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Abstract

:

The construction industry in New Zealand is significantly impacted by the importance of housing, particularly as urbanisation continues to grow in major cities. Modern construction methods, such as offsite construction and building automation, evolving into digital manufacturing and construction in the industry, have become prominent. Despite the global recognition of 3D printing technology, its adoption in the construction industry in New Zealand is still relatively limited. This study aims to examine the feasibility of 3D printing construction in response to current market challenges, innovation, and the 2050 net-zero carbon goal. Utilising Building Information Modelling (BIM) and Life Cycle Assessment (LCA) approaches, this study investigated the environmental impacts of three housing types: 3D printing (3DP), light steel framed (LSF), and timber. This study used cradle-to-cradle as the system boundary. The results indicate that the 3DP house emits 20% fewer carbon emissions than the traditional timber house and 25% less than the LSF house. Additionally, the 3DP house exhibits a 19% lower annual electric energy consumption than the timber house. Therefore, in response to the growing housing demand in New Zealand, the construction industry must innovate and embrace digital and advanced construction methods, including the adoption of 3D printing.
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1. Introduction


The urban landscape of New Zealand’s main cities is experiencing significant changes in the form of increased infrastructure and construction activities. A major share of this activity is linked to the need for an increase in housing supply to support the critical housing shortage. At today’s rate of population growth, Auckland, as one of the main cities in New Zealand, is facing a critical housing shortage, which is projected to require 320,000 new dwellings in the next 30 years. The current construction levels fall short of demand, necessitating urgent changes in housing delivery methods [1]. The building and construction (B&C) industry is not performing as well as it should, according to NZ Productivity Commission evidence. Enhancing industry productivity can reduce construction costs and elevate building standards, with potential contributions from increased scale, innovation, and a diverse skill set [2]. Moreover, notable environmental concerns within the industry were underscored in a recent report focusing on the unexplored capacity of buildings to contribute to New Zealand’s zero-carbon goals by 2050. The B&C sector holds significance in mitigating carbon emissions and meeting energy consumption targets [3]. Construction-related activities and the demolition of buildings account for over 34% of energy demand and 37% of CO2 emissions globally [4]. Approximately fifty percent of emissions originate from construction materials utilised in both buildings and infrastructure, while the remaining fifty percent stem from operating the building stock, specifically the buildings themselves, with a minor portion attributed to end-of-life processes [5].



Embodied energy refers to the cumulative energy required for extracting, processing, manufacturing, and transporting building materials to the construction site. As energy consumption leads to CO2 emissions, thereby contributing to greenhouse gas (GHG) emissions, embodied energy serves as an indicator of a building’s broader environmental footprint [6]. Embodied carbon encompasses carbon emissions associated with different stages of the life cycle, including the extraction and manufacturing of materials and products, operations and replacement, end-of-life processes, and disposal, which also include transportation needs for all these stages [7]. Most embodied carbon emissions arise during the manufacturing of construction materials and products, prior to the building’s utilisation phase, with additional emissions released during the building’s operation due to maintenance activities, and towards the end of its life during demolition, disposal, or recycling phases [8]. Life Cycle Assessment (LCA) is a methodology employed to measure and assess the environmental impact of a product or system throughout its life cycle, spanning from raw material extraction and processing through manufacturing, utilisation, and, ultimately, end-of-life considerations [9]. In conducting LCA, there are four major stages, as stated in ISO 14040:2006 goal and scope definition: life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation [10]. The contemporary construction sector has adopted this approach to measure and enhance the environmental efficiency of designs or products [11,12,13,14]. Over the last two decades, LCA has emerged as a widely employed instrument for assessing the effects of materials, construction components, and buildings [15]. Furthermore, this approach is utilised to enhance sustainability within the construction sector, aiding in the development of eco-friendly solutions [16,17].



Building Information Modelling (BIM) is a widely recognised digital technology increasingly utilised in the B&C industry, aimed at enhancing various lifecycle stages of a building, such as design, construction, project management, and operations, through the creation, utilisation, and transfer of a digital information model. Technically, it uses computer-generated coordinated information to represent the building as an integrated database [18]. Limited information and challenges in obtaining accurate data often result in LCA studies focusing on specific phases rather than the entire process. BIM has proven to be beneficial in this area, especially in quantity surveying, a crucial aspect of LCA. BIM’s digital tools streamline the analysis of vast amounts of data, enhancing accuracy and efficiency compared to manual methods [19]. BIM is extensively used to extract input data accurately for environmental assessments like LCA and energy analysis. Commonly, BIM is understood as digital and intelligent modelling, facilitating rapid access to shared data, timely decision-making, and interoperability among teams [20]. However, in the BIM-based LCA method, the level of development (LOD) and object modelling are considered to be crucial factors that can constrain or influence the input data [21]. The concept of level of development (LOD) delineates the fundamental dimensional, spatial, quantitative, qualitative, and other data integrated within a model element [22]. According to the New Zealand BIM Handbook 2023 [23], LOD is often misunderstood as level of detail, but it fundamentally differs; while level of detail refers to the extent of detail in a model element, LOD signifies the completeness of its geometry and associated information, serving as reliable output for project team members and distinguishing it as an essential component of BIM implementation. There are six levels of LOD in BIM, which are LOD 100, LOD 200, LOD 300, LOD 350, LOD 400, and LOD 500 [24]. The higher LOD represents the cumulative requirement of the building information assigned to the element (except LOD 500, as it is from the existing item or as built) [25]. Hence, varying levels of LOD allocated to building elements in BIM-LCA analyses may influence the precision of the findings and introduce complexity in interpreting LCA results [20].



