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As the high greenhouse gas (GHG) emissions caused by the construction and real estate sector receive more attention, more and more countries include an environmental assessment of buildings based on Life Cycle Assessment (LCA) in their building regulations. Sweden introduced mandatory climate declarations in January 2022, for example. To support stakeholders in conducting the climate declarations and using the results to reduce GHG emissions, user-friendly tools for early planning stages are needed. The aim of this study is to develop and test a framework for user centric development of such tools. The framework builds on three steps; 1) interviewing stakeholders to define tool requirements, 2) developing a prototype tool according to the requirements, and 3) evaluating it based on user feedback. We developed and tested the framework in the Swedish context to provide a blueprint applicable to other countries and contexts. The primary target users are architects with computational design experience but also engineers and real estate developers working in early phases. The results show that the users’ expectations can be met when the requirements are integrated from the very beginning. In the current version, the developed building LCA tool only targets the embodied GHG emissions from the production and construction phase of the building, but it could be extended to include further life cycle phases in the future.
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1 INTRODUCTION
On a global level, the greenhouse gas (GHG) emissions caused by the building sector have reached a record high in 2019 and contribute to 38% of global emissions (Hamilton and Rapf, 2020). In Sweden in 2019, the construction and real estate sector was responsible for 11.7 million tons of CO2-equivalents (CO2-e), which corresponded to 21% of Sweden’s total GHG emissions1. An additional 7.7 million tons of CO2-e are related to the import of construction materials. Especially considering the long lifetime of buildings and the resulting lock-in effects, a rapid transition to planning climate-friendly buildings is needed to achieve the Swedish target of net zero GHG emissions by the year 2045.
Life Cycle Assessment (LCA) is becoming more and more established as a common method to evaluate the environmental performance of buildings (Hu and Milner, 2020). LCA is widely recognized as a powerful tool to predict the environmental impacts of buildings during their life cycle (Chen et al., 2010; Russell-Smith et al., 2015). LCA covers the entire life cycle of buildings from raw materials extraction and processing, manufacturing of building components, to use and end-of-life. The general method is standardised in the ISO 14040/44 (ISO 14040, 2006; ISO 14044, 2006) framework. EN 15804 (CEN, 2012) has been developed for the LCA of building materials and provides a basis for Environmental Product Declarations (EPDs). EN 15978 (CEN, 2011) specifies further guidelines for LCA of buildings and defines life cycle modules.
More and more countries integrate LCA of buildings into national regulations in some form (Hollberg et al., 2021). The Swedish government decided to introduce a mandatory climate declaration in January 20222. The climate declaration should be conducted when applying for a building permit and the purpose is to decrease climate impacts and increase knowledge in the field. The legislative proposal builds on EN 15978. The first version does have any thresholds that must be met and only looks at cradle to handover (life cycle modules A1-A5 according to EN 15978). From 2027 onwards, thresholds will be introduced. The scope will be extended to include the use phase and end of life (life cycle modules A1–A5, B2, B4, B6, C1–4). Additional environmental information, such as biogenic carbon storage or net export of locally produced electricity shall also be added.
To make sure the climate declaration fulfills its purpose and contributes to reducing GHG emissions effectively, two aspects are important. First, LCA of buildings must be mainstreamed. LCA is often considered a complicated method for experts (Malmqvist et al., 2011; Meex et al., 2018). The Swedish National Board of Housing, Building and Planning (Boverket) has published an open database of generic GHG emission factors for 172 building materials3 to allow planners to access the data. The product data and energy mix are representative for Swedish conditions. A supplement 25% has been added to the generic data to incentivise the use of product specific data in the form of EPDs. However, the availability of EPDs of building materials is still limited for the Swedish market. The generic database is a first step towards mainstreaming but the stakeholders also need tools to support them to carry out a climate declaration. Current LCA tools for buildings in the Swedish context include Byggsektorns miljöberäkningsverktyg (BM)4 and OneClick LCA5, amongst others. The second aspect is that only carrying out a climate declaration does not improve the environmental performance of the building by itself. LCA in the building industry as of today is often applied at late stages and hence it is not used to improve the building design, but rather being descriptive (Röck et al., 2018) or reactive (Roberts et al., 2020). Therefore, a “proactive assessment” (Roberts et al., 2020) and optimization is needed. In general, the optimization potential is the biggest in the early stages of the project (Davis, 2013). However, the “dilemma” is that the accurate information needed for LCA is missing in early stages and when it is available in later stages, it is too late to implement major changes to reduce GHG emissions (Hollberg and Ruth, 2016).
Digital approaches and tools can support both aspects. Building Information Modelling (BIM) is becoming increasingly popular in the planning process (Abbasnejad et al., 2020). BIM allows different stakeholders to manage digital data of the building throughout its entire life cycle (Succar, 2009). As such, it seems natural to use BIM to support LCA of buildings. Early works include studies by Basbagill et al. (2013) and Antón and Díaz (2014) and tools such as Tally6 or OneClick LCA. Recently, there was a rapid increase of BIM-based LCA literature and tool development (Potrč Obrecht et al., 2020; Kong et al., 2021; Safari and AzariJafari, 2021). As such, BIM seems to be a promising approach towards mainstreaming LCA of buildings. However, to influence the design and decision making process based on the LCA results, a high Level of Development is needed (Hollberg et al., 2020), which is usually not available in early stages.
