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Highlights 

• This study adopts an experimental and computational approach to facade retrofitting. 

• Facade panels made from CDW-geopolymer material were produced through digital fabrication using 3DCP. 

• Pre- and post-retrofit performance was analyzed using thermal and acoustic simulations. 
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Abstract 

A large share of the existing residential stock, particularly in countries that adopted mandatory 

thermal insulation codes relatively late, exhibits simultaneously poor thermal and acoustic 

performance. Although 3D Concrete Printing (3DCP) technology has been independently studied 

for thermal and acoustic applications, the potential to combine these two applications in a facade 

system constitutes a research gap. This study presents a case-study application of prefabricated 

3DCP cladding panels, featuring a ribbed, geometrically complex surface texture, to the facade 

of a 50 m² precast Reinforced Concrete (RC) residential unit in Ankara, Türkiye, without major 

structural intervention. The facade panels are manufactured from geopolymer material based on 

Construction and Demolition Waste (CDW). A parametric workflow integrating Autodesk Revit 

with Dynamo-based Sabine acoustic analysis and an ISO 6946 DesignBuilder thermal simulation 

pipeline is employed to quantify pre- and post-retrofit performance. The 3DCP cladding reduces 

the composite wall U-value from 0.714 to 0.346 W/m²K (−51.5%) and lowers the mid-frequency 

reverberation time (RT60) from 1.54 s to 0.88 s (−42.9%), while the existing single-glazed 

windows are retained as a fixed boundary condition. A diagnostic sub-analysis isolates the 

acoustic contribution of the unchanged glazing, confirming that the 3DCP surface texture is the 

dominant driver of absorption improvement. The results demonstrate that 3DCP facade panels 

constitute a viable, multi-functional retrofit layer that simultaneously enhances thermal 

performance, interior acoustics, and architectural expression through a single intervention, 

offering a replicable methodology for performance-driven envelope renewal in the existing 

building stock.  
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1. INTRODUCTION 

 

The built environment accounts for approximately 36% of global final energy consumption and 37% of 

energy-related CO2 emissions [1]. Buildings constructed before the widespread adoption of mandatory 

thermal insulation codes, a substantial fraction of the existing residential stock in countries such as Türkiye, 

much of Southern Europe, and the broader Global South, present simultaneously energy-inefficient and 

acoustically deficient envelopes [2, 3]. Projections indicate that approximately 80% of buildings standing 

today will still be in use by 2050 [4], and operational carbon emissions account for around 75% of total 

building-sector emissions. Given these figures, retrofitting the existing stock rather than demolishing and 

rebuilding is widely recognized as the most carbon- and resource-efficient upgrade pathway: deep energy 

retrofits of existing structures can result in 50–75% less embodied carbon than equivalent new construction 

[5, 6]. Accordingly, both the European Union’s revised Energy Performance of Buildings Directive (EPBD 
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2024/1275/EU) and national building codes in emerging economies are accelerating mandatory renovation 

rates, creating an urgent need for retrofit technologies that are technically effective, rapidly deployable, and 

architecturally responsive [7]. One of the areas that needs architectural retrofit and is effective in terms of 

thermal-acoustic performance is the facade [8]. 

 

Facade retrofitting occupies a distinctive position within this decarbonisation agenda because it addresses 

performance and architectural identity simultaneously [9]. A retrofit that over clads or reclads an existing 

skin therefore carries both an environmental mandate. Streicher et al. [10] identify deep facade retrofit as 

capable of reducing building energy use intensity by 80% or more when combined with systems upgrades. 

Procaccini and Monticelli [11] state that facades alone account for 20-30% of a building's total heat loss. 

From a typological standpoint, over cladding, adding a new facade layer without removing the existing 

skin, is gaining traction as a minimally disruptive retrofit strategy that simultaneously modernises 

architectural expression and improves envelope performance. Yang et al. [12] reveals that the dominant 

focus remains energy performance, with limited attention paid to acoustic improvement and even less to 

architectural expression as a co-equal design outcome. In this context, the integration of technological 

equipment for facade retrofitting is also important. 3DCP has potential in this regard [13]. 

 

The building facade performs multiple simultaneous roles: structural load transfer, weather resistance, 

thermal regulation, and acoustic attenuation. Jabłońska et al. [9] systematically categorised contemporary 

public building facades across European cities, demonstrating that facade character, expressed through 

scale, materiality, and surface articulation, is shaped by both climatic responsiveness. Similarly, Ezz et al. 

[14] argues that symmetry and surface organisation remain operative aesthetic principles in facade design, 

underscoring that formal decisions carry meaning beyond functional utility. The honest expression of 

structural logic, material properties, and assembly through visible form has been reinterpreted for the digital 

manufacturing age, integrating parametric modelling, robotic production, and environmental sensitivity as 

the foundation of architectural expression [15]. Within the discourse of sustainable architecture, retrofit 

strategies must negotiate between performance imperatives and the constraints of the existing structure, 

particularly with respect to added weight, fixing details, and thermal bridging at connections [16]. In 

addition, heating and cooling load requirements should be considered in retrofit applications on building 

facades. Sarihi et al. [17] highlighted that facade retrofitting can reduce energy consumption for heating 

and cooling by up to 50% through architectural interventions. Brito-Coimbra et al. [18] made inferences by 

examining studies using passive solar energy technologies in facade retrofitting applications in Portugal, a 

Mediterranean climate. Qi et al. [19] investigated the effect of green facade retrofitting applications on 

thermal performance and energy consumption in buildings under hot summer conditions in northern China, 

obtaining detailed data for building energy efficiency. 

