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ABSTRACT

Embodied-carbon assessment has become an essential component of structural design, yet many life-cycle assessment
workflows remain separated from the evolving building information model. This paper proposes a dynamic OpenBIM–
LCA framework that connects structural geometry, construction-system material records, and environmental factors
within a transparent computational loop. The method extracts element quantities from an IFC-oriented structural
model, maps them to a material library, and updates embodied-carbon indicators whenever design variables are
modified. The framework enables rapid comparison of structural alternatives, element-level hotspot diagnosis,
and sensitivity-based interpretation without requiring a separate assessment model to be rebuilt after each design
change. The study demonstrates how BIM quantities and material attributes can be translated into a rigorous
carbon-calculation procedure for early-stage decision-making. The contribution lies in transforming BIM from a
passive source of schedules into an active environmental decision-support environment for low-carbon structural
design.

Keywords: Building information modelling Life-cycle assessment Embodied carbon Structural systems OpenBIM
Parametric design

1. INTRODUCTION

The decarbonisation of the built environment has shifted at-
tention from operational energy alone to the embodied im-
pacts of materials, structures, and construction systems. As
operational performance improves through regulation, enve-
lope design, and energy-system upgrades, the carbon locked
into foundations, slabs, frames, walls, and long-life compo-
nents becomes a decisive part of whole-building performance.
Structural systems are particularly important because they
often contain large volumes of concrete, steel, masonry, and
engineered timber, and because their geometry is usually
fixed early in the design process. Decisions about span, col-
umn grid, slab thickness, wall layout, and material grade

can therefore determine a large proportion of life-cycle im-
pact before detailed architectural or services coordination is
complete.

Building Information Modeling (BIM) is frequently presented
as an enabling platform for low-carbon design because it con-
tains geometry, element classes, material assignments, and
quantity information. However, the practical value of BIM
for embodied carbon assessment depends on whether this in-
formation can be transformed into a reliable life-cycle inven-
tory. A model that contains object names and volumes does
not automatically provide environmental meaning; it must
be mapped to material categories, densities, emission fac-
tors, replacement assumptions, and uncertainty ranges. This
mapping remains a persistent weakness in many BIM-LCA
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workflows, where designers export schedules to spreadsheets
and manually connect them to external databases.

Recent research has improved automated BIM-LCA calcu-
lation, classification-based mapping, and parametric assess-
ment, but a significant gap remains between static assessment
and dynamic design feedback. Many studies calculate embod-
ied carbon once the design has already reached a relatively
mature stage. In such cases, LCA is used as a verification in-
strument rather than a design driver. A more useful workflow
is one in which changes to structural parameters immediately
update material quantities and carbon indicators, enabling
designers to compare alternatives while design freedom still
exists.

This paper addresses this gap by developing a dynamic
OpenBIM–LCA framework for structural systems. The
framework links an IFC-oriented geometry extract with a
construction-system material library and uses a parametric
update function to recompute embodied carbon for alternative
structural configurations. The model focuses on the product
stage of structural materials because this stage is strongly
affected by early design choices and can be calculated with
transparent element-level quantities. The intention is not to
replace full whole-building LCA, but to provide a rigorous
early-stage mechanism for carbon feedback.

The contribution of this study is threefold. First, it formulates
a mathematical model that connects BIM element quantities,
material-density data, and embodied carbon factors into a
dynamic assessment engine. Second, it implements a repro-
ducible experiment using an IFC-derived structural quantity
extract and a DISCS-oriented material library to compare
structural options and conduct sensitivity analysis. Third, it
offers an interpretable set of tables and visual diagnostics that
identify carbon hotspots, option rankings, uncertainty ranges,
and design parameters with the largest influence on results.

2. RELATED WORK

BIM-LCA integration has been widely studied as a response
to the difficulty of manually compiling life-cycle invento-
ries from fragmented design information. Early integration
studies showed that BIM can reduce the effort required to
retrieve quantities, but they also demonstrated that geometry
extraction alone is insufficient unless material definitions and
LCA boundaries are handled consistently. Dalla Mora et al.
reviewed BIM-LCA parameters and emphasised that inte-
gration quality depends on modelling detail, data exchange
method, life-cycle boundary, and database compatibility [1].
This observation remains relevant because the carbon result is
not a direct BIM output; it is produced by a chain of assump-
tions connecting design objects to environmental information.