The utilisation of 3D printing (3DP) as a method for automating processes within the B&C industry has emerged as a prominent trend, garnering heightened international interest [26]. Over the last five years, companies like Apis Cor, CyBe, and Winsun have expanded their adoption of 3D printing technology and begun bidding for projects in Europe, Saudi Arabia, the United Arab Emirates, and China [27,28,29]. 3D printing (3DP) entails fabricating three-dimensional objects by layering various cement mortar materials according to specified designs or geometries. Adding horizontal or vertical reinforcement inside the space between the printed concrete layers on the outside makes 3DP walls stronger and last longer. A polyurethane-based substance is filled into the cavity to act as thermal insulation [30]. Various 3D printing (3DP) technologies utilise distinct methods to process different materials, resulting in the production of diverse final objects [31]. Initially, 3DP was restricted to creating physical models, but it is now being used to construct entire buildings [32]. A significant advancement in 3D printing (3DP) technology occurred through the research project known as Contour Crafting, which was carried out at the University of Southern California. This project demonstrated the feasibility of utilising layered extrusion technologies for large-scale construction projects [33]. Drawing upon previous studies on 3DP, Schuldt et al. [34] reviewed the integration feasibility of 3DP construction into conventional practices, highlighting promising prospects while advising decision-makers to consider trade-offs as the technology progresses. Fiala et al. [35] assessed a cementless blended material’s suitability for 3D-printed concrete spraying, examining viscosity, setting time, spray characteristics, and flow properties. The study affirmed its compatibility with 3D printing, supporting the advancement of high-value industry by-product technology [35]. In addition, Batikha et al. [36] conducted a comparative study of 3DP concrete against other construction methods with regard to cost, construction duration, and environmental impacts. By using LCA, 3DP concrete was found to have the lowest carbon emissions, with other materials such as reinforced concrete and hot-rolled steel showing 25% and 30% higher emissions, respectively [36].



On a global scale, prefabrication in residential construction has advanced as a forward-thinking tactic to promote sustainability and affordability [37]. Companies specialising in this area are emerging as leaders in delivering innovative solutions to achieve these goals [38]. According to QOROX [39], the first New Zealand 3DP concrete company (see Figure 1), 3DP aims to showcase innovation and alternatives for the country’s housing market. The technique is 75 percent faster and reduces waste by 70 percent when compared to traditional construction [39]. Already, a few residential projects have been successfully printed overseas, which exemplifies how the 3DP technique is efficiently transforming construction sites and producing high-quality homes. Although they belong to different regions, 3DP external walls could be used in New Zealand residential practice, which has already been tested by BRANZ [40]. In addition, 3DP has many advantages as a technology, such as reducing time, labour, and costs, minimising environmental impact, and reducing injuries and fatalities on construction sites [31].



Numerous studies globally have investigated building design LCA, yet research in New Zealand on this topic has been relatively scarce. This is because the uptake of LCA in the B&C industry is found to be immature [43] and also because of the complexity of the methodology [44]. Only a few studies have performed LCA to investigate the buildings [45,46] or the building products (e.g., roof cladding) [47,48] environmental performance specific to the New Zealand context. Scoping the use of LCA for 3DP concrete houses, no study has been conducted yet as the technique is found to be relatively new. Masood et al. underscored the necessity for research into the sustainability dimension of offsite construction methods, including 3DP construction, within the country [49]. Moreover, Wu et al. [50] underscored that significant transformation within the housing sector would be necessary to achieve the objectives set forth in the 2050 Paris Agreement. Hence, this study seeks to explore the viability of 3D-printed (3DP) concrete for residential housing in New Zealand, specifically examining its environmental performance in construction. A comparative assessment is undertaken, contrasting it with conventional timber and light steel framed residential buildings, to offer insights into the environmental footprint of 3DP concrete houses compared to prevalent housing types in the nation. This research is important in facilitating the shift towards housing automation in New Zealand, which is facilitated by industry collaboration, the utilisation of BIM-based tools, and advancements in the B&C sector. Furthermore, it aids in establishing the criteria essential for assessing the efficiency and performance levels of buildings.