 

The architectural dimension of facade retrofitting has gained growing recognition in literature. In 

renovation projects, traditional exterior cladding systems homogenize the building's facade, limiting its 

material and formal originality. Therefore, a renovation technology capable of producing geometrically 

complex, textured surfaces at the panel level addresses both an architectural and environmental deficiency 

[20, 21]. External thermal insulation composite systems remain the dominant retrofit technology in Europe, 

capable of reducing wall U-values below 0.25 W/m2K with mineral wool or EPS layers of 100-200 mm. 

However, these systems present a uniform, planar surface that contributes negligibly to sound diffusion or 

absorption at the facade surface, and they offer limited scope for geometric articulation or material honesty 

[22, 23]. Cladding materials such as fibre cement, terracotta, aluminium, and fibre-reinforced polymers are 

common options for facades, but they generally require larger air gaps, more complex substructures, and 

naturally do not adequately improve the acoustic performance of the interior [24, 25]. This convergence of 

limitations motivates the exploration of 3DCP as a material and formal system capable of simultaneously 

enhancing thermal performance, contributing measurably to interior acoustic absorption, and asserting a 

renewed architectural identity through surface geometry. 

 

3DCP has emerged over the past decade as a transformative fabrication technology that enables the 

production of geometrically complex elements with high dimensional repeatability, reduced formwork 

requirements, and minimised material waste [26, 27]. Numerous studies have demonstrated 3DCP’s 

potential for improving the thermal performance of building envelopes. Marais et al. [28] showed 
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computationally that cavity-based 3DCP wall topologies can meaningfully reduce U-values relative to solid 

concrete. Tamimi et al. [29] validated these improvements through in-situ U-value measurements on 3D-

printed structures in the UAE. de Rubeis et al. [30] provided a comprehensive review of 3D printing 

strategies for thermal envelope enhancement. At the same time, a growing body of work has explored the 

acoustic potential of printed geometries. Setaki et al. [31] demonstrated that computationally designed, 

additively manufactured panels can achieve high broadband sound absorption through viscothermal wave 

propagation in prismatic channels. Li et al. [32] reviewed the sound absorption mechanisms of 3D-printed 

lattice structures, identifying surface morphology and pore interconnectivity as the dominant parameters. 

 

Leschok et al. [33] assessed fabrication and performance methods for 3D-printed facades. Despite this 

parallel progress in thermal and acoustic research, the intersection of 3DCP with facade retrofitting, 

particularly as a dual-purpose cladding system targeting both domains simultaneously, has received limited 

attention, particularly as a strategy that unifies performance improvement with architectural renewal. 3DCP 

employs a computer-controlled extrusion head to deposit layers of printable concrete (typically with 

maximum aggregate size ≤ 2 mm) following a digital toolpath [34]. The process enables the fabrication of 

non-standard geometries without the cost premium associated with traditional formwork. Print parameters 

-layer height, nozzle speed, extrusion rate- directly influence the surface micro-texture, which in turn 

governs acoustic behaviour [32]. Shen et al. [35] fabricated 3DCP panel samples and determined the mid-

frequency normal angle of incidence absorption coefficients using impedance tube tests performed in 

accordance with ISO 10534-2. 

 

Literature contains limited research on the production of CDW-geopolymer facade panels via 3DCP and 

their application in facade retrofitting. Furthermore, there are few studies that analyse the thermal and 

acoustic performance of these panels together. In this context, this study aims to fill this research gap in the 

literature by presenting a case study of a 50 m² residential unit retrofitted with special 3DCP facade panels. 

The research questions of the study are as follows:  

(1) Is it possible to produce facade panels that reduce carbon footprint and contribute to sustainability using 

CDW-geopolymer? 

(2) Can the 3D-printed facade panels produced be used for facade retrofitting purposes? 

(3) Are 3D-printed facade panels suitable for retrofit purposes in terms of thermal and acoustic 

performance? 

 

This study sought solutions to these research questions. The study integrates architectural design, 

parametric BIM-based simulation, and environmental performance assessment within a unified Revit–

Dynamo workflow to evaluate the multi-domain benefits of the intervention. The retrofit intervention is 

deliberately scoped to the facade cladding layer only: the existing single-glazed aluminium-framed 

windows are retained in their original condition, representing a deliberate boundary condition that reflects 

the most common real-world constraint in facade-only retrofit projects. The specific objectives are: (i) to 

design a 3DCP panel geometry optimised for over cladding retrofit application; (ii) to quantify thermal 

improvements via U-value calculation in accordance with ISO 6946; (iii) to quantify acoustic 

improvements via Sabine-based RT60 calculations implemented as custom Python nodes in Dynamo; and 

(iv) to characterise the contribution of the unchanged existing glazing to interior acoustic absorption, 

establishing a baseline for future fenestration retrofit studies. 

 

2. MATERIALS AND METHODS 

 

The aim of this study is to provide a facade retrofit for an existing building. In this context, a contribution 

to circularity in the built environment has been made by using sustainable and recyclable CDW. A 

geopolymer mix was obtained using CDW and combined with a 3D printer. A CDW-based geopolymer 

material was developed, ensuring the possibility of constructing a material suitable for 3DCP. After 

preparing the material for 3DCP, parametric facade panel trials were conducted. The produced panels were 

applied to the building's facade, completing a retrofit process. However, the developed system was 

supported by simulations. Building-specific evaluations were made by conducting thermal and acoustic 

validations and analyses. The degree of improvement achieved by integrating the facade panels into the 

existing building was observed. In this context, the flowchart of the study is given in Figure 1. 
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2.1. Case Study: the 50 m2 Residential Unit 

 

The study building is a single-storey residential unit of 50 m2 gross floor area, located in Ankara, Türkiye. 