More recent studies have moved from quantity extraction
towards automated embodied-carbon assessment. Xu et al.
developed a BIM-integrated LCA solution for prefabricated
buildings and proposed a multi-level analytical structure for
material, component, assembly, flat, and building reporting
[2]. Parece et al. presented a BIM-based embodied carbon
tool using a construction classification system, showing how
classification can help map BIM objects to environmental
impact data [3]. These works indicate that a useful BIM-LCA
system requires both computational automation and seman-

tic ordering. The present paper adopts the same principle
but places greater emphasis on dynamic structural design
feedback rather than single-case reporting.

Parametric and optimisation-oriented BIM-LCA research
has highlighted the importance of assessing alternatives be-
fore the design becomes fixed. Mowafy and colleagues
proposed a parametric BIM-based LCA framework for sus-
tainable design [4], while Heydari et al. developed a BIM-
based framework for sustainable design optimisation and
economic-environmental assessment [5]. Such studies show
that parametric variation can reveal trade-offs that are hid-
den in static assessment. Nevertheless, many workflows still
require closed software environments, custom plug-ins, or
manual re-linking when design variables change. OpenBIM-
oriented methods are therefore needed for reproducible and
transferable assessment.

Dynamic LCA is also gaining attention as a way to represent
temporal change, scenario variation, and evolving design in-
formation. Yang et al. integrated BIM and building energy
modelling into a dynamic LCA framework [6], while Salati
et al. reviewed dynamic parameters and modelling methods
in building LCA [7]. These studies broaden the concept of
environmental assessment from fixed calculation to changing
performance representation. The present study applies the
dynamic idea at the structural design level by treating geom-
etry and material variables as updateable states that trigger
immediate recalculation of embodied carbon.

Another relevant research stream concerns structural embod-
ied carbon and design strategies. Fang et al. reviewed early-
stage strategies for reducing embodied carbon in structural
systems, identifying material efficiency, design optimisation,
reuse, and substitution as important intervention points [8].
de Paula Filho et al. examined how structural design influ-
ences embodied carbon in office buildings [9]. These studies
are important because they show that structural carbon is
not simply a material-selection issue; it is also shaped by
spans, thicknesses, stiffness requirements, and load paths.
Therefore, the proposed framework explicitly connects de-
sign parameters to element quantities before carbon factors
are applied.

Finally, the availability of open inventories and model
datasets is improving the reproducibility of BIM-LCA re-
search. The DISCS dataset provides detailed component,
layer, and material attributes for Swiss construction systems
[10], while the GNI BIM dataset introduces a large open
collection of anonymised IFC building models [11]. Such
resources support the creation of transparent experiments that
can be repeated and extended. However, they also expose
the unresolved problem of linking BIM geometry from one
source to material-layer inventories from another. This paper
treats the linkage itself as a research problem and proposes a
structured mapping procedure to connect IFC element quanti-
ties with material-factor records.

3. RESEARCH GAP AND PROPOSED MODEL

The literature shows progress in automated BIM-LCA calcu-
lation, classification-based mapping, and parametric assess-
ment. However, three unresolved issues remain. First, many
BIM-LCA workflows are static: quantities are extracted,

59



International Journal of BIM and Engineering Science (IJBES) Vol. 12, No. 01 · 2026

Table 1. Experimental BIM-LCA data profile used in the dynamic
assessment.

Item Value

Structural elements 96
Storeys represented 12
Element classes 8
Material classes 10
Design options 6
Sensitivity parameters 5
Life-cycle stage A1-A3 product stage
Reporting unit kgCO2e and kgCO2e/m2

matched once to an LCA database, and then reported. When
a designer modifies a span, slab thickness, material grade,
or structural system, the LCA result is not always updated
through the same computational chain. Second, many ap-
proaches depend on software-specific plug-ins, which limits
reproducibility and makes it difficult to compare methods
across datasets. Third, structural design sensitivity is often
discussed qualitatively but not formalised as a mathematical
update function that links geometry, material factors, and
option ranking.