2. Materials and Methods


Figure 2 shows the research workflow for this study. It focused on a case study of a two-story house situated in Orewa, Auckland, New Zealand, and involved the development of three distinct house systems: 3D-printed (3DP) concrete, timber, and light steel houses. The work started with BIM design development, where Autodesk Revit 2021 was used. This process enabled a realistic design development of the three investigated houses, in which three different separate BIM models were developed, including their architectural and structural models. The second stage was the BIM quantity take-off. The study utilised Revit Autodesk 2021 and Microsoft Excel in this process, which allowed for the export of inventory of materials and quantities into an Excel spreadsheet. The third stage was the energy simulation using the Autodesk Green Building Studio, which is a BIM model-based energy analysis tool. Finally, an environmental evaluation was conducted using the LCA tool to assess the environmental ramifications of the three examined houses. LCAQuick V3.6, a tool specific to New Zealand, was employed for this purpose. It is a spreadsheet-based LCA tool designed to enable users to evaluate the carbon footprint and other environmental impacts associated with building designs [51].



2.1. BIM Development and Project Information


A two-story house constructed with light steel framing, located in Auckland, New Zealand, was chosen as the case building for this LCA. Subsequently, the structure was redesigned using 3D-printed concrete and lightweight timber materials to align with the study’s objectives. The main characteristic difference between a 3DP versus a light steel framed (LSF) and timber model is their construction arrangement and key materials. The primary information was collected from the house owner, such as site, typology, areas, and heights that are essential for the development of the BIM models, as outlined in Table 1.



The BIM development scope for this project was limited to federating architecture and structural models to manage and coordinate information. This process simplified complexity resulting from the multitude and variety of essential building elements comprising the model’s envelope. Figure 3 shows all of the three investigated houses’ federated models, while Figure 4 illustrates the detailed wall systems of the three buildings. The LOD level achieved in this assessment is LOD 350 because the models were able to be developed based on the construction documentation of the LSF house.



Hybrid construction was assumed for the 3DP concrete model as recommended by QOROX and modelled in this study, which was combined with the timber frame as per NZS3604:2011. The thickness of the 3DP walls modelled in this study is 250 mm, which was assumed to be suitable for NZ residential home construction and installed using a 30 mm nozzle-size printer or robot. The timber house models were created to adhere to the building code, which serves as a standard for all timber-framed buildings in New Zealand that do not necessitate specialised structural engineering designs. For LSF, the detailed model was developed based on the information available from the case building. The structural framing members were developed in the FRAMECAD Structure v9.2 software before being exported to the Autodesk Revit 2020 software. It is a structural frame design software that is compatible with cold-formed steel structures and offers an engineering calculation based on the designs [52].




2.2. Material Quantity Take-Off


Material quantity take-off of the three investigated houses was performed with Autodesk Revit, which used the federated models of the houses. Table 2 presents the material quantity of the three houses from each category and element, including their specifications.




2.3. 3DP Construction Time


The difference between the construction of a 3DP house and traditional construction highlights dissimilarities, both in their process of installation and time requirements. A calculation of external wall duration based on the robot specification (e.g., tool path length, and the average speed of printing), collected from the local 3DP concrete printing company (QOROX), and efficiency indicates that only 25.58 h are required to print the 3DP external walls for this case study house (Table 3). Approximately 4.5 days, with assumptions of 6 h per day and 2–3 site workers, will be required to monitor the robot, material, and overall assembly.



In comparison with a standard residential building in New Zealand, an average 100 m2 timber-framed surface area will require a timeline of 270 h or 6–7 weeks to complete as per specification, including framing, building wraps and underlays, weatherboard cladding, exterior trims, cavity battens, insulation, flashings, and interior trims [53]. In a case study of a 100 m2 single-story house in Auckland, a comparable timeframe was analysed, revealing that it takes approximately 6 to 7 weeks (with 3 to 4 weeks dedicated to framing) and involves a team of at least 4 workers to complete wall construction and associated finishes in a timber-framed house [30]. Compared to timber-framed walls, the same wall area can be printed in just 72 h, or 0.6 weeks (based on the Apis Cor estimate and robot specifications), a saving of around 3 weeks [54].




2.4. Energy Simulation


Energy simulation was performed using the Autodesk Green Building Studio (GBS). This software is a cloud-based software for early-stage building design analysis that utilises REVIT model data and site-specific information to provide comprehensive reports on energy usage, including water and electricity, ventilation, space cooling, and carbon emissions [55]. In this study, the energy simulation was only conducted for the comparative energy analysis between the 3DP concrete and timber houses. The selection of these two houses was because the 3DP was the main focus of the study, while the timber house was the most commonly built typology across New Zealand and contributed to 90% of the total house market between 2010 and 2019 [56]. Therefore, only these two houses were analysed with the GBS software (https://gbs.autodesk.com/GBS/, accessed on 11 February 2024), where the LFS house’s annual energy consumption data was collected from the case study building, which was 5520 kWh. Table 4 shows the summary of the energy analysis results from the Autodesk GBS software (https://gbs.autodesk.com/GBS/, accessed on 11 February 2024).