Especially in early stages, architects compare many variants to improve the building design (Lawson, 2005). In this context generative design has become popular because it allows to generate and evaluate variants quickly. Visual scripting tools such as Grasshopper 3D7 are increasingly used by architects (Caetano and Leitão, 2020). A number of tools for LCA have been developed as plugins, e.g., Bombyx (Basic et al., 2019) or Beetle (D’Amico and Pomponi, 2018). Usually, the tools are published by researchers or consultants that have used them for their own work. Researchers develop the tools usually for a specific study or project, for example Hester et al. (2018) have developed the Building Attribute to Impact Algorithm for guiding the design in early stages, Lobaccaro et al. (2018) developed a tool to minimize the embodied GHG emissions in a zero emission building, Kiss and Szalay (2020) developed a workflow for multi-objective environmental optimization of buildings, and Pomponi et al. (2021) applied machine learning to support structural design decision while Basic et al. (2019) developed Bombyx mainly for teaching purposes. In some cases, the tools are published free or open source, e.g., Bombyx and Beetle. However, as they have been developed for a very specific purpose in a specific context, they are usually not suitable for a wide range of stakeholders. According to Roberts et al. (2020) these approaches have only seen limited uptake and require further standardization and validation to see an uptake in use within industry. How useful these tools are for practitioners depend on the stakeholders’ requirements and the local regulations. However, the authors and tool developers mentioned above did not integrate the users in the development. While an increase of building LCA tool development can be seen in the literature, there is a lack of integration of user requirements into the tool development process.
Few researchers have studied stakeholder requirements regarding building LCA tools. Meex et al. (2018) provide a list of requirements mainly derived from the literature and architects in the Belgian context. Kanafani et al. (2021) report on user requirements derived in workshops in Denmark. Nair et al. (2021) present an overview of user requirements derived from discussions with six practitioners in the Swedish town of Umeå. One common and highly rated requirement is that the tool should be simple, especially for early stages where time and information is limited. Simplification has been an important topic in the LCA community since the 1990s (Gradin and Björklund, 2021). Beemsterboer et al. (2020) provide a recent overview over the most common strategies with regards to simplification of LCA for buildings found in the literature. However, what is considered simple by the intended tool users highly depends on the existing common workflows in a company or a country. Tabrizi and Brambilla (2019) developed a simplified LCA tool for buildings in Australia while Naneva et al. (2020) developed a simplified LCA workflow and a tool following a Swiss cost structure that was highly appreciated by Swiss construction companies, for example. However, it is probably useless to stakeholders in other countries having different building decomposition strategies or internal workflows. This example shows that there is a need to consider the current and local practice and requirements in building LCA tool developments. Currently, there is no tool that allows for simplified LCA in the generative design process while following the Swedish regulations.
The aim of this study is to develop a framework for user centric LCA tool development for early planning stages of buildings. The framework builds on interviewing stakeholders to define the tool requirements, developing a prototype tool according to the requirements and finally evaluating it based on user feedback. We developed and tested the framework in the Swedish context with the aim to provide a blueprint applicable in other countries and contexts. The primary target users are architects but also engineers and real estate developers working in early phases. In the current version, the tool only targets the embodied GHG emissions from the production and construction phase of the building, but it could be extended to include further life cycle phases in the future.
2 MATERIALS AND METHODS
The tool development framework follows three main steps, see Figure 1. The interviews with stakeholders are essential to define the tool requirements. A prototype tool is then developed based on the stakeholders’ feedback and the national regulation. The validation is split into two parts. A) validation of the correct calculation of the tool and B) usefulness and applicability of the tool. For part A, a case study is calculated with the new tool and the results are compared with the results a sustainability engineer had produced using the Swedish LCA tool BM. For part B), the potential users of the novel tool test it and answer a survey regarding their satisfaction with key features derived from the interviews in step one.
[image: Figure 1]FIGURE 1 | Overview of the tool development framework.
2.1 Interviews
Thirteen stakeholders from twelve different companies covering different professional backgrounds were interviewed (see Table 1). These included five architects from medium to large Swedish architectural office (80 to <400 employees). Furthermore, three engineers were interviewed, two from a large engineering consultancy and one from a software and consultancy company. Five real estate developers from medium to large companies were included. The interviewees were asked to rate their level of experience in LCA and computational design from one (low) to five (high) after carrying out the interviews per e-mail.
TABLE 1 | Interviewees participating in the study.
[image: Table 1]All stakeholders received the following five questions:
1) How do you define early stages?
2) Which software is used for modelling in early stages? (e.g., Revit, ArchiCAD, Sketchup, Rhinoceros, AutoCAD)
3) How and when could an LCA tool be useful?
4) What would be the reasons for you to use an LCA tool? (e.g., To make a baseline for later stages or to use for climate declarations and certifications)
5) What are important features for an early stage LCA tool?
The interviews were conducted as online meetings due to the prevailing Covid-19 pandemic. To support with Question 1, five planning stages were predefined which are common in Sweden. 1) Investigations, 2) Program and project definition, 3) Procurement, 4) Production, 5) Administration and maintenance (see Supplementary Material). The participants could draw on a slide to indicate their definition during the online meeting. To structure the answers for Question 5, the participants were provided the features shown in the Supplementary Material. The presented features were inspired by user requirements described by Meex et al. (2016), Meex et al. (2018) and Kanafani et al. (2021). Furthermore, the participants had the opportunity to add own features they found important. The participants were asked to rank the features from less to more important on a visual analogue scale. It was assumed that the scale is interpreted as symmetric by the participants.