The proposed model represents a structural BIM as a set of el-
ements E = {e1,e2, . . . ,en}. Each element ei has an IFC class
ci, volume Vi, storey si, material label mi, and design variables
θi. The material library is defined as M = {m1,m2, . . . ,mk},
where each material has density ρm, A1-A3 emission factor
φm, and uncertainty coefficient um. A semantic mapping func-
tion µ(ei) links a BIM material label to a library material
class. The element-level embodied carbon is computed as:

Ci(θ) =Vi(θ)ρµ(ei) φµ(ei), (1)

where Vi(θ) is the updated volume after design modification.
The total structural embodied carbon for a design option o is:

Co =
n

∑
i=1

Vi(θo)ρµo(ei)φµo(ei). (2)

Carbon intensity is normalised by gross floor area A:

Io =
Co

A
. (3)

The reduction against a baseline option b is:

Ro =
Cb −Co

Cb
×100. (4)

To model dynamic design feedback, the volume of an element
is modified by a structural response factor gi(θ):

Vi(θ) =V 0
i gi(θ), (5)

where V 0
i is the baseline IFC-derived volume. For example,

the grid-spacing effect for beams and columns is approxi-
mated as:

gi(s) =
( s0

s

)α

, (6)

where s0 is the baseline grid spacing and α controls the non-
linear relationship between spacing and structural repetition.

Algorithm 1 Dynamic embodied-carbon recalculation for
BIM-linked structural options

Require: IFC element set E, material library M, option set
O, area A

Ensure: Carbon totals Co, intensities Io, reductions Ro, sen-
sitivity scores S j

1: Extract {ci,V 0
i ,si,mi} for every ei ∈ E

2: Build mapping function µ(ei) from BIM labels to library
classes

3: for each option o ∈ O do
4: for each element ei ∈ E do
5: Update design factor gi(θo) according to element

class
6: Set Vi(θo) =V 0

i gi(θo)
7: Assign option-specific material µo(ei)
8: Compute Ci(θo) =Vi(θo)ρµo(ei)φµo(ei)

9: end for
10: Compute Co = ∑i Ci(θo) and Io =Co/A
11: end for
12: Set baseline carbon Cb and compute Ro =(Cb−Co)/Cb×

100
13: for each sensitivity parameter θ j do
14: Compute C(θ low

j ) and C(θ high
j )

15: Compute S j = |C(θ high
j )−C(θ low

j )|/Cb ×100
16: end for
17: Rank options by Co and return element-level hotspot

tables

Slab thickness changes are represented as:

gi(t) =
t
t0
. (7)

For material substitution, the model replaces µ(ei) with a
lower-carbon material class where the substitution rule is
activated. Sensitivity is evaluated using a one-at-a-time finite
difference indicator:

S j =
|C(θ high

j )−C(θ low
j )|

Cb
×100. (8)

This formulation supports transparent comparison because
each result can be traced to element volume, density, factor,
material mapping, and design state.

4. WORKING STEPS AND METHODOLOGY

The methodology was designed as a reproducible compu-
tational experiment with three linked layers: BIM quantity
extraction, material-library mapping, and dynamic LCA re-
calculation. The BIM layer represents structural elements
as IFC-style records containing element class, storey, ma-
terial assignment, and volume. The material layer uses a
DISCS-oriented construction-system structure in which ma-
terial classes are associated with density, A1-A3 embodied-
carbon factor, and uncertainty coefficient. The assessment
layer computes element-level and option-level carbon indica-
tors after each design change.

The experiment uses an IFC-oriented structural quantity ex-
tract prepared to represent a multi-storey building model with
slabs, beams, columns, core walls, shear walls, foundations,
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Table 2. Summary of verified studies related to BIM-LCA, embodied carbon assessment, and dynamic structural design feedback.

Ref. Study focus Methodological orienta-
tion

Main contribution Limitation motivating this study

[1] BIM-LCA integration parameters Review and framework
analysis

Identified data, LOD, exchange
and boundary parameters

Limited dynamic recomputation logic

[2] Prefabricated building embodied
carbon

IFC-enabled automated
assessment

Multi-level reporting from mate-
rial to building

Focused on prefabricated building case

[3] BIM tool for embodied carbon Classification-based BIM-
object mapping

Linked classification, LoD and
LCA database structure

Limited treatment of parametric struc-
tural variation

[4] Parametric BIM-LCA Parametric assessment
framework

Supported optimal sustainable
design decisions

Requires stronger OpenBIM material-
library linkage

[5] Sustainable design optimisation BIM-LCA with cost and
environmental objectives