According to the energy analysis results, the annual electricity consumption of 3DP concrete and timber houses was 4186 and 5157 kWh, respectively. The 3DPC house demonstrated a 19% reduction in electricity consumption and a 37% reduction in annual energy costs compared to the timber house.




2.5. Life Cycle Assessment


The LCA adhered to the ISO 14040:2006 standard, encompassing goal and scope definition, LCI, LCIA, and interpretation [10]. The objective of this LCA was to measure the environmental effects of 3D-printed, light steel, and timber houses in New Zealand. The chosen system boundary followed a cradle-to-cradle approach, incorporating potential benefits beyond the immediate boundary while excluding operational building stages (B6 and B7). In this study, the biogenic carbon from the sustainable forestry management practices of timber products was considered in the production stage (Modules A1–A3), and the building service life was 50 years. The functional unit for this study was the kilogramme of environmental impacts per gross floor area of the house.



The BIM approach was performed in the LCI stage, in which Autodesk Revit was utilised to determine the material quantity of the investigated houses. Based on the material data collected from the quantity take-off process, LCAQuick V3.6 was used to assess the environmental impacts of the three houses: 3D printing, light steel, and timber-based buildings. The study referred to Ecoinvent 3.3 and Environmental Product Declarations (EPDs) (e.g., the EPD Australasia database) as the environmental impact databases. Seven impact categories were analysed from the three houses, including climate change (global warming), ozone depletion (stratospheric ozone), acidification for soil and water, eutrophication, photochemical ozone creation (tropospheric ozone), depletion of antibiotic resources (non-fossil fuels), and depletion of antibiotic resources (non-fossil fuels).





3. Results and Discussion


3.1. Overall Environmental Impacts


Table 5 summarises the overall LCA results across the main environmental indicators. According to the LCA results summary, 3DP, followed by timber, has the lowest environmental impact under the investigated environmental impact categories. In comparison, steel (LSF) has a higher environmental impact than the other two houses. A recent article evaluated the environmental trade-offs of using 3DP versus traditional construction systems by conducting a detailed LCA analysis. Compared to conventional construction methods, the 3DP concrete significantly reduced environmental effects in terms of global warming potential (GWP) and other potential environmental categories [57].




3.2. Global Warming Potential Results Comparison


The following subsection analyses the LCA in each life cycle stage under the GWP category to evaluate the environmental performance of three different houses. Table 6 and Figure 5 show the sum of GWP of the three analytical buildings or houses modelled in this study with a 10% error bar used, followed by the uncertainty analysis study by Abdalla et al. [58]. The total embodied carbon impacts indicate that 3DP concrete house produces the lowest GWP impact (154.35 kgCO2eq/m2) for the whole life cycle stages, in contrast to timber and LSF houses, with reductions of 20% and 25%, respectively. A similar study had been conducted in the USA regarding the performance of a 3DP concrete house [59]. Lolli et al. [59] found that 3D-printed homes result in reduced life cycle carbon emissions, with decreases ranging between 2% and 6% across different climate zones when compared to timber-framed stick houses. A New Zealand study, “Building Comfortable Homes,” discovered that building a concrete house requires less embodied energy than building a lightweight home. Specifically, the energy consumed in producing concrete walls is notably less than the total energy required for constructing timber-framed walls with interior plasterboard lining and exterior cladding [60].



During the production stage (A1–A3), the timber house showed the lowest impact of 123.50 kgCO2eq/m2, followed by 3DP concrete (126.58 kgCO2eq/m2), which is nearly 40% less than the LSF house. The GWP impact during the various life cycle stages (A4–A5, B2, B4, and B7) is lowest for 3DP concrete and lower than for timber at the end-of-life (C1–C4) stage. During the maintenance and replacement (B2, B4), the 3DPC house indicates zero impact, which is mainly due to the very low or minimal maintenance required in concrete walls compared to timber or LSF walls over 50 years of building service life. Although the LSF building attributed most environmental damage throughout the production and end-of-life stages, it reported a higher recovery rate in stage D (−39.71 kgCO2eq/m2).