2.2 Tool Development
The visual programming addon Grasshopper3D for Rhinoceros was used as rapid prototyping platform for the tool. The interface is easy to use also for non-expert software developers and the many existing plugins allow to use existing visualization tools. Even if not used by the majority of architects yet, the computational designers in leading architecture offices rely on it and its use can be expected to rise. This assumption has been confirmed in the interviews.
We decided to focus on the Swedish context and rely on the framework of the current version of the climate declaration. This means that the tool only includes the life cycle modules A1–A5 in the current version. Further boundary conditions and assumptions such as the reference study period and the considered building components are also based on the climate declaration. Other decisions are based on interview responses and requirements from stakeholders, as far as possible.
2.3 Validation
To validate the correct calculation, the results of a case study produced by the developed tool are compared with the established Swedish LCA tool BM. The case study building is a multi-residential building. The building holds apartments with 2–4 rooms, and sizes of 66–91 m2. A vision image and the 3D model of the building are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The case study building8.
To validate the usefulness and fulfillment of the user requirements, twelve target users received a demo and the possibility to test the developed tool and then filled out a survey. The participants included four of the interviewees. In total, six architects from four different architecture office, three engineers from one large consultancy and three real estate developer each from different companies provided feedback (see Table 2). Similar to the interviewees, the test users were asked to rate their level of experience in LCA and computational design one to five per e-mail after carrying out the test.
TABLE 2 | Participants in the user tests.
[image: Table 2]Due to the COVID-19 pandemic, the tests were conducted through online meetings and the participants tested the tool via remote control on one of the author’s computer. Two participants tested the script on their own computers. A survey was sent out afterwards for the participants to fill in. Eleven questions in four categories regarding usability (U), modelling (M), transparency (T) and required knowledge (K) were formulated. The questions relate to the features described as important by the participants in the interviews and requirements described in the literature (Meex et al., 2018; Bach et al., 2019; Kanafani et al., 2021). As the link to the 3D model was highlighted as especially important, it was introduced as an own category. Transparency is mentioned as important in the literature and was rated very highly by the participants. Furthermore, the calculation speed was mentioned as very important and was integrated as part of the overall usability. Six questions use a Likert-like scale from 1 to 5 while the other questions are qualitative, open questions. The questions are listed below in the chronological order that the participants received them.
1) (U) What is your first impression of the tool?
2) (U) Would you prefer it to be more or less detailed regarding e.g., LCA phases, building elements or material choices? (Rate 1–5)
3) (M) Can you update the 3D model and the material choices the way you wish to?
4) (M) Is a high level of 3D modelling experience needed? (Rate 1–5)
5) (T) Are the results presented in a satisfying way? If not, in what ways would you like to display the results?
6) (U) Is the tool fast enough? (Rate 1–5)
7) (T) Is the tool transparent enough? Can you understand how it works and how the calculations are made? (Rate 1–5)
8) (K) Is a high level of LCA knowledge needed? (Rate 1–5)
9) (K) Is a high level of knowledge of building materials and structures needed? (Rate 1–5)
10) (U) In what ways do you think that your company could use the tool?
11) (U) What do you think hinders an implementation of the tool?
3 RESULTS
3.1 Interviews
3.1.1 How do You Define Early Stages?
When asked about the definition of early stages, the different professions pointed at slightly different time spans in the building process (see Figure 3). Most interviewees think that early stages lay in the investigations and program and project definition stages. Some architects and real estate developers think it starts prior to the investigation stage and one of the interviewees thinks that it runs until the procurement stage. There was a statement that early stages are ended when it is hard to propose new ideas. An architect mentioned that in later stages, there is a lock-in of choices. Another architect talked about their office enabling testing designs until late stages.
[image: Figure 3]FIGURE 3 | Definition of early stages.
3.1.2 Which Software Is Used for Modelling in Early Stages?
The architects talked about different ways of working in early stages: sketching by hand, in Rhinoceros, in Sketchup or simplified modelling in ArchiCAD. In later stages, they use BIM software such as Revit or ArchiCAD. An interviewee stated that architects do not have a lot of spare time and therefore it is hard to introduce new ways of working in early stages. The amount of time available in early stages depends on the project. Residential projects are short on time. As stated by an architect “The best thing would be to include all consultants in early stages! That is why indicative tools play a role, even if the accuracy is within 10–15%”.
3.1.3 How and When Could an LCA Tool be Useful?
Regarding the question of when to make the early LCA calculations, the answers were widespread but most of them pointed at investigations and the program and project definition stage (see Figure 4). Some thought that as soon as there is a massing model, it is possible to start looking into the climate impact. An argument was that investment decisions are taken when working with rough massing models and hence it is important to take sustainability into account.
[image: Figure 4]FIGURE 4 | The interviewees suggestions on when to conduct early-stage LCA.
When to set materials and geometry varies between projects and sometimes it depends on the site. There are different experiences considering the possibility to conduct an LCA around the program stage. An architect acknowledged that some big building developers have strict processes and hence the end of the program is really detailed. For others, it can be less strict, and one might use massing models halfway through the program. A real estate developer said that early calculations must be done from an architects’ drawings as structural engineers and other consultants are not involved in the program stage.