Demonstrated integrated optimi-
sation workflow

Less focused on dynamic element-level
carbon feedback

[6] Dynamic building LCA BIM and building energy
modelling integration

Extended LCA with dynamic
building simulation

Structural option feedback is not the
main focus

[7] Dynamic LCA methods Systematic review Clarified dynamic parameters
and methods

Calls for implementable design-stage
workflows

[8] Structural embodied carbon Review of early-stage
strategies

Synthesised low-carbon struc-
tural design levers

Not implemented as BIM-linked com-
putation

[9] Structural design comparison Office-building LCA case
study

Showed influence of structural
choices on carbon

Case-specific assessment rather than
reusable pipeline

[10] Construction-system inventory Data descriptor and mate-
rial attributes

Provides granular component
and material data

Requires connection to design-stage
BIM quantities

[11] Open IFC model data OpenBIM dataset publica-
tion

Enables reproducible IFC-based
experimentation

Does not itself provide LCA mapping

[12] Machine learning for embodied
carbon

Predictive LCA estima-
tion

Demonstrated data-driven
embodied-carbon prediction

Less transparent than element-level ac-
counting

[13] BIM and carbon-emission review Literature review Identified BIM as a carbon-
accounting enabler

Limited computational demonstration

[14] Integrated LCCE and LCC assess-
ment

BIM-based life-cycle as-
sessment

Coupled carbon intensity and
cost indicators

Not directed to real-time structural op-
tion updating

[15] BIM and prefabrication for low-
carbon delivery

Systematic review Synthesised BIM-prefabrication
pathways for carbon reduction

Review evidence does not provide a
computational BIM-LCA engine

Figure 1. System architecture of the dynamic OpenBIM–LCA workflow for structural embodied-carbon assessment.

stairs, and roof slabs. This extract is paired with a material li-
brary organised according to the construction-system logic of
DISCS. The objective is to test the proposed dynamic method
rather than to claim a regulatory building certificate. Con-
sequently, the model boundary is limited to A1-A3 product-
stage emissions of structural and closely associated materials.
This boundary is appropriate for comparing early structural
alternatives because it captures the emissions most directly
affected by material and quantity choices.

Six design options were evaluated. The baseline option repre-
sents a conventional reinforced concrete frame. The remain-

ing options include lower-carbon concrete, optimised grid
spacing, hybrid timber floor replacement, slim slab design,
and recycled-steel-intensive substitution. These options were
selected because they represent common structural design
strategies: material substitution, geometric rationalisation,
member sizing, system substitution, and supply-chain factor
improvement. The model recalculates volume, mass, and
embodied carbon for each option without rebuilding the as-
sessment structure.

Sensitivity analysis was conducted for column spacing, slab
thickness, concrete factor, reinforcement ratio, and timber
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Figure 2. Material carbon-factor library used for dynamic mapping.

Figure 3. Baseline embodied-carbon hotspots by IFC element class.

floor share. Each parameter was varied between a low and
a high value while all other variables were kept at baseline.
This design provides interpretable information about which
structural decisions dominate the carbon response. The uncer-
tainty analysis used material-specific coefficients of variation
to estimate a distribution of option-level carbon totals under
emission-factor variability.

5. RESULTS

Figure 2 shows the material carbon factors used by the model.
Aluminium facade material has the highest factor in the li-
brary, while concrete classes have lower factor per kilogram
but produce large carbon totals because of their high volumes
and densities. This distinction is important because a low
unit factor can still dominate total carbon when the material
is used extensively. Structural LCA must therefore combine
material intensity and quantity, rather than treating emission
factors alone as a decision criterion.

Baseline results are summarised in Table 4 and Figure 3.
Slabs and foundations are major contributors because they
combine large volumes with dense materials. Core walls
and shear walls also show substantial contributions because
they use higher-strength concrete and persist through multiple
storeys. These results support a design interpretation: struc-
tural carbon reduction should not only target high-emission
materials, but also the repeated and high-volume elements
that define the building’s load-bearing system.

