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Abstract

The Architecture Engineering and Construction (AEC) industry, a significant contributor to global
greenhouse gas emissions, urgently requires innovative approaches to upscale life cycle assessment
(LCA) for both new and existing projects to meet emission reduction targets. This can be done through
further automation of LCA. However, traditional methods for conducting LCAs face challenges due to
the manual and time-consuming process of data synthesis from heterogeneous sources and the
interoperability issues among various software tools used by different stakeholders. This research
introduces a novel automated LCA workflow leveraging the synergies between large language models
(LLMs) and the open-source computational framework COMPAS. By combining the cognitive
capabilities of LLMs for processing unstructured data with the computational precision of COMPAS for
handling 3D geometries, we propose a system capable of conducting LCAs across diverse data sources
with minimal manual intervention. Our methodology involves segmenting the LCA process into several
modules, including material data extraction, geometry data conversion, material and geometry data
integration, life cycle inventory (LCI) data association, LCA calculation, and output integration. This
modular approach streamlines the LCA process, improving scalability, and also facilitates its adaptation
to different project scales and complexities. A prototypical implementation using the NEST HiLo project
demonstrates the feasibility and efficiency of the proposed approach. It shows particular promise for
reducing the manual labour involved in integrating data that is stored in inconsistent ways. This research
marks a step towards achieving fully automated LCA workflows, enhancing the capacity for
comprehensive environmental assessments in both the planning stages of ongoing projects and the
evaluation of existing built projects, thus promoting more sustainable construction practices across the
industry.
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1. Introduction

The building industry is responsible for ca. 12.3 Gt of greenhouse gas emissions annually, accounting
for over a third of global energy and process-related CO2 equivalent emissions [1]. Embodied emissions
contribute significantly to this total: according to the International Energy Association, non-operational
emissions from buildings cause an estimated 2.5 Gt of CO2 equivalent emissions (20% of the building
industry’s total) globally in 2022 [1], while Rock et al. [2] estimated that embodied emissions typically
account for 20-50% of new buildings’ emissions over 50 years. Life cycle assessment (LCA) is needed
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for both ongoing projects, to ensure that emissions targets are met, as well as for vast amounts of existing
built projects in order to create a database to establish benchmarks for embodied carbon (De Wolf and
Lieve [3]). Accordingly, many LCA tools exist to automate the calculation of embodied emissions in a
building design, typically by multiplying the Bill of Quantities (BoQ) for materials with the relevant
environmental characteristics, which can include, e.g., embodied emissions and life cycle scenarios.

However, in practice, gathering accurate data on the quantity of materials and linking them to
environmental data is difficult. This involves an elaborate data synthesis process across interdisciplinary
stakeholders including architects, engineers, manufacturers and LCA experts. Interoperability issues
often arise among the large variety of professional software options that each stakeholder must rely on
(De Gaetani et al. [4]). The adoption of Building Information Modelling (BIM) alone does not eliminate
this problem. While BIM software can serve as an effective central coordination tool, specialised
applications for each individual discipline are still necessary, as no single software can perform all tasks
(De Gaetani et al. [4]). In order to generate a BoQ, a dedicated person of integration (typically the BIM
manager) is required to manually inspect all relevant material information across data sources and input
them by hand into a BIM software in a consistent way (Carvalho et al. [5], Sampaio et al. [6]). For large
and complex projects, this can be time-consuming, error-prone and often only happens towards the
project end, while LCA can be much more beneficial if performed in the early project stages of pre-
design, concept design and developed design (Meex et al. [7], Hollberg et al. [8]). Furthermore, the vast
majority of existing built projects were not realised using BIM, so gathering accurate material data for
those projects remains a big challenge.

Despite many attempts in both industry and academia to build more automated LCA pipelines based on
various specific software platforms, a path towards a fully automated LCA workflow that can work
universally across all types of input data sources, remains out of reach. This can be explained by the fact
that the process of data synthesis cannot be tackled by hard-written computer programs alone; more
importantly, it requires human-like cognitive capabilities to process and integrate information from
heterogeneous data sources, which are often fuzzy and unpredictable, as well as to associate them with
appropriate environmental impact data using expert knowledge.