The existing structural shell consists of 250 mm precast RC panel walls, a 150 mm flat concrete roof slab, 

and a 150 mm ground-bearing concrete slab. The facade features six single-glazed aluminium-framed 

windows with a combined glazed area of approximately 8.4 m2 (Figure 2). The precast RC panels are 

assumed to have a thermal transmittance of U = 0.714 W/m2K, consistent with the TS 825:2024 reference 

value for uninsulated concrete precast panel walls. Prior to intervention, no supplementary insulation layer 

is present, and the interior finishes are unpainted concrete. 

 

 
Figure 1. Flowchart of the study addressing the retrofit process 

 

The building was modelled in Autodesk Revit 2025 with element-level material assignment, enabling 

Dynamo to access area, geometry, and parameter data through the Revit API. Two primary analysis 

scenarios were defined, both retaining the existing single-glazed windows as a fixed boundary condition: 

(A) pre-retrofit- existing precast RC panel walls, uninsulated, original windows in place; (B) post-retrofit- 

3DCP facade panels applied over existing walls, original windows unchanged. A sensitivity sub-analysis 

was also conducted to isolate the acoustic contribution of the existing glazing, by comparing each scenario 

with and without the window absorption term active in the Sabine calculation. This sub-analysis is not a 
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design scenario but a diagnostic tool to understand how much improvement potential remains unlocked by 

the unchanged fenestration. 

 

2.2. 3DCP Facade Panel Design 

 

In this study, the 3DCP facade panels were produced using a sustainable, 3D-printable CDW-based 

geopolymer mixture. The detailed composition of the mixture is presented in Table 1. The binder phase 

consisted of CDW precursors, including powdered brick waste, concrete waste, and blast furnace slag 

(BFS) as an industrial by-product. The brick and concrete wastes were first crushed using a jaw crusher and 

subsequently ground in a horizontal mill to obtain a fine powder. These materials were activated through 

alkaline activation using a 5 M NaOH solution. Detailed information on these materials can be found in the 

authors’ previously published studies [36]. Expanded perlite (particle size: 0–3 mm; bulk density: 50–60 

kg/m3) was used as aggregate to enhance the thermal insulation capacity of the mixture. 

 

  
(a) (b) 

Figure 2. External views of the prototype building showing the applied facade panel system from 

different perspectives: (a) front facade, (b) side facade view 

 

Table 1. Mixture details 
Brick 

Waste 

(g) 

Concrete 

Waste 

(g) 

BFS 

(g) 

Expanded 

Perlite 

(g) 

Alkaline 

Activator 

Density 

(kg/m3) 

Thermal 

conductivity 

(W/mK) 

 
600 200 200 414.4 

5 M 

NaOH 
1549 ~ 0.28 

 

The physical production of the 3DCP facade panels was carried out using a laboratory-scale gantry-type 

3D printer with an effective printing area of 100 × 100 × 40 cm (x × y × z). The system consists of a pump, 

transmission pipe, CNC router, nozzle, printing platform, and control unit [37]. Detailed information 

regarding the printing system is presented in Figure 3. The printing process was performed at a constant 

speed of 50 mm/s using a circular nozzle with a diameter of 13.5 mm. 

 

 
Figure 3. Laboratory gantry-based 3D printing system 
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The retrofit panels are designed as 300 × 300 mm prefabricated units, 75 mm thick at the base, with a ribbed 

external profile (rib height 15 mm, rib pitch 45 mm) (Figure 4). In Figure 4a, the value of 'a' is 15 mm 

depending on the nozzle diameter in 3DCP panels. Depending on the waveform of the parametric front 

surface according to the panel geometry, the value of 'b' is 45 mm and the value of 'c' is 25 mm. The rib 

geometry increases effective surface area by approximately 20% relative to the projected panel area, 

yielding the form factor of 1.2 applied in acoustic calculations. Panels are mechanically fixed to the existing 

wall through stainless steel brackets at 300 mm centres, providing a 25 mm air cavity that contributes to 

moisture management and reduces thermal bridging. In Figure 4b, the G-code data for the facade panel was 

obtained using ArtCAM and NC Viewer software. G-code refers to a programming language compatible 

with 3D printers. In Figure 4c, this coding system represents the nozzle's movement area according to the 

geometry of the parametric facade panel using a coordinate-based path. 

 

 
 

 

(a) (b) (c) 

Figure 4. (a) Panel dimensions (a:15 mm, b:45 mm, c:25 mm), (b) G-code view of layers, (c) 3DCP 

result product 

 

2.3. Retrofitting Design 

 

The retrofitting installation follows a coating methodology adapted for the 3DCP panel system, exhibiting 

a thermal and acoustic barrier effect. The procedure comprises three principal stages. In the first stage, the 

existing precast RC panel walls are surveyed for flatness and structural integrity, and anchor points are 

marked at 600 mm horizontal and vertical centres. Stainless-steel L-profile brackets (50×50×5 mm, 

grade 304) are then mechanically anchored to the existing wall using expansion bolts (M10×100 mm) 

torqued to the manufacturer’s specified values. The brackets are shimmed where necessary to establish a 

uniform plane, providing a 25 mm stand-off that creates the air cavity between the existing wall surface 

and the back face of the 3DCP panels. In the second stage, the prefabricated 3DCP panels 

(300×300×75 mm). The feasibility of integrating 3DCP facade panels into one of the existing building's 

facades for retrofit purposes was also tested (Figure 5). 