The comparative option results in Table 5 and Figure 4 demon-
strate that the proposed dynamic workflow produces clear
differences between structural strategies. The timber hybrid
option gives the largest reduction because it changes both
material class and floor-system carbon intensity. The low-
clinker concrete option performs well because it reduces the
carbon factor while preserving the baseline geometry. The op-

Figure 4. Dynamic comparison of structural design alternatives.

timised grid option produces a moderate reduction by chang-
ing element quantities, particularly beams and columns. The
recycled-steel option improves material factors but remains
less effective than system-level substitution in this experi-
ment.

Figure 5 presents a four-part performance summary. The
carbon-intensity panel provides an area-normalised view that
is useful for comparison across buildings. The reduction
panel directly shows the benefit of each intervention relative
to the baseline. The quantity-carbon relationship shows that
lower volume does not always guarantee lower carbon be-
cause material factors and substitution rules also influence
the result. The structural mass panel indicates that mass re-
duction and carbon reduction are related but not identical
objectives.

Element-level contributions in Table 6 and Figure 6 reveal
how each option changes the distribution of embodied car-
bon. A low-clinker option reduces carbon across concrete-
dominated components without changing their relative rank-
ing. A timber-hybrid option redistributes the contribution
away from floor slabs and towards remaining concrete com-
ponents such as walls and foundations. This type of diag-
nostic is valuable because a low-carbon option can create a
new hotspot after the original hotspot is reduced. Designers
therefore need element-level information rather than only a
single total.

The sensitivity analysis in Table 7 and Figure 7 indicates
that slab thickness and timber floor share have the strongest
influence in this experiment. This result is consistent with
the dominant role of horizontal structural systems in repeated
floor plates. Concrete factor is also important because it
affects multiple element classes simultaneously. Column
spacing and reinforcement ratio have smaller but still rele-
vant effects. These results suggest that early design meetings
should evaluate floor-system configuration and concrete spec-
ification alongside structural grid decisions.

Figure 8 shows normalised response curves for the tested
parameters. The curves provide a visual explanation of why
some parameters have stronger effects. Slab thickness pro-
duces an approximately proportional response because slab
volume changes linearly with thickness. Column spacing
follows a non-linear response because spacing affects the
repetition of vertical and horizontal members. Timber share
produces a downward response because it replaces a carbon-
intensive floor system with a lower-carbon alternative. The
response plot therefore supports both numerical ranking and
engineering interpretation.
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Table 3. DISCS-oriented material library and embodied-carbon factors used by the dynamic linking function.

Material class Density (kg/m3) A1–A3 factor (kgCO2e/kg) CV Mapping level

Concrete C30/37 2400 0.12 0.12 material
Concrete C40/50 2450 0.13 0.13 material
Reinforcing steel 7850 1.85 0.18 material
Structural steel 7850 2.05 0.20 material
CLT panel 470 0.18 0.25 layer
Glulam 430 0.20 0.24 layer
Brick masonry 1800 0.22 0.16 layer
Mineral wool 90 1.15 0.30 insulation
Gypsum board 750 0.18 0.18 finish
Aluminium facade 2700 8.20 0.22 envelope

Table 4. Baseline IFC-derived structural quantities and embodied carbon by element class.

IFC class Material class Elements Volume (m3) Mass (t) EC (tCO2e)

Beam Concrete C40/50 12 90.69 222.18 29.33
Column Concrete C40/50 12 53.32 130.63 17.24
Core wall Concrete C40/50 12 231.59 567.38 74.89
Foundation Concrete C30/37 12 325.69 781.67 89.89
Roof slab Concrete C30/37 12 240.04 576.10 66.25
Shear wall Concrete C40/50 12 177.76 435.51 57.49
Slab Concrete C30/37 12 572.64 1374.33 158.05
Stair Concrete C30/37 12 68.77 165.04 18.98

Table 5. Comparative embodied-carbon results for the structural design alternatives.

Option Volume (m3) Mass (t) EC (tCO2e) Intensity (kgCO2e/m2) Reduction (%)

O1 baseline 1760.49 4252.84 512.12 66.08 0.00
O2 low-clinker 1760.49 4252.84 399.46 51.54 22.00
O3 optimised grid 1693.22 4090.31 492.53 63.55 3.83
O4 timber hybrid 1153.54 2144.13 276.91 35.73 45.93
O5 slim slab 1628.43 3935.80 475.58 61.37 7.14
O6 high-recycled steel 1608.42 3884.82 467.26 60.29 8.76

Figure 5. Four-panel performance profile of structural design options.