In addition, no EPD has been released for 3DP concrete in Australasia so far. Various categories of OPC-based concrete EPDs are available in the LCAQuick tool. Therefore, standard 20 MPa OPC (ordinary Portland cement) concrete with no reinforcement is substituted with the 3DP concrete. The decision to substitute was discussed with QOROX as a solution, and a reduction factor of 30% of CO2 emissions in 3DP concrete results was applied, as evidenced in various studies. The mortar used in 3DP concrete produces fewer emissions than OPC because the rapid-set mortar kiln operates at a 30% lower temperature (1015 °C) compared to OPC (1450 °C) [61]. The production of cement requires significant energy and results in high carbon emissions due to the intense heat required for processing primary components and the chemical reactions necessary to impart structural properties to cement [62]. Manufacturing 3DP mortar produces up to 32% less CO2 than OPC [63]. 3DP concrete mortar contains cement with low-carbon additives and is different from typical OPC-based mortar.



In reference to low-carbon cement, there are several alternatives to reduce GHG emissions in standard cement. A process was similarly applied to generate additives for the concrete mortar used in the 3DP concrete. The key mitigation options to reduce GHG emissions from ordinary cement are outlined below [62]:




	
Embrace innovative approaches like Carbon Capture and Storage (CCS) and alternative binder technologies such as geopolymers and LC3 cement.



	
Enhance energy efficiency measures.



	
Employ alternative fuels in cement kilns.



	
Promote higher clinker substitution and the utilisation of Supplementary Cementitious Materials (SCMs) in conventional Portland cement blends.








Various studies suggest that substituting clinker with SCMs (supplementary cementitious materials) can reduce the carbon footprint of standard Portland cement by up to 50%, representing a straightforward and effective means to minimise carbon emissions from regular cement and produce lower environmental impact eco-blends [62].




3.3. Material Impacts in Each Stage


The individual embodied carbon impacts of the main elements directly contributing to GWP in various LCA stages are categorised in this section. The following graphical illustrations (Figure 6, Figure 7 and Figure 8) are a snapshot of the material-based performance of 3DPC, timber, and LSF house results.



A closer view of results in three different wall structures only indicates the lowest GWP contributor material is softwood timber radiata for the timber frame house (6.02 kgCO2eq/m2) followed by 3DP concrete wall for a 3DP concrete house (23.46 kgCO2eq/m2) and cold-formed steel for an LSF house (27.21 kgCO2eq/m2) in the significant A1–A3 stage. According to Pacific Steel EPD, the rate of NZ steel products is 89%, but they contain over 97% iron sand, which potentially causes air pollution at the A1–A3 stage.



In contrast, the cold-formed steel framed rate of benefits during the recycling and recovery stage D −10.36 kgCO2eq/m2) is higher than that of timber wall framing (−5.11 kgCO2eq/m2), whereas 3DP concrete reflects relatively zero benefits in this stage. At the demolition stage (C1–C4), the 3DP concrete wall (2.63 kgCO2eq/m2) indicates a lower carbon impact compared to timber wall framing, which has 26.15 kgCO2eq/m2. Timber remains go to the landfill, and a tiny percentage can be reused or recycled. Therefore, the timber house has the highest embodied carbon impact in the C1–C4 stage.




3.4. Summary of Total Material Impacts


This section differentiates key materials’ embodied carbon impact, representing the total values across the various LCA stages from the previous section. Materials such as reinforced concrete 20 MPa, cold-formed steel framed, 3DP concrete, softwood timber radiata pine, and brick veneer claddings are dominating in the GWP category (refer to Figure 9, Figure 10 and Figure 11).



Figure 7 highlights 20 MPa reinforced concrete for the RibRaft foundation as the most significant contributor (91.15 kgCO2eq/m2) of carbon emissions in LSF houses. It follows the cold-formed steel structure used in the building if both base metal thicknesses (0.95 mm and 0.75 mm) are combined, which is 41.8 kgCO2eq/m2. The previous section discussed that LSF framings have relatively high embodied carbon in the manufacturing stage (A1–A3).



Similarly, the concrete used for the RibRaft foundation contributes the biggest carbon to the timber house, with 91.15 kgCO2eq/m2 (refer to Figure 10). It is followed by the softwood radiata pine timber for the wall frame and roof trusses of the house, which emits 45.25 kgCO2eq/m2 or 23% of the total house carbon emissions. The use of timber products in this assessment is assumed to be sourced from non-sustainable forestry management practices; therefore, the potential biogenic carbon of the timber products is neglected. Therefore, the timber products used in this study have a considerable amount of carbon emitted during the production stage, while in some studies, the consideration of biogenic carbon would reduce the total carbon of the timber house [64].



According to Figure 11, reinforced concrete for the typical foundation used in the assessment for the 3DP concrete house remains to have significant impacts on the environment in terms of carbon emissions. The 3D concrete that is used for the wall system in the assessment contributed as the second largest carbon contributor (15%), with 23.45 kgCO2eq/m2. However, 3DP values could slide further, as emphasised in various studies around the decarbonisation of cement and concrete. According to the Thinkstep consultancy report [5], which specifies low-carbon concrete, the embodied carbon footprint can be reduced by 5% in the short run. In the long run, it might save 29% by altering how important building materials are created. OPC contributes to 70–80% of the carbon emissions associated with virgin concrete, making the substitution of cement with SCMs a widely adopted strategy for reducing carbon emissions in concrete. New Zealand presently exhibits minimal substitution of Portland cement (estimated at 1–2%), indicating significant potential for lowering the carbon emissions associated with concrete production in the country [5].



