatively, the addition of horizontal reinforcement would guarantee similar boundary conditions as for the top beam and foundation where a detachment of such magnitude was not observed.



In such a comparison between the URM and reinforced walls response, the considered loads are different since the maximum load supported by the infill was much higher in the second test with the strengthening system. This may explain the comparable values of displacements observed at the centre of the wall (see Figure 20a,b), which were achieved for much higher load values for the reinforced sample compared to the URM infill. Indeed, the former exhibited similar displacements for a load capacity Fmax which was 42% higher than the URM wall. In addition, it is interesting to note the beneficial effects of the solution, involving more concentrated displacement at the highest load levels, mainly due to local damages and masonry disgregation. Indeed, the higher force values possibly exceeded the strength of the masonry itself, which, in some cases, at the local level, presented high displacements due to this phenomenon (e.g., bottom quarter, see Figure 20b). On the contrary, the URM wall presented a more global failure mode that may involve higher safety risks. From the experimental assessment, the structural renovation solution improved the out-of-plane capacity of masonry infill walls with limited invasiveness and space required for the intervention. Such aspects may thus justify its application for the integrated seismic and energy retrofitting of RC-infilled frames in earthquake-prone areas.





4.2. Thermal Performance


The thermal performance of the building renovation model is the primary criterion for the renovation solution proposal. Hence, the renovation solution must comply with the Portuguese regulations for building façade thermal performance [88]. Therefore, the U-value of the renovation solution, together with the pre-existing façade, must be 0.35 W/m2·K or lower, and, at the same time, the pre-existing façade must be representative of the existing building stock in Portugal.



4.2.1. Thermal Performance of the 3D-Printed PET-G Panel


The 3D-printed polymer renovation solution’s configuration was defined in a previous study [18]. The optimal printing configuration for this specific purpose was two-layer perimeter printing with a 1.2 mm nozzle, and stars infill at 25% density. The printing configuration thermal resistance tests were conducted using the hotbox method by testing a 250 mm by 175 mm sample with 100 mm thickness, as shown in Figure 21.



The hotbox test chamber used was located in the Building Physics and Technology Laboratory, belonging to the Department of Civil Engineering of the University of Minho. It was built following ASTM C1363-11:2011 [89] and validated by Teixeira et al. [90]. The PET-G utilised is a Glacial White PET-G from the brand Winkle, printed by a Builder Extreme 1500 Pro, which was chosen due to its printing area and compatibility with the printed materials. The printer was equipped with a dual extruder direct drive printing head with a 1.2 mm nozzle being fed by two 8 kg 1.75 mm filament spools of the same material.



The R-value (thermal resistance) resulting from the experiment was 1.252 K·m2/W for the 100 mm of the sample, as specified, and a thermal conductivity of 0.079 W/m·K. This value is considered the thermal performance value of the 3D-printed PET-G for the following calculations of the panel module.




4.2.2. Renovation Solution Characterisation


The thermal performance of the renovation panel was assessed by calculating the assembled panel module thermal resistance (R-value) and the thermal transmittance (U-value) of the renovation solution integrated into a pre-existing façade representative of the Portuguese building stock.



The thermal performance of the designed renovation solution was calculated through equations 1 and 2 to achieve the solution’s total thermal resistance. It used the data obtained from the experiments to determine the total R-value and U-value of the whole renovation solution by adding the thermal resistance of a representative building façade in Portugal. The renovation panel composition is shown in Figure 22. Additional layers for the 86 mm and 111 mm models will add 4 mm of PET-G, 20 mm of agglomerated cork, and an additional 1 mm of closed airgap for the insulation fitting.


   U  v a l u e   =  1   R t     



(1)






   R t  =  R  s e   +  R 1  +  R 2  + … +  R n  +  R  s i    



(2)




where:




	
Uvalue is the thermal transmittance in W/m2·K;



	
Rt is the total thermal resistance of the renovation panel + reference building façade;



	
Rse is the exterior surface thermal resistance in K·m2/W;



	
Rsi is the interior surface thermal resistance in K·m2/W;



	
R1 to n is the layer thermal resistance in K·m2/W.
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Figure 22. 3D-printed panel wall composition for simulation in millimetres. 