An engineer expressed that there is no point in having the tool early on, as one needs a few options to appraise and an architect said that it can be done whenever, until the building permit is made. The real estate developer that put lines in every stage (Figure 4) argued that it is interesting to follow up the calculations. By the last stage, one knows what actual products are used. A general positive comment on the early-stage tool from a real estate developer was that “It would be good if we as clients were better at demanding and promoting that we think it is important to conduct LCA calculations in the early stages.”
Most real estate developers thought they would probably not use the tool themselves as they are not working with 3D models. Architects thought that they will make simplified LCAs but that engineers will probably make the final climate declaration calculations. An engineer said that architects would probably use it rather than sustainability consultants. Sustainability consultants join at a later stage and by that time not much can be changed as there is a lot of time and money invested in the drawings. Another engineer thought they could use it themselves in competitions.
3.1.4 If You Would Use an LCA Tool, for What Reason Would it be?
When asked about reasons for conducting an LCA at an early stage, the interviewees gave various responses including to
• provide reference values,
• compare designs,
• learn,
• convince others,
• show ambition and
• for economic reasons
A reference value is a baseline for later stages of the project or upcoming projects. With a baseline, the impact of design changes along the process can be tracked. An interviewee expressed that if there was a tool for simplified LCA available they could use it on their existing buildings to get reference values. Other reasons mentioned were making sustainable choices, stepping away from standard materials and comparing different phases. An engineer thought that providing quick answers to these questions would be a successful feature for a consultant. Another engineer thought it would be an interesting selling point for them to use the tool in competitions, where one must keep down costs and hence work efficiently. Other reasons included target setting and identifying easy winners in terms of strategies.
The learning part was mentioned as seeing consequences of choices made and increasing awareness. It was stated that it is beneficial to have a calculated number when entering a discussion, especially if there are a lot of aspects to consider. The number could be used to convince the project team or the investor. As changes are costly, one must motivate the investments. Continuing the economic terms, an idea lifted was that early-stage LCA calculations can help justify loans. As costs are calculated early in the projects, sustainability targets need to be set for them to be considered in the budget.
3.1.5 What are Important Features for an Early Stage LCA Tool?
The features were categorized into 1) inputs, 2) calculations, 3) output. The respondents ranked them on a symmetric, continuous visual analogue scale from less important to more important. The detailed answers to the individual features are provided in the Supplementary Material. The visual analogue scale was transferred to a numerical scale from 0 to 10 as it is common practice in medical studies on pain (Heller et al., 2016). The mean value was calculated and used as indicator for the overall importance of a certain feature. Furthermore, the minimum and maximum values and the 25 and 75 percentiles were calculated to indicate the level of agreement on the importance of a certain feature. These values are provided as box plots in Figure 5 and can be found in the Supplementary Material. As the importance is ranked differently be the three different professions, the mean values for each profession are shown in addition.
[image: Figure 5]FIGURE 5 | Box plots showing the minimum and maximum values, 25 and 75 percentiles and mean value for all participants. Dots indicate the mean value for each profession.
3.1.5.1 Inputs
Regarding the inputs, all three professions mentioned that it would be nice to be able to add EPDs, however there was a large spread between the answer. Overall, it was not considered as very important in early phases. Architects mentioned that often it is not yet known which actual products will be used.
Architects mentioned that it seems difficult to include reused materials in LCA today, but it would be nice to show if a product is reusable and if it stores CO2. Real estate developers said that reused materials become more important in later stages and can be left out in the early stages.
With a mean value of 8.4, the connection to a 3D model is the most important feature regarding inputs for architects. It gives a connection to the actual project rather than just comparing materials. As almost all projects are made in 3D models today, there is a wish to have a running connection between the LCA calculation and the project’s 3D model. Even if most real estate developers interviewed are not working with 3D models, some saw the relevance of a connection to 3D models. One of them thought that they are not going to conduct the calculations themselves but rather have consultants like architects and structural engineers do it.
Regarding the transfer of the geometry from BIM software, several architects saw a link to ArchiCAD as important while other preferred Sketchup and Rhinoceros. An engineer expressed that using a Revit connection would be future proof as architects will probably use Revit increasingly. However, the likelihood of having multiple Revit models produced by the architects to compare different variants is low.
When asked about the parametric definition of a building as input, some architects expressed that Grasshopper is hard to understand and that it is not suitable as a modelling environment. However, they acknowledged that the industry will be more digitalized and in a couple of years there will be a more parametric view where data informs the design. An engineer mentioned that “model from Revit” and “model by parameters” could be two different tools.
While for architects the required modelling experience does not seem to be very important, the engineers agreed that a high level should not be required.
3.1.5.2 Calculation
In this category of features, fast calculation was most important for architects with a mean value of 8.6. They said that the tool must give instant feedback. Also, the engineers rated the fast calculation highest. It is less important for real estate developers, but they agreed that the tool should be fast and enable quick testing of different material combinations and designs. With a total mean value of 8.0 this feature was ranked most important overall.
All professions agreed that transparency is important. It shows the lowest spread of the answers. An argument against transparency was that some architects do not want to be showered with technical information and numbers, but rather just trust the results. The engineers highlighted that the need for transparency depends on the user and is different depending on if it is an engineer or architect. For them, transparency is more important when moving towards later stages.