 

   
Figure 5. Anchoring of 3DCP facade panels to the existing structure with L-profiles 

 

Each panel is secured to the L-profile brackets using stainless-steel self-drilling screws through pre-formed 

fixing slots cast into the panel edges during printing, allowing ±2 mm positional adjustment in the 

horizontal and vertical planes. In the third stage, panel-to-panel joints are sealed with a UV-resistant 

silicone sealant compatible with the cementitious substrate, and perimeter flashings are installed at window 
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reveals and parapet junctions to prevent moisture ingress into the cavity. The air gap creates a thermal 

barrier within the facade system, isolating the air from the external environment and creating stagnant 

space. The entire installation sequence for the 50 m2 unit was completed within three working days by a 

two-person crew, demonstrating the rapid deployability of the system. Figure 6 illustrates the completed 

retrofitting assembly. 

 

 
Figure 6. Precast panel house retrofitting 

 

2.4. Thermal Validation 

 

Thermal transmittance (U-value) was calculated in accordance with ISO 6946 using the series thermal 

resistance method. The formulas used in the analytical calculations are given in Equations (1) and (2).  

 

𝑅𝑝𝑎𝑛𝑒𝑙 = 𝑅𝑠𝑖 +  
𝑑

𝜆
 + 𝑅𝑠𝑒  , (1) 

𝑈𝑝𝑎𝑛𝑒𝑙 =
1

𝑅𝑝𝑎𝑛𝑒𝑙 
  . (2) 

 

The thermal conductivity of the 3DCP panel was determined experimentally: a 300 × 300 mm specimen 

was tested in a guarded hot-plate apparatus in accordance with EN 12664, yielding a measured thermal 

conductivity of λ = 0.15 W/mK. While the CDW-geopolymer material used in the facade panel has a λ 

value of 0.28, the λ value of the designed air-gap panel has reached 0.15. This value represents the effective 

conductivity of the ribbed panel cross-section, inclusive of its internal geometry. Treating the 75 mm panel 

as a single homogeneous layer with λ = 0.15 W/mK, the panel-level thermal resistance per ISO 6946 is: 

 

R_panel = 0.13 + 0.5 + 0.04 = 0.67 m2K/W, 

U_panel = 1.49 W/m2K. 

 

The panel U-value, derived from the laboratory-measured thermal conductivity, is adopted for all 

subsequent simulations. The composite wall assembly (precast RC + air cavity + 3DCP panel) includes a 

25 mm air gap between the existing precast RC panel wall and the 3DCP cladding (R = 0.15 m2K/W, ISO 

6946). This air gap is completely enclosed within the wall system and isolated from the external 

environment, in accordance with ISO 6946. In the DesignBuilder/EnergyPlus model, it is also configured 

in an isolated manner within the facade system. Annual space-heating and cooling energy demands were 

estimated using the simplified degree-day method, assuming an internal set-point of 20 °C (heating) and 26 

°C (cooling), and a building envelope balance-point consistent with ASHRAE 90.1 simplified 

methodology. The composite wall assembly U-value was calculated analytically using the ISO 6946 series 

resistance method: 

 

R_total = R_si (0.13) + R_precast (1/0.7 = 1.429) + R_cavity (0.15) + R_panel (1/1.49 = 0.671) + R_se 

(0.04) = 2.42 m2K/W, yielding U_ISO0 = 0.413 W/m2K.  

 

This analytical result was subsequently validated through DesignBuilder dynamic energy simulation 

(EnergyPlus v8.9) using Ankara IWEC weather data, which returned a simulated wall U-value of 0.346 
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W/m2K. The 16% difference between the two methods is attributable to EnergyPlus’s detailed multi-

dimensional heat transfer modelling, which accounts for thermal bridging at convective effects within the 

air cavity that are not captured by the simplified ISO 6946 series assumption. In addition, while the formula 

neglects heat storage parameters such as the specific heat of materials, the thermal mass and heat storage 

capacity of materials are included in the DesignBuilder simulation [38]. 

 

2.5. Acoustic Validation 

 

Reverberation time was calculated using Sabine's formula implemented as a custom Python node within a 

Dynamo graph linked to the Revit model. The workflow operates as follows Figure 7. 

 

 
Figure 7. Dynamo node architecture stages 

 

A critical implementation detail in the workflow is the treatment of the existing fixed glazing. Since the 

windows are retained unchanged across both retrofit scenarios, their area is consistently subtracted from 

the host wall area to avoid double-counting, and the glazing absorption (α = 0.03, ISO 354) is added as a 

fixed surface contribution in all calculations. The window node can additionally be deactivated to isolate 

the wall-panel contribution alone, enabling a diagnostic comparison that reveals the acoustic headroom that 

would be unlocked by future fenestration replacement. Room volume is supplied as a user-adjustable 

number input node, set to 125 m3 for a 50 m2 plan and 2.5 m ceiling height (Table 2). The absorption 

coefficient of the Retrofitted Assembly is taken equal to that of the 3DCP panel outer face (α = 0.302), as 

the panel constitutes the sole acoustically exposed surface in the post-retrofit configuration.  

 

Table 2. Material properties used in simulations and performance data 

Material/Assembly Thickness (mm) U-Value (W/m2K) α (500 Hz) 

Existing Precast RC Panel 250 0.714 0.05 

3DCP Facade Panel 75 1.49 0.302 

Retrofitted Assembly (RC + 

3DCP) 
325 

0.346 (simulation)/ 

0.413 (ISO) 
0.302 
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3. RESULTS AND DISCUSSION 

 

This study investigated the feasibility of producing CDW and 3DCP facade panels on residential units, as 

well as their thermal and acoustic performance. The integration of facade panels in the residential unit has 

demonstrated that retrofit improvements to existing structures are possible in this way. In this context, 

prototype panels were obtained using 3DCP technology and applied to the facade of the existing building. 

However, thermal analytical calculations were performed based on the thermal conductivity and thickness 

data of the facade panels. DesignBuilder data was validated with these formulations. Additionally, acoustic 

data was obtained using the Revit-based Dynamo algorithm, and the contribution of these panels to 

improving indoor reverberation in existing structures was evaluated. 