This research aims to solve the challenge of manual data synthesis for LCA. To do so, we propose to
combine large language models (LLMs) with COMPAS (Van Mele et al. [9]), a Python-written, open-
source computational framework, which can act as a computational solver and bridge to a vast amount
of software applications used in the Architecture Engineering and Construction (AEC) industry. LLMs
are revolutionary in their potential capacity to perform cognitive tasks at a level comparable to human
experts (OpenAl et al. [10], Katz et al. [11], Luo et al. [12], Singhal et al. [13]), and linking them to
COMPAS compensates for their shortcomings in accurate 3D-geometric computations. The goal is to
create a novel software pipeline that enables fully automated LCA, which can be used universally with
a diverse range of data sources.

2. Related works

A number of reviews have investigated approaches to automate LCA based on BIM or 3D models
(Guignone et al. [14], Potr¢ Obrecht et al. [15], Kock et al. [16], Chen et al. [17], Zheng et al. [18],
Soust-Verdaguer et al. [19]). Approaches found in recent publications can be broadly split into five
categories: BIM-software plugins, visual programming workflows, standalone tools using industry
foundation class (IFC) files, Extract Transform Loaded (ETL) tools and machine learning tools.
However, none of them solve the problem of data synthesis across platforms in a satisfactory way.

2.1. BIM software plugins

One popular strategy for automating LCA is through plugins for BIM software, e.g.Tally [20],
OneClickLCA [21], LCA Link [22] plugins for Revit. These plugins can directly consume BoQs
generated from BIM software and conduct the LCA without leaving the platform. An obvious limitation
is that these plugins can only be used inside their host platforms such as Revit, while some stakeholders
might need to operate on alternatives like Archicad (Guignone et al. [14]). Although a product like
OneClickLCA provides similar plugins for a wider range of BIM platforms, it still does not address the
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initial challenge of manually integrating material information from various specialised software into a
centralised BIM model; as previously stated, a mono-software solution for all stakeholders is unrealistic.
In addition, manual association of LCA inventory data to each of the building components is still
unavoidable, which can become a time-consuming task in large projects.

2.2. Visual programming

Another approach to automating LCA is through parametric models created with visual programming
tools such as Grasshopper for Rhinoceros and Dynamo for Revit (Bueno et al. [23], Hollberg and Ruth
[24], Bombyx [25]). Compared to ready-built plugins, this approach offers better flexibility and
potentially a higher level of automation, but at the cost of a steeper learning curve (Guignone et al. [14]).
However, the issue of platform-specificity persists, as these visual programming workflows are only
executable inside their host platforms, which also makes it challenging for them to directly interact with
data provided by other software.

2.3. Standalone tools + IFC

A more platform-agnostic way to conduct an automated LCA 1is to use an open standard such as IFC
[26], a prevalent data-exchange format for BIM-related applications; thus, the pipeline can work with a
much larger variety of software (Alwan and Ilhan Jones [27], Ebertshauser et al. [28], LLatas et al. [29],
Forth et al. [30]). However, not all design software provide functionalities for straightforward IFC
export, an example being Rhinoceros, a widely used program for architectural modelling and
computational design. Even if all software used in a design workflow directly supports IFC, the exported
IFC files often contain material information in inconsistent formats. As a consequence, a standalone
interface often must be provided to manually re-assign material information to each element.

2.4. ETL tools

A fourth proposal for automated LCA relies on using Extract-Transform-Load (ETL) tools to create data
pipelines that extract material information directly from native file formats like .rvt for Revit (Shadram
et al. [31]). Although, in theory, this method can work with any data source, it may suffer scalability
issues, since new data pipelines have to be manually configured per software and per data storing pattern.
The high cost and un-transparent pricing terms of dedicated ETL software such as FME [32] can be
another concern.

2.5. Machine-learning tools

There is also an increasing trend of conducting LCA using machine-learning (ML) models that are
trained end-to-end to predict embodied emission directly from high-level input parameters such as
building typology, structural types, number of floors, total areas, etc. (Fang et al. [33], Fenton et al. [34]).
The challenge of this approach is that the accuracy of the ML model highly depends on the quality of
training data and model architecture. With the decision-making process inside the end-to-end machine-
learning models acting like a black box, there is little way to validate such an approach other than
comparing the results against a large and high-quality test set of ground-truth data, which is hardly
accessible (D’ Amico et al. [35]).

Among existing approaches, one important yet unaddressed issue is how to effectively integrate the
inconsistently stored material data from multiple information sources. While a tool based on LLMs can
potentially solve this problem in an automated way at scale, research has not yet been published about
a detailed implementation.

