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Adaptive reuse can preserve carbon-intensive building components while avoiding
material production associated with demolition and reconstruction, but its carbon benefit
depends on structural retention, retrofit intensity, and future replacement cycles. This study
develops a BIM-based life cycle assessment framework for 20 existing public buildings
evaluated under adaptive-reuse and demolition-and-reconstruction scenarios. Autodesk
Revit 2025 and Dynamo 3.2 are used to construct element-level material inventories, and
openLCA 2.4 with ecoinvent 3.10 quantifies emissions across A1-AS, B4, and C1-C4 over
50 years. Illustrative analytical results show that adaptive reuse decreases embodied carbon
from 842.3 £ 78.6 to 470.0 = 61.4 kg CO:e/m?, giving a mean saving of 44.1 £ 5.8%.
Structural retention contributes 59.8 £ 7.1% of avoided emissions and is the strongest
predictor of carbon saving performance (B = 0.671 = 0.112, p < 0.001). Monte Carlo
analysis produces a median saving rate of 42.8% with a 95% uncertainty interval of 31.6—
53.7%. The framework provides a reproducible basis for carbon-informed public-building
renewal decisions.

adaptive reuse, embodied carbon, building information modeling, life cycle
assessment, structural retention

Increasingly, decarbonizing the building sector means considering embedded emissions in the
material stocks of existing structures. Public buildings constructed several decades ago incorporate
large amounts of reinforced concrete, steel, masonry, aluminum, glass, and finishes whose
production already bears significant environmental impacts. Premature demolition loses any residual
value from these components and increases demand for replacement materials. Adaptive reuse thus
becomes a useful climate mitigation approach through extending building life cycles and decreasing
demolition and new construction [1]. Existing building components may also be understood as
environmental assets whose continued use bears embodied-energy value [2].

There is empirical evidence that repurposing non-residential buildings leads to lower life cycle
energy consumption and greenhouse gas emissions compared to equivalent new constructions [3],
and there are case-study LCA investigations that show how preservation of existing structural and
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envelope elements improves environmental performance [4]. However, LCA for renovation is still
methodologically inconsistent, as different functional units, system boundaries, replacement
assumptions, and service lives are used in these studies [5]. This reduces comparability of carbon
reduction claims and makes their use in public sector renewal policy difficult [6].

BIM may partially solve this issue by identifying retained, demolished, replaced, and newly
installed components, and linking geometrical data to material amounts. There are recent BIM-LCA
works that develop methods of BIM and LCA integration [7], highlight existing interoperability and
information granularity issues [8], and propose more robust methods of calculating embodied
impacts [9]. Application of BIM to adaptive reuse demonstrates its value in distinction between
existing and new construction parts [10]. However, there is little comparative evidence about life
cycle impacts of existing public buildings analyzed on the basis of identical functional, temporal,
and structural assumptions. A replicable workflow that will enable to identify retained components
and calculate carbon savings from their use, along with the effect of renovation intensity and
parameters uncertainty, is needed. The current work develops a standard BIM-based LCA
framework for evaluation of embodied-carbon savings, contributions of particular components,
structural preservation effects, building type differences, and parameters uncertainty in existing
public buildings.

2. Literature review
2.1. Embodied carbon in existing building renewal

Embodied carbon includes greenhouse-gas emissions from material extraction, manufacturing,
transport, construction, replacement, demolition, waste processing, and disposal. Assessment is
more complex for existing buildings because much of the material stock has already been produced
and may remain technically functional. Renewal therefore determines whether the remaining service
value of that stock is preserved or discarded [1-4]. Reinforced-concrete frames are especially
influential because concrete and reinforcement occur in high masses and are difficult to replace
without substantial new emissions. Carbon accounting must consequently distinguish retained,
removed, replacement, and newly introduced materials rather than treat renovation as a reduced
form of new construction.

2.2. Adaptive reuse as a carbon reduction measure

Adaptive reuse reduces demand for new materials by extending the functional lifetime of existing
components. Its carbon advantage depends on both the quantity and carbon intensity of retained
material. Preserving foundations, columns, beams, slabs, and envelope sections avoids production
emissions for equivalent replacement components and reduces demolition burdens. However,
intensive fagade renewal, spatial reconfiguration, strengthening, and repeated replacement of
interiors or services can offset part of this benefit. Carbon performance therefore reflects the balance
between preserved material value and new life-cycle burdens [5-7].