 

3.1. Thermal Performance 

 

The ISO 6946 analytical calculation yields a composite wall U-value of 0.413 W/m2K for the retrofitted 

assembly, representing a reduction of 41.1% relative to the pre-retrofit value of 0.7 W/m2K. 

DesignBuilder/EnergyPlus dynamic simulation further validates this result, returning a film-inclusive U-

value of 0.346 W/m2K (−51.5% vs. pre-retrofit), with the 16% difference between methods attributable to 

multi-dimensional heat transfer effects modelled by EnergyPlus but not captured by the ISO 6946 series 

assumption. The U-value calculated through simulation meets the 0.35 W/m2K limit of the TS 825:2024 

standard for Ankara (4th climate zone). The U-value of prototype facade panels can initially be improved 

through geometric optimizations. In this regard, arranging the inner filling geometry in layers can act as 

additional insulation [39]. Besides geometric adjustments, improvements can also be made with additional 

material-specific insulation. Increasing the amount of perlite, which provides a thermal barrier, applying 

polyurethane foam, and using special insulating thermal paints can also reduce the U-value of the facade 

panel [40,41]. Reducing the U-value of the facade panel will also improve the thermal insulation of the wall 

structure element. 

 

The degree-day energy estimates indicate that annual HVAC heating energy demand decreases by 47.3% 

following panel application, as reported by the EnergyPlus annual simulation output. Total site energy 

consumption falls by 15.5%, with the remaining demand attributable to internal equipment and lighting 

loads held constant across scenarios. Peak boiler capacity at design-day conditions (31 January) reduces by 

47.3%, confirming a commensurate reduction in heating plant size requirements (Figure 8). The larger 

percentage reduction in heating versus cooling reflects the dominance of conductive envelope heat loss in 

the continental climate of Ankara. 

 

 
Figure 8. Improving energy performance with 3DCP facade panels 
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3.2. Acoustic Performance 

 

Table 2 presents the RT60 results across all four scenarios. In the pre-retrofit baseline, the smooth concrete 

interior yields a total absorption area of 3.12 m2 Sabine and RT60 = 1.54 s -more than twice the ISO 3382-

2 upper limit of 0.6 s for speech intelligibility in a residential room of this volume. 

 

Post-retrofit the 3DCP panels raise total absorption to 5.47 m2 Sabine (α_eff = 0.302 vs. 0.05 for smooth 

concrete), reducing RT60 to 0.88 s. While still above the ISO target, this represents a 42.9% improvement 

and places the room within a range that can be readily brought into compliance with the addition of soft 

furnishings, curtains, or a modest area of porous ceiling tiles - interventions that would be expected in any 

occupied residential unit (Figure 9). 

 

 
Figure 9. Effect of 3DCP panels on acoustic performance (RT60 and total absorption) 

 

The existing single-glazed windows, retained unchanged in both scenarios, contribute a fixed acoustic 

absorption of approximately 0.25 m2 Sabine (α = 0.03, S = 8.4 m2). This contribution is modest but 

consistent: the diagnostic sub-analysis shows that deactivating the window node raises RT60 by only 0.03–

0.05 s in either scenario, confirming that the dominant driver of acoustic improvement is the 3DCP surface 

texture rather than the glazing. The low absorption coefficient of single glazing (0.03 vs. 0.302 for 3DCP) 

means that even if windows were replaced with high-performance triple glazing (α ≈ 0.02), the acoustic 

benefit would be negligible. However, replacing single glazing with acoustic laminated glazing or 

secondary glazing systems could yield meaningful indoor reverberation improvements - a performance 

dimension orthogonal to the RT60 metric examined here, and one identified as a priority for future work.  

 

Considering both thermal and acoustic outcomes together, the 3DCP retrofit demonstrates a genuinely 

multi-functional performance uplift from a single intervention layer. Conventional ETICS or mineral wool 

systems would achieve comparable or better thermal performance but would contribute α ≈ 0.05–0.1 to the 

interior - substantially less than the 3DCP panel's 0.302. Conversely, a porous acoustic absorber applied 

internally (e.g., mineral wool panels) would improve RT60 but provide no exterior thermal benefit. The 

3DCP facade uniquely addresses both domains simultaneously, with additional value in architectural 

differentiation through the printed surface geometry. 

 

The parametric Dynamo workflow enabled iterative scenario testing at negligible computational cost. Each 

RT60 recalculation executes in under 2 seconds within the Revit environment, allowing the designer to 

evaluate material substitutions, window area changes, or panel configurations without exporting data to a 

specialist acoustic simulation tool. This tight BIM–acoustic integration represents a methodological 

contribution applicable beyond the specific case study. 

 

In addition to the thermal and acoustic properties of 3DCP facade panels, the differences between these 

panels and existing ones are also significant. The advantages of this innovative technology include its 

suitability for mass production and its ability to be manufactured in various geometric configurations, as 
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well as its use for facade retrofitting. These panels differ from existing facade panels due to their ability to 

be produced using CDW, geometric freedom, rapid buildability, and ease of installation and assembly. By 

reducing CDW levels, it lowers the carbon footprint, contributing to both sustainability and circularity.  