Uncertainty results in Table 10 and Figure 9 show that
material-factor variability can widen the confidence inter-
val around each option. The ranking remains stable in the

present experiment, but the magnitude of uncertainty differs
between options because each option has a different material
composition. This finding is important for decision-making:
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Table 6. Element-level embodied-carbon contribution under each design option (tCO2e).

Element class O1 O2 O3 O4 O5 O6

Beam 29.33 22.88 25.81 4.40 31.67 20.53
Column 17.24 13.45 16.38 15.52 16.90 12.93
Core wall 74.89 58.42 73.40 74.89 73.40 71.15
Foundation 89.89 70.12 86.30 80.90 85.40 82.70
Roof slab 66.25 51.68 63.60 7.31 56.98 60.95
Shear wall 57.49 44.84 56.34 57.49 56.34 54.61
Slab 158.05 123.28 151.73 17.43 135.92 145.40
Stair 18.98 14.80 18.98 18.98 18.98 18.98

O1: baseline; O2: low-clinker concrete; O3: optimised grid; O4: timber hybrid; O5: slim slab; O6: high-recycled steel.

Table 7. One-at-a-time sensitivity results for structural and material
parameters.

Parameter Low High Low ∆ (%) High ∆ (%)

Column spacing 6.00 8.40 0.96 -0.74
Slab thickness 0.20 0.32 -10.11 10.11
Concrete factor 0.75 1.15 -25.00 15.00
Reinforcement ratio 0.75 1.35 -1.85 2.59
Timber floor share 0.00 0.65 0.00 -19.50

Figure 6. Element-class contribution to option-level embodied
carbon.

Figure 7. Sensitivity ranking of design and material parameters.

Figure 8. Normalised response curves for parametric LCA feed-
back.

Table 8. Internal validation checks for the BIM-LCA coupling
workflow.

Check Metric Value

Quantity com-
pleteness

Non-null ele-
ments

100.00%

Material matching Matched volume 100.00%
Factor matching Matched rows 100.00%
Option recomputa-
tion

Option count 6 options

Mass conservation Baseline differ-
ence

0.00%

Reproducibility Rerun status Deterministic

Table 9. Design-option ranking from the dynamic embodied-carbon
assessment.

Rank Option EC (tCO2e) Reduction (%)

1 O4_timber_hybrid 276.91 45.93
2 O2_low_clinker 399.46 22.00
3 O6_high_recycled_steel 467.26 8.76
4 O5_slim_slab 475.58 7.14
5 O3_optimised_grid 492.53 3.83
6 O1_baseline 512.12 0.00

Table 10. Monte Carlo uncertainty interval for material-factor vari-
ability.

Option_ID Mean_tCO2e P05_tCO2e P95_tCO2e

O1_baseline 513.21 440.13 594.48
O2_low_clinker 398.41 341.66 460.18
O3_optimised_grid 492.09 422.02 567.25
O4_timber_hybrid 277.34 240.44 318.21
O5_slim_slab 474.95 408.24 549.12
O6_high_recycled_steel 467.47 401.18 540.62

Figure 9. Uncertainty intervals caused by material-factor variability.

when two alternatives have close carbon totals, uncertainty
analysis may be required before selecting a preferred design.

Figure 10 summarises the semantic relationship between
IFC geometry and the LCA library. The workflow treats
IFC elements as carriers of geometry and identity, while
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Figure 10. OpenBIM-to-LCA semantic data relationship.

the DISCS-oriented library provides environmental meaning.
This separation is essential because the BIM model may con-
tain project-specific names that are not directly compatible
with LCA databases. A stable mapping layer is therefore
required to maintain reproducibility across design iterations.

6. DISCUSSION

The results demonstrate that dynamic BIM–LCA integration
provides richer and more actionable design intelligence than
a single end-stage carbon calculation. The baseline hotspot
analysis identifies where carbon is concentrated, the option
comparison shows how design strategies change total impact,
and the sensitivity analysis clarifies which parameters deserve
early attention. Together, these outputs convert embodied-
carbon assessment from a reporting activity into a design-
feedback activity.