All groups agreed that deep LCA experience should not be required. However, architects mentioned that if it is an advanced tool with a lot of settings, prior knowledge of LCA is needed. An engineer mentioned that early-stage tools risk focusing too much on details. However, the tool cannot be too basic either, as it would not provide any new information then.
3.1.5.3 Outputs
All professions agreed that precise calculations are not important in early stages. One real estate developer emphasized that different tools must show similar results and the tools should use the same system boundaries as defined for the climate declaration.
Architects mentioned that the connection to certifications is rather a question of formatting the results than a crucial tool development issue. Real estate developers saw a connection to certifications relevant in the program stage but probably not in the detailed development plan stage. Furthermore, they would like to compare results with legislative thresholds.
Regarding the impact categories, architects would like to focus on climate change to begin with. In contrast, one real estate developer expressed “It is important to include multiple impact categories and we must be able to keep multiple things in mind, by not only focusing on climate impact.” Both groups mentioned that it would be nice to also include economic costs in the assessment.
Including the transport was less important to all groups and it was ranked lowest overall with a mean value of 3.5. Engineers mentioned that showing transports might be misleading, as it is not the major impact.
In summary, connection to a 3D model, fast calculation, and transparency were ranked highest. In addition, all groups emphasized the importance of visualizations. Architects would like communicative and pedagogical visualizations. An engineer said that it would be helpful to show a heatmap on the 3D model. A quote was “It is good to show the result in the form of architecture! Everything is visual in those stages and hence it is good to emphasize on visualizations.”
3.2 Tool Development
The most important aspects of the tool development are summarized in the following. For a detailed description, see the Supplementary Material.
3.2.1 Methodological and Tool Design Choices
Identified important features from the interviews include fast calculations, transparency, and a connection to a 3D model. Less important are exact calculations, calculating transport distances, building the model by parameters in Grasshopper, and studying additional impact categories.
We chose architects as main target users as they typically work with 3D models in early stages, compared to real estate developers and engineers. The main use cases for the tool are to create baselines, reduce the climate impact of the building, compare the LCA modules A1–A5, and for learning. The tool was designed to be general enough to be used in different project stages and hence follow the design process, as mentioned by several interviewees.
As the aim was to limit the required LCA experience, the user is not expected to make methodological choices. An overview of the predefined methodological choices is provided in Table 3. They were chosen to be in line with the upcoming climate declarations. There are many ways to structure a building into different components (Soust-Verdaguer et al., 2020). To be in line with the upcoming climate declarations, nine different elements were included here. Installations were not included due to missing data, even if they are a considerable part of a buildings’ climate impact (Ylmén et al., 2019; Kiamili et al., 2020).
TABLE 3 | Methodological choices.
[image: Table 3]An interviewee thought that a heatmap on the 3D model to visualize the results in a pedagogical way would be helpful, and it was included in the tool. To support the interpretation, reference values were integrated as wished for by the users. The connection to certifications was not prioritized by interviewees and hence it was left out from the development.
3.2.2 Inputs
Two different versions of inputting the geometry were integrated into the tool. Version 1 is based on drawing a geometry in Rhinoceros and assigning building elements manually onto layers. It was chosen as it provides freedom and flexibility when shaping the building. It also allows for connections to other CAD and BIM software. Version 2 is based on modelling geometry by using parameters in Grasshopper. It was chosen to make the modelling more parametric and easier to change the design. For more details, see the Supplementary Material. If building the geometry in Rhinoceros (Version 1), the user must model the load-bearing structures by drawing them. Hence, the freedom to choose between combinations of load-bearing walls, columns, beams, and slabs is enhanced. If building the geometry parametrically in Grasshopper (Version 2), the choice is set to use load-bearing walls or structural frames made of concrete, steel, or wood (see the Supplementary Material).
The interviewees discussed that a tool with too many details would not be suitable for sketching in early stages, whereas a too basic tool would not allow for new insights. Therefore, the tool should allow for detailed modelling with customized elements and basic modelling with pre-set elements. As a result, two paths were implemented to assign the constructions and materials to the geometry. The first one builds up a construction by adding a material for each layer. For example, for a wall, insulation type, bricks, plaster, etc. are chosen. The thickness of each layer has to be assigned as well. This alternative allows for full control of the material use in detail; however, it is time consuming. The second path relies on predefined construction set-ups, e.g., when choosing a standard wall, the tool automatically assigns a certain cladding, an insulation type, etc. This requires less inputs from the user but also decreases the transparency. Both paths of assigning constructions can be combined. Hence the flexibility of building up specific constructions and the fast way of choosing between pre-set building elements are kept.
3.2.3 Calculation
To calculate the mass of material used, the tool extracts the areas of the surfaces from the nine layers from the 3D model and multiplies them with the thicknesses and densities of each assigned material. However, when creating the 3D model, some elements such as columns are modelled as volumes instead of surfaces. In those cases, the thickness of materials does not need to be added. To allow different ways of modelling, the component assigning environmental data was made general enough to make use of the different units kg, m2, and m3.
As many interviewees thought that generic and national data was of higher value in early stages than EPDs, the Swedish national database with generic environmental data from Boverket was used (see Supplementary Material). The database includes 172 resources following the calculation standard EN 15804: A1. A factor of 1.25 to add a surcharge of 25% for uncertainty is included in the datasets. Boverket provides the database in JSON format which was used to import it into Grasshopper. The calculation steps were implemented as C# script in Grasshopper.