 

4. CONCLUSION 

 

This study investigated the application of 3DCP as a facade retrofitting strategy for a 50 m2 residential unit 

in Ankara, Türkiye, evaluating both thermal and acoustic performance through an integrated Revit–

Dynamo parametric workflow. The principal findings and implications are summarized below; 

• The 3DCP cladding panel, with a laboratory-measured thermal conductivity of λ = 0.15 W/mK, 

reduces the composite wall U-value from 0.70 to 0.346 W/m2K (DesignBuilder/EnergyPlus), 

corresponding to a 51.5% improvement and a 47.3% decrease in annual heating energy demand, 

• The retrofitted assembly satisfies the TS 825:2024 limit of 0.35 W/m2K for Ankara (climate 

zone 4), with the DesignBuilder/EnergyPlus simulation returning a composite wall U-value of 

0.346 W/m2K. Nevertheless, a modest margin of only 1.1% suggests that supplementary insulation 

- either within the air cavity or embedded between the panel face layers - would be advisable to 

ensure robust code compliance under construction tolerance and represents a priority direction for 

future system development, 

• The ribbed surface texture of the 3DCP panels yields an effective mid-frequency absorption 

coefficient of α_eff = 0.302, reducing the Sabine reverberation time from 1.54 s to 0.88 s (−42.9%). 

Although the post-retrofit RT60 remains above the ISO 3382-2 target of 0.6 s, the improvement 

places the room within a range readily achievable through the addition of soft furnishings and 

porous ceiling treatments typical of occupied residential interiors, 

• The diagnostic sub-analysis confirms that the existing single-glazed windows contribute only 

0.25 m2 Sabine to total absorption; their replacement with higher-performance glazing would yield 

negligible RT60 benefit but could meaningfully improve indoor reverberation- a distinct 

performance dimension identified for future investigation, 

• The parametric Revit–Dynamo workflow enables iterative, BIM-integrated acoustic and thermal 

evaluation at negligible computational cost, offering a methodological contribution applicable 

beyond this specific case study. 

 

Taken together, the results demonstrate that 3DCP facade panels constitute a genuinely multi-functional 

retrofit layer, simultaneously addressing thermal performance, interior acoustics, and architectural 

expression through a single intervention. The software used for acoustic outputs has been used to observe 

mid-frequency reverberation behaviour. The validity of these outputs can be verified with real-time acoustic 

measurements of the facade system. Future work should explore hybrid panel configurations incorporating 

embedded insulation to achieve full regulatory compliance while preserving the acoustic and architectural 

advantages of the printed surface geometry.  

 

ACKNOWLEDGEMENT 

 

This study was supported under the Scientific and Technical Research Council (TUBITAK) Scientist 

Support Programs Directorate (BİDEB) 2211-Domestic Postgraduate Scholarship Program and under 

Project: 123N550. 

 

DECLARATION OF ARTIFICIAL INTELLIGENCE (AI) USE 

 

When drafting the manuscript, neither generative AI agents nor large language models (LLMs) were used 

in any aspect of the study. 

 

CONFLICTS OF INTEREST  

 

No conflict of interest was declared by the authors. 

 

 



1629  Cagatay TAKVA, et al. / GU J Sci, 39(3): 1618-1632 (2026) 

 
 

REFERENCES 

 

[1] Awan, A., Kocoglu, M., Subhan, M., Utepkaliyeva, K., and Hossain, M.E., “Assessing energy 

efficiency in the built environment: A quantile regression analysis of CO2 emissions from 

buildings and manufacturing sector”, Energy and Buildings, 338: 115733, (2025). DOI: 

https://doi.org/10.1016/j.enbuild.2025.115733 
  

[2] Pessoa, S., Guimarães, A.S., Lucas, S.S., and Simões, N., “3D printing in the construction 

industry-A systematic review of the thermal performance in buildings”, Renewable and 

Sustainable Energy Reviews, 141: 110794, (2021). DOI: 

https://doi.org/10.1016/j.rser.2021.110794 

  

[3] Nemova, D., Kotov, E., Andreeva, D., Khorobrov, S., Olshevskiy, V., Vasileva, I., Zaborova, D., 

and Musorina, T., “Experimental study on the thermal performance of 3D-printed enclosing 

structures”, Energies, 15: 4230, (2022). DOI: https://doi.org/10.3390/en15124230 

  

[4] Edelenbosch, O.Y., Rovelli, D., Levesque, A., Marangoni, G., and Tavoni, M., “Long term, cross-

country effects of buildings insulation policies”, Technological Forecasting and Social Change, 

170: 120887, (2021). DOI: https://doi.org/10.1016/j.techfore.2021.120887 

  

[5] Churkina, G., Organschi, A., Reyer, C.P.O., Ruff, A., Vinke, K., Liu, Z., Reck, B.K., Graedel, T. 

E., and Schellnhuber, H.J., “Buildings as a global carbon sink”, Nature Sustainability, 3: 269-276, 

(2020). DOI: https://doi.org/10.1038/s41893-019-0462-4  

  

[6] Liu, C., Sharples, S., and Mohammadpourkarbasi, H., “A review of building energy retrofit 

measures, passive design strategies and building regulation for the low carbon development of 

existing dwellings in the hot summer–cold winter region of China”, Energies, 16(10): 4115, 

(2023). DOI: https://doi.org/10.3390/en16104115 

  

[7] Iavorschi, E., Milici, L.D., Ifrim, V.C., Ungureanu, C., and Bejenar, C., “A literature review on 

the European legislative framework for energy efficiency, nearly zero-energy buildings (nZEB), 

and the promotion of renewable electricity generation”, Energies, 18(6): 1436, (2025). DOI: 

https://doi.org/10.3390/en18061436 

  

[8] Procaccini, G., Prieto, A., Knaack, U., Monticelli, C., and Konstantinou, T., “Textile membrane 

for façade retrofitting: Exploring fabric potentialities for the development of innovative 

strategies”, Buildings, 14(1): 86, (2023). DOI: https://doi.org/10.3390/buildings14010086 

  

[9] Jabłońska, J., Teleska, M., Adamska, A., and Gronostajska, J., “The architectural typology of 

contemporary façades for public buildings in the European context”, Arts, 11(1): 11, (2022). DOI: 

https://doi.org/10.3390/arts11010011 

  