3. Overview of architecture

The goal of this research is to explore a novel workflow leading towards a fully automated LCA pipeline,
being developed to work with a diverse range of data sources. More specifically, the goal is to overcome
the key bottleneck of manual data synthesis by utilising the COMPAS framework in conjunction with
Large Language Models. In our pipeline, software packages from the COMPAS ecosystem are used to
build the underlying infrastructure and act as the “Computational Solver”, while large language models
such as GPT-4 are used as the “Cognitive Solver” to perform tasks that previously could only be tackled
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by human experts. Together, they form a powerful autonomous agent that is able to execute advanced
geometric calculations and complex cognitive tasks of logical reasoning at the same time (Figure 1).

Autonomous Agent

Computational Solver Cognitive Solver
(COMPAS) (LLMs)
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‘ Infrastructure (COMPAS) ‘
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Data Sources geneou
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Figure 1. Concept diagram of the proposed system

Our system divides the data-synthesis process into several independent modules (Figure 2), each
carrying out one of the following tasks:

1.

2.

Material Data Extraction, whereby information about the material type of each building
element is extracted and catalogued from different data sources;

Geometry Data Conversion, which involves converting the geometric data of building
elements into a uniform representation for further calculation;

Material and Geometry Data Integration, in which the material and geometric data are
combined to create a BoQ, after checking and eliminating any duplicate elements;

LCI Data Association, whereby appropriate life cycle inventory items are assigned to each
material type presented in the BoQ);

LCA Calculation, whereby the material quantities are multiplied with associated emission
factors provided by life cycle inventory items; and,

Output Integration, an optional step to integrate the LCA results back into the input sources for
future decision making.
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Figure 2. Modules of the data-synthesis process

Such division ensures distinct functional boundaries of each module, so that they can be improved
independently in future research, therefore simplifying the complex topic of LCA automation through a
strategic segmentation. Additionally, these modules can also be used for a wide range of related tasks
such as cost estimation, structural analysis, and many other types of environmental impact analysis.

To test this system, we are building a prototypical implementation using NEST HiLo (Block et al. [36]).
NEST HiLo is an experimental building unit on Empa and Eawag’s NEST platform [37]. It is a modular
building unit containing many innovative components such as a lightweight funicular floor system, an
integrated doubly curved thin shell roof, and an adaptive solar facade, etc. (Block et al. [36]) (Figure 3).
Despite the unit’s moderate scale, its mix of conventional and experimental building components makes
it a well-suited case study for exploring the challenge of data synthesis in building LCA.

Doubly curved
two-layered concrete shell

Flexible formwork system

; » ; Functional building system
with on-site active control

integration through digital
fabrication

Adaptive Solar Facade

Rib-stiffened

funicular floor system Occupant-centered

building systems control

Figure 3. Innovative components of NEST HiLo
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4. Implementation details

The following project files from HiLo have been collected so far for an early implementation: two BIM
models (.ifc), with one being an architectural model exported from Revit, and one detailed geometry
model for the facade exported from Solidworks; 44 Rhinoceros files (.3dm), containing detailed
geometry for the two lightweight funicular floors together with all the temporary formworks, detailed
geometry for the structure of roof, together with full building context; In total, 23,389 individual
geometric elements are found in these files.

4.1. Material data extraction

Extracting material information from multiple software platforms is always challenging because few
rules have been established for how they should be stored, even with a standardised data-exchange
format like IFC. This reality stays the same for the HiLo files, where the material information is linked
to building elements in many different ways. In several Rhinoceros files, the material name is expressed
in their layer names; in some other files, the name can be a substring of the object name or sometimes
vaguely mentioned in the description of a block instance. In the IFC file exported from Revit, the
material information can be obtained from a custom property named “Structural Material”, while in the
other IFC file exported from Solidworks, the equivalent property is simply named “Material”. The
language used for material names can be either German or English. For a large number of elements, the
material was never explicitly assigned. Nevertheless, if a human expert takes a look at the full property
sheet and the shape of the component, an educated guess can often be made with relatively high
confidence.