Furthermore, the insulation material used in the 3DP concrete house was spray foam insulation, as per 3DP concrete company information, which was different from other case houses that had glass wool insulation with an R2.6 value. When integrated with supplementary materials, concrete’s thermal performance may exceed that of timber and steel constructions, thus alleviating the necessity for insulation materials within their respective building envelopes [65]. The term “thermal performance” refers to a building’s capacity to adapt to changes in external conditions while preserving internal thermal comfort [66]. In regard to 3DP concrete walls, it was observed that they exhibit superior thermal performance compared to conventional constructions. However, this performance is significantly influenced by factors such as the infill structure, concrete composition, and void fraction [67]. In a study by Briels et al. [68], the use of internal cellular structure with encapsulated air-filled voids was investigated, revealing that lightweight concrete elements can achieve commendable thermal performance with lower resource consumption. Furthermore, the utilisation of high-strength concrete in 3D printing technology has the potential to produce lighter structures, which could further enhance thermal performance [69].




3.5. Study Assumptions and Limitations


Several assumptions were made during this assessment. Building components and elements that are not listed in Table 2, such as staircases, roof cladding, floor covering, and paint, were excluded as they are outside the scope of this study. The concrete used in the 3DP concrete house was assumed to use the standard OPC cement-based concrete available in the LCA tool, as the 3DP concrete materials are unavailable in the tool as well as the published EPD in New Zealand. Therefore, the carbon emission results of the 3DP concrete house were adjusted (refer to Section 3.2). The construction stage scenario of the 3DP concrete house was assumed to follow the traditional method. All timber used was assumed to be sourced from a non-sustainable forestry management practice, and the biogenic carbons were not considered in modules A1–A3. In addition, this study is only limited to New Zealand, as the environmental indicators used in the study follow the local database available in the LCA tool.





4. Conclusions


This study discussed the potential of adopting 3DP housing technology in New Zealand to address sustainability challenges. Currently, the market is shifting to new housing patterns such as attached, low-rise, terrace, or town homes in strategic urban centres of main cities across New Zealand. This is strongly argued in the vision of a compact city under the Auckland Plan 2050 to balance the housing supply and demand ratio. By offering automation and digitalisation, 3DP concrete emerges as a promising alternative that could revolutionise the labour-intensive housing sector. Notably, this study found that the 3DP concrete walls outperform timber framed wall systems in terms of time efficiency, underscoring the importance of effective delivery in mitigating construction risks and meeting project timelines. Furthermore, through a BIM-based case study, the research demonstrates the feasibility of introducing a 3DP construction system in New Zealand, emphasising the environmental benefits. Following are the outcomes of the study:




	
LCA results substantiated positive environmental characteristics in the 3DP concrete house. The average GWP impacts across the different life cycle stages resulted in the 3DP concrete house’s performance being 20% less carbon emissions compared to the timber house and 25% less than the LSF house. Various research justifies this argument: adopting low-CO2-emitting or high-carbon storage materials like concrete can make a significant difference in the process against climate change [70].



	
The energy analysis performance tested by Autodesk GBS software also confirmed the eco-friendly aspects of substituting external timber framing with 3DP concrete walls in enhancing the building’s performance in the New Zealand context. The parameters include a realistic reduction in annual energy, lifecycle costs, electric consumption, and CO2 emissions.



	
Timber products are found to release significant carbon during the end-of-life stage, which accounts for 17% (only from timber products) of the total timber house’s carbon emissions. This is mainly due to most timber products going to landfills at the end of their service lives. A study conducted in Auckland found that the majority of construction waste consists of timber (20%), plasterboard (13%), packaging (5%), metal (5%), and miscellaneous materials (45%) [71].








Despite the potential environmental benefits of 3DP concrete, the technology of 3D concrete printing is still in its early stages and faces several obstacles before it can penetrate the New Zealand housing market. The initial set-up of resources and costing are overseas-based, including the main robot, mortar, and additives used in 3DP, and the non-availability of EPDs with BRANZ, which is a barrier to decision-making and setting standards. In addition, the use of BIM is gaining traction in many disciplines of the AEC industry, combined with data-driven applications that are applicable to advanced construction improvements. The BIM-generated information used in LCA and energy analysis proved an efficient tool in testing this 3DP house on New Zealand grounds. The research results are a quantitative argument and evidence to position the 3DP concrete hybrid house at the beginning of a new era towards an innovative housing solution for the New Zealand market.