Figure 22. 3D-printed panel wall composition for simulation in millimetres.
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The values for agglomerated cork boards’ thermal resistance and density are defined by the official Portuguese document ITE50 [91], which has a thermal conductivity of 0.045 W/m·K and a thermal resistance of 0.484 K·m2/W for the 20 mm of each board considered for the renovation solution. Additionally, the addition of 1 mm of a closed airgap layer with a thermal conductivity of 0.025 W/m·K for the gaps between the agglomerated corkboard and hard shell was considered. The thermal 3D-printed PET-G with the discussed configuration has a thermal conductivity of 0.079 W/m·K and an R-value ranging from 0.050 K·m2/W to 0.063 K·m2/W for the 4 mm and 5 mm thicknesses, respectively. The TPU part of the panel was defined to be printed without infill, meaning that the TPU parts will be printed without the slicing software-generated internal geometry, resulting in a geometry with only the external perimeters. This printing configuration for the elastomeric elements results in a panel part that is printed with two 1.2 mm perimeters, resulting in a 4.8 mm thick TPU element with a 0.2 mm closed airgap interior, accounting for a 5 mm thick layer. Therefore, the thermal conductivity calculation considered the matweb database [57] for the thermoplastic elastomeric polyurethane, resulting in a thermal conductivity of 0.159 W/m·K and an R-value of 0.031 K·m2/W.



The following step was to add these renovation solutions to a reference building in Portugal. For that, it was considered a double-layer masonry 11 + 11 brick wall, with a 3 cm layer of extruded polystyrene (XPS) insulation in the air cavity, and plastered on both sides, with a total thickness of 30 cm. The façade is non-ventilated. The reference solution’s R-value is 1.19 K·m2/W and the U-value is 0.84 W/m2·K [91].




4.2.3. Thermal Performance Results


The R-values of the renovation modules are indicated in Table 5. The results point out a good thermal performance for these panels.



The results for the thermal transmittance (U-value) of the renovation panel and the renovation panel integrated into the reference building façade are shown in Table 6.



The 3D-printed panel module integrated into a building façade does accomplish the current Portuguese thermal performance requirements for a building façade of 0.35 W/m2·K [88]. Therefore, achieving the project’s target means developing a solution to address the thermal performance issues of the existing building stock in Portugal. The thinnest model, 61 mm, improved the pre-existing building façade thermal performance by 95%, improving the existent 0.84 W/m2·K to 0.43 W/m2·K. The 86 mm panel leads to an improvement of 140% and a U-value according to the legal requirements, improving the existent 0.84 W/m2·K to 0.35 W/m2·K. The 111 mm panel improved the building’s performance above the regulation requirements while improving the original façade by 180%, improving the existent 0.84 W/m2·K to 0.30 W/m2·K.



Notice that additional tests are necessary to evaluate and optimise the thermal performance of the panel in the connection areas between panels where the connection joint may pose a thermal bridge risk. If susceptible, the proposed renovation solution should be adapted to avoid thermal bridges. The durability and fire resistance of the panel must also be evaluated to determine the basic requirements for a façade renovation solution. Despite the limitations, the results achieved so far have paved the way for further research to integrate recycled plastic materials into building renovation solutions.



Overall, the renovation solution has the potential to improve the thermal performance of the existing building stock. Variations to the panel characteristics serve to optimise material consumption, taking into account renovation needs. It is possible to reduce the consumption of materials in buildings requiring less additional thermal resistance while improving low-performance buildings per the criteria defined in Portuguese regulations. Several other improvements can still be made to reduce material consumption and improve the overall thermal performance of the panel. Furthermore, research can be further explored by investigating other insulation materials that can contribute to a circular economy while providing better thermal performance. However, for a preliminary innovative research result, the thermal performance solution is satisfactory for the proposed research objectives of providing a renovation solution that improves the thermal performance of the existing building stock from a circular economy perspective in the construction sector.