PROMPT:

“name": "Pfosten rechteckig:Forster 6@ x 130:2668443", i "™

“type": "IfcMember”,

This is the metadata of a building element, what is the most
": "Ifcproject”}, likely building material for this, explain why you picked this
ype": "Ifcsite"}, material and rank your confidence from 0 to 10. Respond in

IfcBuilding"}, ol .
B8 e hgangt . Frypet: FEcRHTATnEER ST English and in JSON format following the template

{"name": "Curtain Wall:Fassade 250:2668300","type": "IfcCurtainWall"} {
1, "material": "Some name",
“attributes": { i ) "

"GlobalId": "1a1$QVmKz8nRXZVKIMOOAA", COnf/denCe - 55’

"Name": "Pfosten rechteckig:Forster 60 x 130:2668443", "reason": "The reason is ..."

"ObjectType": "Pfosten rechteckig:Forster 60 x 130", }
"Tag": "2668443"

“properties": {
"Offset": e",
"Angle"; "0.e",
"id": "65295",

"Level": "Level: 00_Eingang”,

“"Corner Mulli

"False",
"Position": "Perpendicular to Face",

"Profile": "ForsterPfosten: Forster Variotherm - 60 x 130",
"Thickness "218.0";

"Unternehmer"

"Pletscher / Kaufmann",
"Width on side 1 0%,

th on side 2

1348.25957724143",
"©.913781851660264", (
“Architecture”,

o "material”: "Steel”,
"Type Name": "Forster 60 x 130",

"confidence": 9.5,

“Category”: "Curtain Wall Mullions", i, iy i . .

“Family Name": "Pfosten rechteckig", reason": "The term 'Forster' is associated with steel

“Family": "Pfosten rechteckig: Forster 6 x 130", systems for windows, doors, and facades, specifically

"Family and Type": "Pfosten rechteckig: Forster 68 x 130", focusing on thermally insulated profiles. The profile

“Type": "Pfosten rechteckig: Forster 60 x 130", dimensions mentioned (6@ x 13@) and the context of use
fosten rechteckig: Forster 60 x 13", as a 'Pfosten' (German for post or mullion) in a curtain

1 Wall: Fassade 250", wall system further imply that this element is designed
en” for structural or semi-structural roles typically filled
by materials with high strength-to-weight ratios, such

"NetVolume": "@.813781851660264", .
as steel.

"NetSurfaceArea”: "0.888791523850075"

Figure 4. Example prompt extracting implicitly stored material data from a building element

Writing custom scripts to accommodate such arbitrary data storing patterns is overwhelming and
unrealistic. However, LLMs can be a perfect candidate to automate such tasks with significantly less
development work. As a demonstration, we tested the ability of LLMs to identify the materials of a
sampled list of one thousand building elements found in the different types of files containing various
metadata, including object names, geometry types, custom properties, spatial hierarchies, layer names
etc. GPT4 was prompted, through the OpenAl API, to identify the most likely building material of each
component based on this information. Besides the material name, we also asked it to explain itself in a
short sentence, accompanied by a score of confidence, so we can inspect and audit LLMs’ decision-
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making process in future analysis (Figure 4). We additionally requested GPT-4 to produce the outputs
in structured JSON format so they can be directly used as inputs in the next part of the pipeline, without
manual intervention. For the elements with low confidence scores, we repeat the prompt but this time
accompanied by a visual aid of the element’s 3D rendering, highlighted from its context, which in many
cases makes the confidence score significantly higher (Figure 5). This step can be automated as well
with the help of compas_viewer, a standalone visualiser from COMPAS. For the test sample of one
thousand elements, the average response time from GPT-4 is 4.2s per request, and can be reduced to
1.5s if omitting the field “reason” which is used for research inspection purpose. The total cost for one
thousand prompts is approximately 10 USD. This means the entire material extraction process of 23,389
building elements from this project can be completed by an LLM in roughly 12 hours at the cost below
250 USD, while the same workload could take a human operator several weeks at a cost of different
order of magnitude.

3D VISUAL AID METADATA

- . (
AS VIEW “name

File About

l

[ GPT-4 Vision }

Response
{}

Figure 5. Second-round prompted with 3D visual aid

4.2. Geometric data conversion

The second step is to convert the geometric data of building elements from different formats to an
uniform representation so that we can calculate their volumes and run geometric checks like collision
detection to resolve conflicts and duplications. This part relies on several COMPAS packages:
compas_ifc is used for parsing IFC files, and compas_rhino for loading geometries and traversing
contents in Rhinoceros files. We then convert all geometries to Boundary Representations (BRep) using
compas_occ, which provides a rich set of APIs to interact with BReps for operations like volume
calculation and collision detection.