A central finding is that structural carbon reduction is gov-
erned by the interaction between geometry, material choice,
and the semantic quality of the quantity-to-factor mapping.
Lower-carbon material selection is beneficial, but it does not
replace the need for efficient structural configuration. Simi-
larly, reducing volume is beneficial, but its impact depends
on which material is reduced and whether the change shifts
demand elsewhere. The proposed equations make these re-
lationships explicit by linking element volume, density, and
factor through the mapping function.

The dynamic framework is also useful because it supports
transparent traceability. Each option-level total can be decom-
posed by element class and material class. This is important
for engineering practice because designers, structural engi-
neers, and sustainability consultants must explain why one
design performs better than another. A black-box carbon
score is less useful than a reproducible calculation that shows
which components, variables, and assumptions drive the re-
sult.

The study also highlights the importance of inventory quality.
DISCS-style component and material records provide a richer
basis for mapping than simple material names, but practical
deployment requires careful alignment between BIM author-
ing conventions and LCA database structures. If a BIM model
uses vague material labels, generic objects, or missing quan-
tities, the resulting carbon calculation becomes uncertain.
Therefore, BIM-LCA integration should be accompanied by
modelling requirements that specify material naming, quan-
tity completeness, and level of information need.

Although the experiment focuses on product-stage embodied

carbon, the framework can be extended to other life-cycle
stages. Transport, construction, replacement, end-of-life, and
reuse scenarios can be added as additional factor layers. The
same mathematical structure remains valid if the factor term is
replaced by a vector of stage-specific impacts. This extension
would allow dynamic comparison of structural options under
different service-life and circular-economy assumptions.

7. RESEARCH CHALLENGES AND FUTURE DIREC-
TIONS

Several challenges remain before dynamic BIM-LCA sys-
tems can be adopted at scale. The first challenge is semantic
interoperability. IFC models differ in naming conventions,
object decomposition, and material assignment practices. A
model may contain accurate geometry but insufficient mate-
rial information, or it may contain material names that cannot
be directly matched to environmental databases. Future re-
search should develop robust mapping ontologies that connect
IFC classes, classification systems, material layers, and LCA
datasets without excessive manual correction.

The second challenge is uncertainty communication. Envi-
ronmental product declarations, generic databases, regional
factors, and recycled-content assumptions can produce differ-
ent results for the same material. Dynamic LCA tools should
not present a single number without uncertainty ranges. Fu-
ture work should integrate probabilistic factors, confidence
indicators, and sensitivity-based warnings directly into BIM
dashboards.

The third challenge concerns structural validity. Early-stage
parametric updates can estimate volume changes, but they
must eventually be connected to engineering verification. A
reduced slab thickness may lower carbon but can affect deflec-
tion, vibration, fire performance, and reinforcement demand.
Future dynamic LCA systems should therefore be linked
with structural analysis tools so that low-carbon alternatives
remain technically feasible.

The fourth challenge is the integration of circular design.
Datasets such as DISCS support reuse-oriented thinking by
describing construction systems and component attributes.
However, reuse potential is not captured by A1-A3 factors
alone. Future research should add salvageability, reversibility,
residual value, and deconstruction constraints to BIM-LCA
models.

The fifth challenge is benchmarking. Designers need to know
whether an option is low-carbon not only relative to the base-
line but also relative to external benchmarks. Future work
should connect dynamic BIM-LCA outputs to regional build-
ing benchmarks, structural typology databases, and policy
thresholds.

8. CONCLUSION

This paper presented a dynamic OpenBIM–LCA framework
for the embodied-carbon assessment of structural systems.
The model links IFC-derived element quantities, a DISCS-
oriented material library, and parametric design variables in
a transparent calculation structure. The proposed equations
compute element-level carbon, option-level totals, normalised
intensities, baseline reductions, and sensitivity indicators.
The experimental results show that the framework can identify
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structural hotspots, compare design options, reveal parameter
influence, and communicate uncertainty.

The principal contribution lies in shifting embodied-carbon
assessment from static reporting to dynamic design feedback.
Rather than treating BIM as a source of exported schedules,
the proposed framework treats BIM as a computational inter-
face in which geometry, material meaning, and environmental
performance are updated together. This approach can sup-
port early design decisions when structural choices still have
significant carbon-reduction potential. Future work should
extend the model to whole-life impacts, integrate structural
performance checks, and improve semantic mapping between
OpenBIM objects and environmental product databases.
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