3.2.4 Outputs
Four visualization types for the tool were chosen based the goal of the study (see Figure 6). The main goal is to compare design options as a basis to reduce the climate impact. To enable the identification of hotspots, a pie chart allows comparing building elements and a heatmap coloring the nine different building elements in the 3D model depending on their global warming potential (GWP) was implemented. Bar charts can be used to show building elements or compare the impact caused in different life cycle modules. To compare the results with thresholds, a benchmarking bar chart was used. In this bar chart, the LCA results are compared with thresholds from LFM308,9 and the Finnish Ministry of Environment10 as national Swedish thresholds are not available, yet. These thresholds have originally been developed using different reference areas, namely gross floor area (GFA) and net floor area (NFA) instead of the heated area (Atemp) used in the tool. Comparing to them introduces a small error. However, they are the best thresholds available in the regional context and the introduced error is negligible in the early stages. Therefore, these values were used but they should be replaced as soon as better ones are available.
[image: Figure 6]FIGURE 6 | Visualization types in the tool (A) pie chart of the impact of each element, (B) bar chart of the impact of each element (C) comparison with reference values, (D) color-coded 3D model showing GWP of different elements in kg CO2-e/m2.
3.3 Validation
3.3.1 Results Comparison
The case study building was modelled in Rhinoceros using architectural drawings. The building elements were modelled as surfaces and the concept of load-bearing walls was used. A simplification made in the model was to not model internal doors. In reality, there are several different internal wall types and window types used. This was simplified when assigning the environmental data, e.g., by using the same building element types for all internal walls.
To validate the correct calculation of the tool, the results were compared with calculations made in BM by a sustainability engineer (see Figure 7). The comparison was carried out only for module A1–A3. According to the sustainability engineer who conducted the reference calculation, the categorization of materials in BM might have errors and floor slabs are sometimes referred to as roofs and vice versa, affecting the results. The total results in this case study differ by 3%. Hence, they are within the 10–15% accuracy that was mentioned by one of the interviewees as accurate enough for early stages. If studying the elements separately, some of the elements show a higher difference which can be explained by simplifications made or errors in the BM calculation.
[image: Figure 7]FIGURE 7 | Comparison of the results calculated in BM and in the tool.
3.2.2 Stakeholder Feedback
The stakeholder feedback from the survey is summarized for each question in the following. The results for the questions with a rating on the Likert-like scale from 1–5 are shown in Figure 8. Boxplots indicate mean, minimum, and maximum values and the 25 and 75 percentiles.
1) What is your first impression of the tool?
[image: Figure 8]FIGURE 8 | User rating with individual answers and box plots with mean, minimum, and maximum values and the 25 and 75 percentiles for each question.
The test users expressed that the visualizations and use of colors in the graphs and the model are well made. There is a clear connection to the 3D model. The tool can be used to get a fast overview of climate impact. It is structured, pedagogical and user-friendly. One test user would like to see more details about the load-bearing structures.
2) Would you prefer it to be more or less detailed regarding e.g., LCA phases, building elements or material choices?
There was quite a spread of answers but most test users thought that the level of detail is too low (mean 2.3) and that they want to make more choices (see Figure 8). The next question provides more explanations to this. Two of the test users thought that there is a good balance of details.
3) Can you update the 3D model and the material choices the way you wish to?
Eiht of the testers answered yes on the question, but most had additional comments. Several of the users commented that they want to choose how many layers to have e.g., in a wall. A user thought that it was hard to understand why and how it is limited to three materials. This was the case at the time of testing and more layers were added to the tool afterwards. It was also mentioned that the level of details is a balancing act, and it can be hard to know the building element details in early stages. Several of the testers thought that a lot of pre-set elements would be good. A suggestion was to only focus on pre-set elements, including e.g., standard walls and more sustainable choices. Adding materials that are not in the database was also wished for. A further suggestion was to not have the same materials on every internal wall in the model, but rather have different internal wall types. It would be useful to be able to mark different surfaces in Rhinoceros and apply a specific wall type. The same tester wished for some adjustments in the Grasshopper script but emphasized that the current version of the tool is a good starting-point.
4) Is a high level of 3D modelling experience needed?
Most testers thought that a medium knowledge of 3D modelling is needed, but there was a spread of responses (see Figure 8). Most architects who are usually drawing the 3D model thought a medium to low experience is needed, while the other professions thought higher skills are needed.
5) Are the results presented in a satisfying way? If not, in what ways would you like to display the results?
Most test users were satisfied with the presentation of results. The connection to benchmarks such as LFM30 was appreciated. A suggestion was to create export features such as a PDF report or Excel spreadsheets. In the current tool version, a plug-in is needed for the results visualization, and one of the testers commented that it would be easier to use the script if one did not need to install an additional plug-in.
6) Is the tool fast enough?
There was a spread in the perceptions from medium to high of how fast the tool is as shown in Figure 8. However, most of the testers thought that it is fast enough (mean 4.1).
7) Is the tool transparent enough? Can you understand how it works and how the calculations are made?
The transparency was rated on a mid-to-high level with a mean of 4.2 (see Figure 8). An additional comment was that the tool’s calculation based on quantities and factors is straight forward and it is easy to double check the results.
8) Is a high level of LCA knowledge needed?
A low-to-mid level of LCA knowledge was perceived to be needed to use the tool (see Figure 8). The mean was 2.4.