5. Conclusions


This paper presents the development of a new prefabricated modular system, as a product developed within the nationally funded ZeroSkin+ project scope, tailored for renovating Portuguese residential building façades. The developed solution addresses building seismic performance and thermal efficiency. This study provides a detailed insight into the system’s potential to contribute to sustainable building retrofitting practices while serving as a stepping stone for future scientific development.



The integrated building renovation solution demonstrates how its modular system, which employs 3D-printed thermoplastics as a primary material, can improve the existing building stock’s thermal performance and seismic resilience. Its modular design, focused on disassembly and the ability to integrate recycled materials, also proposes a sustainable and circular way of rehabilitating the existing low-performing building stock.



Concerning the structural function, the experimental campaign has successfully demonstrated the benefits of the developed system. The seismic performance of the ZeroSkin+ solution, assured by the supporting steel frame structure, was assessed using half-scale RC frames to compare the structural response of infill walls with and without the proposed reinforcement. The experimental tests showed a 42% increase in the out-of-plane capacity of the reinforced infill compared to the URM wall, preventing a fragile collapse typical of such non-structural elements. Therefore, the performance of the ZeroSkin+ system in seismic conditions showed its potential as a retrofitting solution for RC-infilled frames, particularly in regions susceptible to earthquakes. This enhancement not only contributes to the safety and longevity of the building stock but also underscores the potential of modern manufacturing techniques in structural applications.



On the thermal front, the project’s achievements are equally commendable. By achieving a U-value as low as 0.30 W/m2·K in certain configurations, the 3D-printed panels exceed the standards required by current Portuguese legislation, demonstrating their ability to promote the reduction of energy consumption in renovated buildings. This level of performance reflects the system’s innovative design, which optimally balances thermal insulation with material efficiency and sustainability, presenting a viable solution to the challenge of improving the energy performance of existing buildings without compromising environmental sustainability.



Finally, the proposed integrated building renovation solution embodies the circular economy principles, highlighting an environmentally friendly approach to building renovation. Through the utilisation of recycled materials and a design that facilitates easy disassembly and recycling, the project sets a new standard for sustainable construction practices. This commitment to reducing waste and promoting reuse and recycling within the construction industry not only enhances the environmental performance of the renovation solution but also paves the way for future initiatives to achieve a more sustainable and resilient built environment.



Future research and development can be performed through further research on more suitable polymer materials which could even be recycled. The renovation solution’s long-term durability, fire performance, and cost-effectiveness could also be another improvement source.
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Figure 1. Proposed renovation solution development flowchart. 
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Figure 2. A visual representation of the steel structure attached to an infill wall. 
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Figure 3. Renovation panel parts are illustrated. 
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Figure 4. 3D-printed building renovation panel connection design to the structural grid in millimetres. 
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Figure 5. 3D-printing infill geometry optimisation chart, adapted from [18]. 
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Figure 6. 3D-printed building renovation panel sections show the alternative thicknesses and different compositions of the insulation space in between modules in millimetres. 
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Figure 7. (a) Wavy patterns of the renovation panel to avoid structural issues when printing a thin wall with PET-G. (b) The panel prototype displays the wavy pattern of the internal walls. 
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Figure 8. (a) Section of the 3D model showing the triangular internal structure of the elastomeric polymer belt. (b) Elastomeric polymer parts, belt, and back panel are highlighted in red. 
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Figure 9. Panel module assembly illustration with the assembly steps order marked from 1 to 4. 






Figure 9. Panel module assembly illustration with the assembly steps order marked from 1 to 4.