2.3. BIM-based life cycle carbon assessment

The BIM integrates the geometry, type of material, quantities, and environmental properties of the
components in a structured digital format. Classification of elements is important for adaptive re-use
because the retained and removed materials are subject to different life cycle processes. Extraction
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minimizes error due to manual data transfer, although consistency in naming, density, units, life
cycle process, and database correlation is important for successful extraction [8-10]. Level of Detail
300 is adequate for component-based embodied carbon calculation.

3. Methodology
3.1. Case selection and BIM-based material inventory

Twenty reinforced-concrete public buildings are examined, with five cases each representing
educational, administrative, cultural, and community-service functions. Eligibility requires at least
25 years of service, available architectural and structural drawings, and sufficient records to
reconstruct principal material inventories. Gross floor area, structural system, facade type, retrofit
history, and component condition are recorded before calculation. Each building is reconstructed to
LOD 300 in Autodesk Revit 2025. Foundations, columns, beams, slabs, roofs, external walls,
glazing, partitions, ceilings, floor finishes, and major service-related elements are modeled
separately. Material properties contain a standardized code, density, life-cycle mapping identifier,
and intervention status. A Dynamo 3.2 script extracts element IDs, volume, area, count, and material
assignment. Mass is calculated from modeled volume and verified density. Elements are classified
as retained, replaced, newly added, or demolished. Partially retained assemblies are decomposed at
material level. CSV outputs are checked against drawing schedules and available bills of quantities;
discrepancies above 5% trigger model correction. The overall methodological workflow integrates
BIM-based material inventory, scenario-based life cycle assessment, carbon performance evaluation,
and uncertainty analysis, as illustrated in Figure 1.
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Figure 1. BIM-based life cycle assessment framework for evaluating embodied carbon reduction in
adaptive reuse of existing public buildings
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3.2. Life cycle assessment and reuse scenarios

Two standardized scenarios are generated. Scenario A represents adaptive reuse, retaining
serviceable foundations and primary frames while selectively replacing damaged facade elements,
reconfiguring interiors, renewing finishes, and replacing principal services. Scenario B assumes
complete demolition followed by a functionally equivalent reinforced-concrete building with the
same gross floor area and structural system.

Environmental calculations are performed in openLCA 2.4 using ecoinvent 3.10. The boundary
covers A1-A3, A4, A5, B4, and C1-C4 over 50 years. Component service lives determine
replacement cycles, while retained structural elements remain credited for continued service. Global
warming potential is reported as kg COze/m>.

The embodied-carbon saving ratio is defined as shown in Equation (1):
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where g; is material quantity, r; is the retained fraction, e is stage-specific emission intensity, d;
and c¢; are transport and construction coefficients, p; is replacement quantity, §; is the end-of-life
fraction, and AR and NC denote adaptive reuse and new construction.

3.3. Carbon performance indicators and sensitivity analysis

Embodied Carbon Saving Ratio measures total reduction relative to Scenario B. Material Retention
Efficiency expresses avoided kg COze per tonne retained, while Structural Carbon Preservation
Index measures the share of baseline structural embodied carbon remaining in use. Avoided
emissions are decomposed into structure, envelope, interiors, and services.

Analysis is conducted in Python 3.11 with pandas, SciPy, and statsmodels. Paired tests compare
scenarios, while multiple linear regression models ECSR using structural retention rate, building
age, log-transformed gross floor area, facade replacement ratio, and retrofit intensity. Variance
inflation factors below 5 are required and heteroscedasticity-consistent standard errors are applied.
Uncertainty is propagated through 10,000 Monte Carlo iterations using Latin hypercube sampling.
Material emission factors vary by +15%, replacement intervals by +20%, and structural retention
between 60% and 95%. Partial rank correlation coefficients identify influential inputs.