9) Is a high level of knowledge of building materials and structures needed?
Most testers thought that some knowledge of building materials and structures is needed to use the tool. Two of the testers perceived that a high level of knowledge in the field is needed. The mean value was 3.5 with a large spread of the answers.
10) In what ways do you think that your company could use the tool?
Two testers acknowledged that the tool is really relevant in early stages. It is useful to get an indication of the climate impact and it is good if the results are overestimating the impact rather than underestimating. The testers said that it can be useful in meetings when optimizing material choices, and that it will make nice diagrams in a report. Another tester thought that they could use a direct connection to their model in another software. The Grasshopper model could feed into that model or the other way around. A real estate developer thought that the tool could be something that they demand from their architects to use, or that they could use it internally for educational purposes.
11) What do you think hinders an implementation of the tool?
The balance between simplicity and flexibility was highlighted as a crucial point when implementing the tool. Another barrier mentioned is the “business as usual” way of working. The tool user might not be the one making decisions. Lack of knowledge and data on the foundation and the load-bearing elements, especially deep foundations might stand in the way of implementation. Architects might not know the structures at an early stage, and clients do not assign structural engineers until later stages. An idea raised was that multiple users could work together in the model, if possible. One test user thought that the tool is useful but that the costs for using such a tool and the workflow are critical.
4 DISCUSSION
4.1 Experiences From Interviews and Tool Development
The authors generally experienced a great interest from the interviewees about an early-stage LCA tool. One reason for the interest was that the soon upcoming climate declaration in Sweden.
The interviewees had slightly different perceptions in their definition of early stages, and this might be affected by when they enter projects. When comparing the interviewees’ responses with definitions found in the literature (Hollberg et al., 2021), it was chosen to set the investigations and program and project definition phases as early stages.
As expected, the interviews revealed different requirements and feature wishes. The key features fast calculations, transparency, and a connection to a 3D model match the requirements defined in Meex et al. (2018) and also reflect some of the experiences reported by the developers of a building LCA tool in Denmark (Kanafani et al., 2021). Furthermore, ideas to visualize the results such as a heat map on the 3D model were mentioned by Meex et al. (2018) and had previously been implemented, e.g., by Röck et al. (2018). Other features such as the high importance of the assessment of the load-bearing foundations were especially emphasized by the test users went beyond the main requirements defined in the literature. Some features were only mentioned by one or a few interviewees and finally the authors sorted out those they considered relevant for an early-stage LCA tool based on the Swedish climate declaration, the literature, and their own experiences. Some of the interviewees talked about the relevance of using sector EPDs in simplified tools and early stages, for example. This was however not implemented, as the use of generic values in the national database was valued higher. Most interviewees did not put high value in connecting the tool to certifications at this stage. The question about visualizing transport distances in the tool confused some of the interviewees. It turned out to not be a relevant question to ask, as the same question was not asked regarding other LCA modules. In summary, it can be stated that the interviews confirmed most requirements mentioned in the literature but provided answers with much higher detail in the local context.
Some interviewees already provided valuable ideas how to meet their requirements. Furthermore, the interviews provided a local stakeholder perspective that is influenced by the national regulation. For example, it was agreed upon between most interviewees that using GWP as single indicator and limiting the system boundaries to A1–A5 is sufficient for the first version of the tool. These perspectives will probably be different in other countries with other national regulations. In Germany, for example, the certification systems by the German Sustainable Building Council (DGNB)11 is a common reference with regards to LCA and it includes five output related environmental indicators and the life cycle modules A1–A3, B4, C3, C4, and D. This shows that a local stakeholder perspective is important to consider.
Regarding the tool development, there is a fine line between simplifying the workflows making the results less accurate, and detailing the workflows making the tool harder to use but the results more trustworthy. The tool developed in this study is trying to balance this by providing the opportunity to have either pre-set or customized combinations of materials. On the same note, the geometry built in Rhinoceros can be detailed providing an accurate modelling alternative or be modelled in a parametric way in Grasshopper, with less detail but with more flexibility.
To reach the climate targets, there is a need for negative GHG emissions. Hence, it is of value to study bio-based materials as carbon sinks (Hoxha et al., 2020) and visualize materials that store CO2. As this is not accounted for neither in the Boverket database nor the climate declarations of 2022, it was not included in the current version of the tool.
When asked about potential barriers to implementing such a tool in their work, the first point that was mentioned was not the limitations of the tool but the current “business as usual” way of working. The tool user might not be the one making decisions and the workflow in the companies might not be adapted for the climate declaration, yet. This shows that LCA tools can support and be a small part of the transition to climate-friendly building design but the architectural, engineering and construction sector has to evolve as a whole. The interviewees acknowledged that the industry will be more digitalized and in a couple of years there will be a more parametric approach where data informs the design. As one interviewee framed it “LCA calculations is a staggering new subject. A lot of people are working on it, and I think it is only the beginning. The tools developed today is only the first iteration of upcoming, more comprehensive tools.”