[10] Streicher, K.N., Mennel, S., Chambers, J., Parra, D., and Patel, M.K., “Cost-effectiveness of large-

scale deep energy retrofit packages for residential buildings under different economic assessment 

approaches”, Energy and Buildings, 215: 109870, (2020). DOI: 

https://doi.org/10.1016/j.enbuild.2020.109870 

  

[11] Procaccini, G., and Monticelli, C., “Building façade retrofit: A comparison between current 

methodologies and innovative membranes strategies for overcoming the existing retrofit 

constraints”, In International Conference on Technological Imagination in the Green and Digital 

Transition, Springer International Publishing, 735-744, (2022). DOI: https://doi.org/10.1007/978-

3-031-29515-7_66  

  



1630  Cagatay TAKVA, et al. / GU J Sci, 39(3): 1618-1632 (2026) 

 
 

[12] Yang, S., Yi, W., and Zong, H., “A systematic review of retrofitting buildings for sustainability 

from a lifecycle perspective”, Sustainable Cities and Society, 106702, (2025). DOI: 

https://doi.org/10.1016/j.scs.2025.106702 

  

[13] Baraboi, D.R., Scutaru, L.M., Dragomir, G., Brezeanu, A.I., Calotă, R., Pavel, M., and Năstase, 

G., “Smart 3D-printed facades: a review of innovations, materials, and sustainable performance”, 

Frontiers in Sustainable Cities, 7: 1610729, (2025). DOI: 

https://doi.org/10.3389/frsc.2025.1610729 

  

[14] Ezz, M.S., Odah, E., Baharetha, S., Al Sayed, A.A.K.A., and Salem, D.A., “Analytical 

examination of dynamic elements in modern architectural facades for advanced structural 

aesthetics”, Frontiers in Built Environment, 10: 1302380, (2024). DOI: 

https://doi.org/10.3389/fbuil.2024.1302380 

  

[15] Akgün, Y., Erkarslan, Ö.E., and Kavuncuoğlu, C., “Tectonics of kinetic architecture: Moving 

envelope, changing space and the shades of the shed”, Frontiers in Built Environment, 8: 1006300, 

(2022). DOI: https://doi.org/10.3389/fbuil.2022.1006300 

  

[16] Azeem, M., Amor, N., Kashif, M., Tabassum, W.A., and Noman, M.T., “A systems approach to 

thermal bridging for a net zero housing retrofit: United Kingdom’s perspective”, Sustainability, 

17(24): 11325, (2025). DOI: https://doi.org/10.3390/su172411325 

  

[17] Sarihi, S., Saradj, F.M., and Faizi, M., “A critical review of façade retrofit measures for 

minimizing heating and cooling demand in existing buildings”, Sustainable Cities and Society, 

64: 102525, (2021). DOI: https://doi.org/10.1016/j.scs.2020.102525 

  

[18] Brito-Coimbra, S., and Aelenei, D., Gloria Gomes, M., Moret Rodrigues, A., “Building façade 

retrofit with solar passive technologies: A literature review”, Energies, 14(6): 1774, (2021). DOI: 

https://doi.org/10.3390/en14061774 

  

[19] Qi, S., Utaberta, N., Kiet, A.L.K., Yanfang, X., and Xiyao, H., “Effects of green façade retrofitting 

on thermal performance and energy efficiency of existing buildings in northern China: An 

experimental study”, Energy and Buildings, 335, 115550, (2025). DOI: 

https://doi.org/10.1016/j.enbuild.2025.115550 

  

[20] Nair, G., Verde, L., and Olofsson, T., “A review on technical challenges and possibilities on 

energy efficient retrofit measures in heritage buildings”, Energies, 15(20): 7472, (2022). DOI: 

https://doi.org/10.3390/en15207472 

  

[21] Cuce, P.M., “Sustainable insulation technologies for low-carbon buildings: From past to present”, 

Sustainability, 17(11): 5176, (2025). DOI: https://doi.org/10.3390/su17115176 

  

[22] Barreira, E., and de Freitas, V.P., “External thermal insulation composite systems: Critical 

parameters for surface hygrothermal behaviour”, Advances in Materials Science and Engineering, 

2014(1): 650752, (2014). DOI: https://doi.org/10.1155/2014/650752  

  

[23] Parracha, J.L., Veiga, R., Flores-Colen, I., and Nunes, L., “Toward the sustainable and efficient 

use of External Thermal Insulation Composite Systems (ETICS): a comprehensive review of 

anomalies, performance parameters, requirements and durability”, Buildings, 13(7): 1664, (2023). 

DOI: https://doi.org/10.3390/buildings13071664 

  

[24] Das, P.P., Chaudhary, V., Ahmad, F., Manral, A., Gupta, S., and Gupta, P., “Acoustic performance 

of natural fiber reinforced polymer composites: Influencing factors, future scope, challenges, and 

applications”, Polymer Composites, 43(3): 1221-1237, (2022). DOI: 
https://doi.org/10.1002/pc.26455  



1631  Cagatay TAKVA, et al. / GU J Sci, 39(3): 1618-1632 (2026) 

 
 

  

[25] Korjakins, A., Sahmenko, G., and Lapkovskis, V., “A short review of recent innovations in 

Acoustic materials and panel design: emphasizing wood composites for enhanced performance 

and sustainability”, Applied Sciences, 15(9): 4644, (2025). DOI: 

https://doi.org/10.3390/app15094644 

  

[26] Buswell, R.A., De Silva, W.L., Jones, S.Z., and Dirrenberger, J., “3D printing using concrete 

extrusion: A roadmap for research”, Cement and Concrete Research, 112: 37-49, (2018). DOI: 

https://doi.org/10.1016/j.cemconres.2018.05.006 

  