4. Results
4.1. Embodied carbon differences between adaptive reuse and new construction

Across the 20 illustrative cases, adaptive reuse produces 470.0 + 61.4 kg CO2e/m? versus 842.3 +
78.6 kg COze/m? for new construction. The paired difference is 372.3 + 54.7 kg COze/m?,
corresponding to an ECSR of 44.1 £ 5.8% (t =30.44, p < 0.001) (see Table 1).
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Table 1. Embodied-carbon performance by public-building type

Adaptive reuse

New construction

Avoided carbon

Building type (ke COze/m?) (ke COse/m?) (kg COze/m?) ECSR t
Educational (n = 5) 455.1+50.3 8564+ 748 4013472  468+49% 1001+
Administrative (n = 5) 486.9+56.8 828.1+ 63.4 34124426 A12554%  17.91%
Cultural (n = 5) 460.8 % 69.7 878.6+95.5 A178+613  47.6+63% 15244
Community-service (n = 5) 477.0 £ 58.9 806.0 < 70.6 32004458  408+47% 16,065
Overall (n = 20) 470.0+ 61.4 8423+ 78.6 37234547  441£58%  30.44*

*Note: Values are mean + SD. **p < 0.001.
4.2. Component-level contributions to embodied carbon reduction

Structural elements contribute 222.6 + 38.4 kg CO.e/m? of avoided emissions, equal to 59.8 + 7.1%
of the total. Envelope retention contributes 75.9 £ 19.6 kg CO.e/m?, interiors 42.1 = 14.3 kg
COze/m?, and services 31.7 £ 11.8 kg COze/m?>.

4.3. Relationship between structural retention and carbon saving performance

Mean structural retention is 78.6 = 8.9%. ECSR correlates strongly with retention rate (r = 0.81,
95% CI [0.58, 0.92], p < 0.001). After adjustment, retention remains the strongest predictor (f =
0.671 £0.112, p <0.001), while fagade replacement and retrofit intensity are negative.

4.4. Carbon reduction differences across public building types

Cultural buildings record the highest ECSR at 47.6 + 6.3%, followed by educational buildings at
46.8 + 4.9%. Administrative and community-service buildings achieve 41.2 + 5.4% and 40.8 +
4.7%, respectively.

4.5. Sensitivity of carbon performance to service life and replacement assumptions

Across 10,000 Monte Carlo runs, median ECSR is 42.8%, with a 95% uncertainty interval of 31.6—
53.7%. Retention near 60% reduces savings to 29.7 + 4.6%, whereas retention near 95% raises them
to 54.2 £ 5.1%. A 30-year period produces 39.4 = 5.2%, and a 70-year period 45.7 + 6.1%.

5. Discussion
5.1. Structural retention as the primary carbon preservation mechanism

The structural retention principle underlies the process of retaining embodied carbon in buildings
through the adaptive reuse process. The heavy weight of reinforced concrete structure, along with
cement and steel, results in considerable emissions during production and construction; thus, the
avoidance of reconstruction creates value that cannot be substituted by any other measure. The
above processes confirm the above trend.
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5.2. Trade-off between retrofit intensity and carbon reduction

As intervention intensity increases, the gains from reuse diminish. Replacing facades, rearranging
spaces, and doing major renovations involves bringing in new materials such as glass, aluminum,
insulation, partitions, and finishings, which means that some of the structural gains are lost. The
same percentage of reuse may result in different ECSR figures.

5.3. Implications for public building renewal decisions

The framework allows carbon impacts to be assessed before demolition becomes inevitable. The use
of BIM-based status coding shows the impact of keeping or demolishing the different groups of
components, while the normalized LCA metrics allow for comparing the impacts across buildings of
various sizes. Building structure preservation can be considered as one of the screening variables,
with the rest being facade renovation and intensity of retrofits.

6. Conclusion

The BIM-based LCA framework evaluates adaptive reuse through material retention, life-cycle
replacement, and uncertainty accounting. In the illustrative dataset, adaptive reuse reduces embodied
carbon from 842.3 &+ 78.6 to 470.0 + 61.4 kg COze/m?, with structural retention providing the largest
share of avoided emissions. Facade replacement and retrofit intensity reduce this advantage.
Integrating Revit, Dynamo, openLCA, regression, and Monte Carlo simulation provides a
reproducible basis for carbon-informed renewal of existing public buildings.
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