4.2 Limitations
The interviews were limited to thirteen stakeholders. Most of the answers aligned well. Therefore, we assumed that increasing the number of participants would not have provided many more insights and that we have reached a point of saturation with regards to the most important tool features. However, we did not follow a structured approach to define the required sample size. Guest et al. (2006) explain the challenges of finding the point of saturation in qualitative methods and report reaching saturation after twelve interviews, while at the same time cautioning against assuming that twelve interviews will always be enough to achieve a desired research objective. Therefore, this aspect should be considered when applying the proposed framework in the future. Galvin (2015) provides a statistical framework to define the probability of a certain theme being mentioned in the interviews depending on the number of interviewees. Following his approach, 13 interviews reveal all the themes that at least 20% of the targeted population share with a probability of 94.5%. However, this requires the sample to be random. Here, the choice of interviewees might have introduced biased results as most of them are sustainability or digitalization experts within their organizations. This also explains the high interest and motivation for the topic. The interviewees rated their experience of digital tools with an average of 3.5 higher than their LCA experience with 2.8 on a scale from one to five. Within the group of architects, the experience with computational design was rated 4.8 while the LCA experience was rated with an average of 1.8. Most participants came from medium to large companies. Therefore, the results from the interviews cannot be seen as representative for all architects, real estate developers and engineers in Sweden. However, we assume them to be representative for the share within each group with a certain interest in sustainability or digitalization working in medium to large companies. This group can be expected to be the early adopters of a novel LCA tool.
The user test with twelve participants was more limited. The survey brought valuable feedback regarding the applicability of the developed tool. However, additional tests should be carried out to confirm the answers. Eight of the test users had not participated in the interviews earlier, which could make the results from the interviews and the user tests less comparable. The question of how much knowledge of 3D modelling is needed resulted in a wide spread of the responses, see Figure 8. Different backgrounds of the test users might affect their apprehension of what is advanced 3D modelling and architects rated the required experience lower than the other professions. This could be explaind by their experience in computational design. The architects who tested the rool rated their experience high with an average of 4.2, while real estate developers rated their experience with an average of 2.7.
The functional unit of m2 Atemp currently does not consider the comparability of e.g., structural ability, thermal mass, and overall U-value of the building. Users need to compare these performance criteria separately. As the tool currently only includes the production and construction phases, trade-offs with the operational phase, for example the energy use (module B6), do not become apparent directly. Design for disassembly and circularity aspects are also not considered, which would affect the end-of-life phases. In the current database from Boverket, the data in the modules A4 (transport to site) and A5.1 (spill, packaging, and waste management) might be less accurate than the data in A1–A3 (the production stage), as A4 and A5.1 can have a great variation depending on the project. The validation of the correct calculation of the tool was only done by comparing the results of one case study to an established Swedish building LCA tool BM. The mapping of materials in BM were at times hard to interpret. Furthermore, the detailed drawings do not show every cross-section of each building element in the building and hence it was not possible to model each element accurately in the tool. The case study served the purpose of a first validation of the developed prototype; however, further validation would be needed before applying it in real projects. Another future possibility would be an external validation by a certification institute, as it is done for LCA software for BREEAM12 or the Swiss Minergie Eco system13, for example. However, there is currently no valiation process provided by the Swedish Green Building Council.
4.3 Future Developments
In this study, the tool was implemented in Grasshopper, which is increasingly used for building design, but multiple interviewees stated that Grasshopper is hard to learn. The approach and the script could also be linked to ArchiCAD, Sketchup or Revit through other visual scripting tools like Dynamo or RhinoInside.
Many interviewees stressed the need to focus on structures, especially deep foundations, that are deeply affected by the choice of site. The impact of load-bearing elements and foundation is hard to predict in early stages. The load-bearing concepts in the tool are taken from a structural engineering report and the foundation is set by stating a thickness of a ground slab; however, piles were not modelled. Therefore, we would like to encourage further studies in the area.
In the future, additional life cycle modules should be added to provide a more holistic life cycle perspective. The operational energy use (module B6) could be integrated by linking other tools for Grasshopper, e.g., BeDOT (Gomez et al., 2019). As preparation for the future adaptions to the climate declaration in 2027, the life cycle modules B2, B4, and C1–C4 should also be added, as soon as Boverket provides the data in their database or a representative number of EPDs is available for the Swedish context.
The user test confirmed the importance of visualizing the results. The 3D heat map shows the impact of each element, but not the room for lowering the impact. Both average values for building components and best practice examples as yardstick would support users in identifying the optimization potential. Hollberg et al. (2019) developed such benchmarks for the Swiss context that could be adapted for the Swedish context.
5 CONCLUSION
This paper described a structured process to involve target users in the design and development process of a building specific LCA tool for early stages. Interviews with thirteen stakeholders from medium to large companies defined the requirements and most important features for the tool. A prototype was developed based on the interview responses and the national regulation in Sweden. The prototype was tested by twelve intended users and a survey was used to collect feedback. The responses show that the tool meets most expectations of the users. It allows getting a quick overview of the climate impact of a building. It was perceived as structured, pedagogical, and user-friendly. Suggestions for further improvement mainly consisted of adding more predefined building components, improving the assessment of foundations and structural parts, and providing more export and visualization options for the results.
Previous tool developments did not involve the target users in a structured way. The results presented here show the importance of involving the target users in the tool development process and that the expectations can be met when the requirements are integrated from the very beginning. The interview and survey process in the paper was limited due to the limited number of participants. Furthermore, the development of the tool reached a prototype level, but further user tests and workshops are needed to iteratively improve the tool. Nevertheless, the initial success shows that the structured approach followed in this paper can serve as a blueprint for building LCA tool developers in other countries.
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