5. Recommendation


Given the rapidly changing housing demand and aspirations in New Zealand, construction companies must innovate to take advantage of market developments and apply potential research studies to reality to boost systems and processes. This study’s findings offer directional guidance for future endeavours and opportunities concerning the advancement of 3DP concrete in New Zealand.



Handling Risks and Challenges: The construction sector and the New Zealand government have prioritised productivity growth, forming the ‘Construction Sector Productivity Partnership’ to explore real solutions to productivity concerns. Additionally, the construction industry is notorious for its high incidence of injuries and even fatal accidents. In 2022, WorkSafe documented 6240 work-related injuries and twelve fatalities within the New Zealand construction sector [72]. Any construction is a labour-oriented activity that necessitates materials, machinery, and equipment. Logistics management is becoming complex in conventional construction practices. As a result, essential supply chains or workforce availability must be uninterrupted to avoid a severe impact on construction outcomes.



Compliance Process: There are common perceptions that the building consent process is lengthy and inconsistent in New Zealand. The existing procedures for obtaining building consent are most compatible with conventional construction techniques and may pose obstacles, redundancies, and slowdowns for adopting innovative products and methodologies [73]. Therefore, the current consenting process requires up-skilling staff or engaging experts capable of advising and inspecting a 3DP construction process from start to finish. New building codes and regulations are also required from overseas housing examples before importing this technology. This approach will mitigate uncertainty and delays, saving time and money while promoting innovation. Furthermore, new consents should incorporate BIM-based LCA and energy reports to enhance public awareness and opportunities.



Remove Barriers to Innovations: Breaking conservatism in housing and promoting modern construction methods tailored to New Zealand’s housing conditions is crucial. Introducing new systems faces challenges due to insufficient research, but collaborative efforts involving building research agencies, councils, developers, and industry stakeholders could shift customer preferences. Incentive schemes should encourage both developers and customers to embrace innovative housing practices. Given the housing sector’s importance in the construction industry and its broader impact on employment and economic growth, achieving sustainable housing options is paramount to overcoming social and cultural housing barriers in the long term. Advanced research and policies focusing on the environmental aspects of new construction are essential to supporting diverse practices and significant efforts in emissions reduction.



Eco-Friendly Homes in New Zealand: The increasing awareness of green building rating schemes, such as Homestar and Greenstar in New Zealand, reflects a shift towards environmentally friendly housing, driven by concerns over maintenance costs, operational efficiency, and carbon emissions. This trend indicates a departure from traditional timber houses. Leveraging the green building rating alongside BIM tools like NAVISWORKS, a comprehensive study is proposed to assess the Homestar value and detailed costs of single-story 3DP concrete houses resembling typical New Zealand designs. This analysis would encompass expenses for robotics, software, skilled labour, and other necessary resources, providing valuable insights for homeowners seeking innovative housing solutions like 3DP technology.



Consideration of Biogenic Carbon from Timber Products: Future studies need to consider the potential benefit of timber products sourced from sustainable forestry management practices in performing a comparative LCA of different types of buildings, mainly timber-framed houses. Future assessments should carefully calculate and include the biogenic carbon in timber products. Therefore, the assessment will not limit the potential carbon removals in one of the case studies.
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Figure 1. QOROX, the 3DP company in New Zealand: (a) 3D printing process [41]; (b) QOROX’s 3DP wall [42]. 
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Figure 2. Research workflow. 
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Figure 3. Federated models of three investigated houses: (a) a 3DP concrete house; (b) a light steel framed house; and (c) a timber house. 
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Figure 4. The detailed wall system of three investigated houses: (a) a 3DP concrete house; (b) a light steel framed house; and (c) a timber house. 
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Figure 5. Overall GWP results of the three houses. 
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Figure 6. Materials GWP analysis of the 3DPC house. 
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Figure 7. Materials GWP analysis of the timber house. 
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Figure 8. Materials GWP analysis of the LSF house. 
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Figure 9. Key material GWP analysis of the LSF house. 
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Figure 10. Key material GWP analysis of the timber house. 
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Figure 11. Material GWP analysis of the 3DPC house. 
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Table 1. Case study house key information.
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	Category
	Information





	Location
	Orewa, Auckland, New Zealand



	Wind zone
	Very high



	Climate zone
	1



	Main structural system
	Light steel framed



	Ground floor area
	133 m2



	First floor area
	92 m2



	Gross floor area (GFA)
	225 m2



	Height of wall framing ground floor/first floor
	2650 mm/2455 mm



	Household occupancy
	2 people or couple










 





Table 2. Material quantity take-off of the three investigated houses.
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Categories

	
Elements

	
Material Quantity (m3)

	
Comments/Specifications




	
3DPC House

	
LSF House

	
Timber House






	
Foundation

	
RibRaft concrete floor

	
39.9

	
39.9

	
39.9

	
20 MPa Concrete




	
Wall system/assemblies

	
Concrete wall

	
0.7

	
0.7

	
0.7

	
200 mm concrete masonry: cast in situ




	
Walls and structure

	
23.682

	
13.426

	
19.66

	