[27] Hassan, H., Rodriguez-Ubinas, E., Al Tamimi, A., Trepci, E., Mansouri, A., and Almehairbi, K., 

“Towards innovative and sustainable buildings: A comprehensive review of 3D printing in 

construction”, Automation in Construction, 163: 105417, (2024). DOI: 

https://doi.org/10.1016/j.autcon.2024.105417 

  

[28] Marais, H., Christen, H., Cho, S., De Villiers, W., and Van Zijl, G., “Computational assessment 

of thermal performance of 3D printed concrete wall structures with cavities”, Journal of Building 

Engineering, 41: 102431, (2021). DOI: https://doi.org/10.1016/j.jobe.2021.102431 

  

[29] Tamimi, A.A., Hassan, H., Rodriguez-Ubinas, E., Alhaidary, H., and Mansouri, A., “Thermal 

performance of 3D concrete printed walls: Calculated and in-situ measured U-values”, Journal of 

Asian Architecture and Building Engineering, 23(6): 1903-1915, (2024). DOI: 

https://doi.org/10.1080/13467581.2023.2278467  

  

[30] de Rubeis, T., Ciccozzi, A., Giusti, L., and Ambrosini, D., “On the use of 3D printing to enhance 

the thermal performance of building envelope–A review”, Journal of Building Engineering, 95: 

110284, (2024). DOI: https://doi.org/10.1016/j.jobe.2024.110284 

  

[31] Setaki, F., Tian, F., Turrin, M., Tenpierik, M., Nijs, L., and Van Timmeren, A., “3D-printed sound 

absorbers: Compact and customisable at broadband frequencies”, Architecture, Structures and 

Construction, 3(2): 205-215, (2023). DOI: https://doi.org/10.1007/s44150-023-00086-9  

  

[32] Li, X., Chua, J.W., Yu, X., Li, Z., Zhao, M., Wang, Z., and Zhai, W., “3D‐printed lattice structures 

for sound absorption: current progress, mechanisms and models, structural‐property relationships, 

and future outlook”, Advanced Science, 11(4): 2305232, (2024). DOI: 

https://doi.org/10.1002/advs.202305232  

  

[33] Leschok, M., Cheibas, I., Piccioni, V., Seshadri, B., Schlüter, A., Gramazio, F., and Dillenburger, 

B., “3D printing facades: Design, fabrication, and assessment methods”, Automation in 

Construction, 152: 104918, (2023). DOI: https://doi.org/10.1016/j.autcon.2023.104918 

  

[34] Mishra, S.K., Snehal, K., Das, B.B., Chandrasekaran, R., and Barbhuiya, S., “From printing to 

performance: A review on 3D concrete printing processes, materials, and life cycle assessment”, 

Journal of Building Pathology and Rehabilitation, 10(2): 117, (2025). DOI: 

https://doi.org/10.1007/s41024-025-00626-4  

  

[35] Shen, W., Jiang, X., and Qin, H., “Acoustic absorption performance investigation in standard and 

custom infill patterns for FFF 3D printing with PLA material”, Manufacturing Letters, 44: 1113-

1122, (2025). DOI: https://doi.org/10.1016/j.mfglet.2025.06.131  

  

[36] İlcan, H., Koca, E., Özçelikci, E., Sevim, Ö., Şahmaran, M., and Lachemi, M., “Circular binder 

design using CDW and conventional precursors: Engineering and environmental performance 

assessment”, Environmental Research, 123350, (2025). DOI: 

https://doi.org/10.1016/j.envres.2025.123350  

  

https://doi.org/10.1016/j.autcon.2024.105417


1632  Cagatay TAKVA, et al. / GU J Sci, 39(3): 1618-1632 (2026) 

 
 

[37] İlerisoy, Z.Y., Takva, Ç., Top, S.M., Gökgöz, B.İ., Gebel, Ş., İlcan, H., and Şahmaran, M., “The 

effectiveness of 3D concrete printing technology in architectural design: Different corner-wall 

combinations in 3D printed elements and geometric form configurations in residential buildings”, 

Architectural Science Review, 1-17, (2025). DOI: 

https://doi.org/10.1080/00038628.2025.2543003  

  

[38] Shaqour, E.N., Alshafei, I.A., Abu Taqa, A., Senouci, A., and Hassan, A.M.S., “Energy 

simulation-based assessment of traditional and modern wall materials for thermal performance: A 

case study of a traditional house in Jordan”, Energies, 18(20): 5336, (2025). DOI: 

https://doi.org/10.3390/en18205336 

  

[39] Briels, D., Renz, M., Nouman, A.S., Straßer, A., Hechtl, M., Dahlenburg, M., and Auer, T., 

“Monolithic AM façade: Multi-objective parametric design optimization of additively 

manufactured insulating wall elements”, Frontiers in Built Environment, 9: 1286933, (2023). DOI: 

https://doi.org/10.3389/fbuil.2023.1286933  

  

[40] Binyaseen, A.M., “Improving thermal performance of existing uninsulated RC domes through 

passive cooling measures using polyurethane foam in double skin layer in hot climate”, Case 

Studies in Construction Materials, 16: e00866, (2022). DOI: 

https://doi.org/10.1016/j.cscm.2021.e00866 

  

[41] Ali, A., Issa, A., and Elshaer, A., “A comprehensive review and recent trends in thermal insulation 

materials for energy conservation in buildings”, Sustainability, 16(20): 8782, (2024). DOI: 

https://doi.org/10.3390/su16208782 

 



    R  p a n e l   =   R  s i   +     d  𝜆   +   R  s e  


    U  p a n e l   =  1    R  p a n e l  