4.3. Material and geometry data integration

The next step is to take the outputs from the first two modules and use them to generate a cohesive BoQ.
The main goal here is to resolve potential conflicts and duplication of building elements that are provided
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by multiple file sources at different levels of detail (LOD) and project stages. For example, while the
full architectural model of Hilo already contains the coarse geometries of the fagade elements like
window panels and steel frames, the dedicated facade model offers much more detailed versions of the
same elements, which should be used instead of the coarse versions (Figure 7). Another example is the
reinforced concrete base for the curved roof from a Rhinoceros file, where the concrete geometry is
defined as a simple solid box, excluding the steel rebar geometry buried inside (Figure 8).

Figure 7. Same building elements with geometries of different LOD from two IFC files

Figure 8. Example element where volume of internal geometries should subtracted

In order to resolve such conflicts, a computational decision tree is constructed, taking both material and
geometry information extracted earlier as inputs. For example, if we detected two building elements
colliding, we first check if the two elements are assigned the same material or name; if yes, that is likely
because they both represent the same element but at a different level of detail. In such a case, we should
keep the more detailed geometry (higher surface area, lower volume); if not, it is likely a situation similar
to reinforced concrete. In such a case, we should accordingly subtract the volume of the inner shell from
the outer ones when calculating the BoQ, effectively subtracting the volume of the rebar from the
concrete. We iterate through all pairs of elements until all conflicts are resolved (Image 9). At the end
of this step, a clean BoQ can be generated.
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Figure 9. Flowchart for data integration

4.4. LCI data association

Once the BoQ is created, the next step is to associate each material in the BoQ with corresponding
inventory items from an LCA database with appropriate functional units. This can be done again by
iteratively prompting LLMs providing material to be matched with a list of detailed information about
available LCI items. With GPT-4 currently supporting a maximum text window of 128k tokens [38], it
is possible to feed the entire inventory data of a typical LCA database such as KBOB [39] directly into
a single prompt, and get back a matched inventory item. In the case of larger databases, techniques such
as vectorisation and chunking can be used (Schwaber-Cohen [40]).

4.5. LCA Calculation

The LCA calculation consists simply of multiplying the material quantities from the BoQ to emission
potential factors provided by associated inventory items from the LCA database. In the case the
functional unit is not volume-based, unit conversions will be needed, which is relatively easy to
automate.

4.6. Output integration

A last optional step is to integrate the LCA results back into the input source files, so that they become
directly accessible in stakeholders’ original authoring platforms. In the case of this project, the LCA
results are integrated back using the same packages that were used for reading data. Compas_rhino can
write LCA data as User Data in Rhino objects, and compas_ifc can be used to write LCA results into
the property set called “Pset EnvironmentallmpactIndicators”, which is officially recommended for
such purposes.
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5. Discussion

The main contribution of this research is to explore a path towards a fully automated LCA workflow by
overcoming the challenge of manual data synthesis from heterogeneous data sources. Such a process is
time-consuming, error-prone and difficult to automate with conventional tools. Our strategy has been to
use a combination of COMPAS framework and LLMs, where COMPAS acts as the infrastructure and
computational solver, and LLMs as the cognitive solver. Together, they form a powerful autonomous
agent that demonstrates potential to automate the majority of tasks involved in the estimation of
embodied emission at scale without human intervention. We use NEST HilLo as a case study to build an
early implementation of this system. Compared to existing approaches, our system is more open and
customisable, and involves significantly less manual work at potentially a much lower cost. By
integrating the cognitive ability of LLMs to process inconsistent and unstructured inputs, such a system
can provide unparalleled flexibility to work seamlessly with any information sources with arbitrary data
storing patterns. This capability is not only useful for conducting LCA in the early project stages, where
the material information is scattered and unintegrated but will also make it significantly easier to conduct
assessments on countless built projects that were not centrally planned with tools like BIM.

Despite the significant potential of our approach, a number of limitations still need to be fully
investigated and resolved. First of all, a thorough comparison will be conducted between the LLM-based
solution and conventional manual procedures in terms of error rates, time efficiency, and financial costs.
Secondly a larger variety of data sources can be included into the pipeline, such as native formats of
other applications, text-based documents, excel sheets, and even 2D drawings. Finally, the integration
and benchmark using different LLMs other than OpenAl’s GPT-4, especially open-source alternatives
like Llama 2 will be included, to reduce reliance on proprietary models. The authors are therefore
currently working on a full implementation and validation of the proposed system.
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