	
3DPC: 2 layer 3DPC 30 mm thickness



	
LSF: 0.95 mm BMT cold-formed steel framed, 500 MPa



	
Timber: 90 × 45 mm treated timber studs, softwood radiata pine, H1.2









	
1.52

	
-

	
-

	

	
3DPC: 90 × 45 mm treated timber framed, softwood radiata pine, H1.2









	
Bond beam

	
3.99

	
-

	
-

	
190 × 200 mm beam between the 30 mm concrete layers and vertical reinforced concrete. 17.5 MPa Concrete with reinforcement




	
Brick cladding

	
-

	
8.98

	
8.98

	
70 series brick veneer with 50 mm cavity, with stainless steel ties horizontally 600 mm




	
Weatherboard cladding

	
-

	
0.74

	
0.74

	
6 mm fibre cement weatherboard




	
Insulation

	
23.68

	
23.68

	
23.68

	

	
3DPC: Polyurethane spray foam insulation



	
Timber & LSF: R2.6 glass wool insulations









	
Lining

	
-

	
7.62

	
9.88

	
10 mm standard plasterboard




	
Sub-floor

	
Floor joists

	
2.4

	
1.11

	
2.4

	

	
3DPC: 200 × 45 mm treated timber floor joist, laminated veneer lumber



	
LSF: 0.95 mm BMT cold-formed steel, 500 MPa



	
Timber: 190 × 45 mm engineered wood, laminated veneer lumber, locally sourced









	
Roof structure

	

	
4.37

	
0.08

	
4.37

	

	
3DPC: 90 × 45 mm treated timber roof rafter



	
LSF: 0.75 mm BMT cold-formed steel, 500 MPa



	
Timber: 90 × 45 mm treated timber studs, softwood radiata pine, H1.2









	
Additional structure

	
Mild steel structural members

	
-

	
0.3

	
-

	
PFC-Parallel Flange Channel,

UB—Universal Beams & Steel Posts











 





Table 3. Estimated 3DP wall installation completion time of the case study.
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	Category
	Information





	Tool path length/3DP distance (D)
	2500 mm



	Average speed of printing (V)
	500 mm/s



	Height (H)
	1050 mm



	Layer height
	15 mm



	Layer width
	30 mm



	Number of layers
	70 No.s



	Time for one layer
	5 s



	Time for total layers
	10.286 m2/h



	Total surface area of the house
	263.13



	Total time for entire 3DP house
	25.58 h










 





Table 4. Energy analysis comparison between 3DP concrete and timber houses.
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	Parameter
	3DPC House
	Timber House
	Difference





	Annual energy cost ($/year)
	1527
	2425
	37%



	Life cycle cost ($)
	20,793
	33,029
	37%



	Annual electric energy consumed (kWh)
	4186
	5157
	19%



	Annual CO2 emissions (SUV Equivalent)
	0.20
	0.40
	50%










 





Table 5. Summary of environmental impacts per GFA of three investigated houses.
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	Categories
	Unit
	3DPC
	Timber
	LSF





	Climate change (global warming)
	kg CO2 eq
	154.35
	192.89
	204.89



	Ozone depletion (stratospheric ozone)
	kg CFC 11 eq
	2.45 × 10−5
	9.10 × 10−6
	1.01 × 10−5



	Acidification for soil and water
	kg SO2 eq
	9.38 × 10−1
	9.98 × 10−1
	1.86



	Eutrophication
	kg PO43− eq
	2.32 × 10−1
	1.67 × 10−1
	3.35 × 10−1



	Photochemical ozone creation (tropospheric ozone)
	kg C2H4 eq
	7.71 × 10−2
	9.37 × 10−2
	1.62 × 10−1



	Depletion of antibiotic resources—elements (non-fossil fuels)
	kg Sb eq
	2.96 × 10−4
	4.37 × 10−4
	7.26 × 10−3



	Depletion of antibiotic resources (non-fossil fuels)
	MJ (NCV)
	1.59 × 103
	1.70 × 103
	2.14 × 103










 





Table 6. Global warming potential results of the three houses.
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Life Cycle Stages

	
Global Warming Potential (GWP) (kgCO2eq/m2)




	
3DPC

	
Timber

	
LSF






	
A1–A3: Product stage

	
126.58

	
123.50

	
206.57




	
A4–A5: Construction stage

	
13.15

	
30.64

	
20.11




	
B2: Maintenance and B4: Replacement

	
0.00

	
0.00

	
0.00




	
C1–C4: End-of-life

	
20.01

	
49.63

	
17.92




	
D: Benefits and loads beyond the system boundary

	
−5.40

	
−10.88

	
−39.71




	
Total

	
154.35

	
192.89

	
204.89
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