[image: Sustainability 16 02166 g009]







[image: Sustainability 16 02166 g010] 





Figure 10. Representation of RC frame geometry and elements dimensions. 
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Figure 11. RC frame: reinforcement disposition. 
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Figure 12. URM infill wall testing: (a) Infill wall out-of-plane test setup (front side view); (b) test setup for applying load and contrasting structures (side view). 
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Figure 13. Schematic representation of the test setup layout and the LVDTs location. 
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Figure 14. Structural reinforcement: (a) omega section dimensions (half-scale); (b) view of the steel profile. 
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Figure 15. Schematic representation of the reinforced infill wall with omega profiles. 
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Figure 16. Reinforced infill wall: (a) overview of the infill wall reinforced by the structural renovation solution; (b) detail of the anchorage system between the omega profile and foundation. 
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Figure 17. Load–displacement curves obtained from experimental testing on URM and reinforced infill walls. 
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Figure 18. Observed damage in the URM infill wall: cracking pattern of (a) URM wall and (b) reinforced infill. 
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Figure 19. Infill wall damage: (a) vertical crack (URM wall); (b) detachment from lateral column (reinforced wall). 
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Figure 20. Out-of-plane displacement profiles: vertical alignment of (a) URM wall and (b) reinforced infill; horizontal alignment of (c) URM wall and (d) reinforced infill. 
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Figure 21. (a) 3D-printed 100 mm thick sample of the printing configuration of the PET-G filament with the 25% stars infill. (b) The 3D-printed sample is in the hotbox. 
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Table 1. Selected plastic materials’ characteristics according to the proposed requirements for the material renovation panel.
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	Material
	PET-G
	TPU





	Extrusion temperature
	220 °C to 260 °C
	210 °C to 230 °C



	Glass transition temperature
	80 °C
	−21.8 °C



	Melting temperature
	160 °C
	192 °C



	UV resistant
	Highly resistant
	Colour deterioration with small mechanical deterioration



	Flammability
	Flammable, can be fire resistant with additives
	Flammable, can be fire resistant with additives



	Toxicity
	Non-toxic
	Can release toxic fumes when burned



	Recyclability
	Recyclable
	Recyclable










 





Table 2. PET-G 3D-printing parameters used for the renovation solution manufacturing.
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	Parameters
	Adopted Values





	Nozzle Diameter
	1.2 mm



	Extrusion Diameter
	1.26 mm



	First Layer Height
	0.45 mm



	Layer Height
	0.60 mm



	Print Speed
	70 mm/s



	Retraction Distance
	7 mm



	Retraction Speed
	40 mm/s



	Printing Temperature
	250 °C



	Printing Bed Temperature
	60 °C










 





Table 3. PET-G panel weight per m2.






Table 3. PET-G panel weight per m2.





	Model
	PET-G
	Printing Time per 3D Printer





	61 mm
	12.24 kg/m2
	118 h/m2



	86 mm
	15.36 kg/m2
	184 h/m2



	111 mm
	18.21 kg/m2
	202 h/m2










 





Table 4. Elastomeric plastic 3D-printing characteristics.
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Parameters

	
TPU




	
Printing Speed

	
30 mm/s




	
Retraction Distance

	
9 mm




	
Retraction Speed

	
50 mm/s




	
Printing Temperature

	
230 °C




	
Model

	
TPU weight

	
Printing time




	
61 mm

	
1.39 kg/m2

	
50 h




	
86 mm

	
1.64 kg/m2

	
56 h




	
111 mm

	
1.87 kg/m2

	
63 h











 





Table 5. Renovation panel module R-values.
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	Model
	R-Value





	61 mm
	1.14 K·m2/W



	86 mm
	1.63 K·m2/W



	111 mm
	2.13 K·m2/W










 





Table 6. Thermal transmittance (U-value) of the renovation panel (alone and integrated into a building façade).
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	Panel Model
	U-Value

3D-Printed Panel Alone

W/m2·K
	U-Value

3D-Printed Panel + Building Façade

W/m2·K





	61 mm
	0.87
	0.43



	86 mm
	0.61
	0.35



	111 mm
	0.47
	0.30
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