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Abstract

Office buildings accumulate embodied carbon not only during construction but repeatedly
throughout operation, driven by tenant improvements (TI). In contexts where regulatory
and supply-chain constraints limit full design-for-disassembly, this paper explores par-
tial decoupling of a dry slab system within the high-churn zone of a Seoul office. Two
area-normalised indicators are introduced—cumulative intervention area (Acum) and Re-
configuration Carbon Intensity (RCI)—defined on the structural slab/panel boundary to
complement the mass-weighted Circularity Index (CI). The indicators are demonstrated
on a 17-storey Seoul office over 60 years across three scenarios: a wet composite baseline
(S1), full-dry CLT (S2), and a hybrid placing CLT within the high-churn zone (S3). S3
reduces RCI by approximately 45% relative to the wet baseline, capturing 71.7% of the
full-decoupling benefit while converting only 11.5% of the floor area to CLT—a benefit-to-
conversion ratio of 6.2×. Both shares are fixed by the floor-plate geometry, so this ratio is a
consequence of the high-churn zone’s concentration rather than an independent empirical
finding. A joint-uncertainty stress test confirms that S3 outcomes lie entirely below S1
across plausible parameter ranges. A placement test compares three configurations of
the same floor that differ only in CLT placement location relative to the high-churn zone.
Mass-weighted CI cannot distinguish these configurations, whereas RCI ranges from no
reduction to the full hybrid benefit depending on placement—isolating the diagnostic value
of the use-phase indicator. Hybrid zone-scale decoupling offers a feasible pathway for
use-phase decarbonisation without committing to full-floor dry construction.

Keywords: reconfiguration carbon intensity; cumulative intervention area; recurring em-
bodied carbon; hybrid dry floor systems; high-churn office buildings; design for disassem-
bly; circularity index; partial decoupling; CLT

1. Introduction
1.1. Embodied Carbon and Design Practice

Whole-building embodied-carbon assessments commonly describe buildings as if
they are built once and then remain materially stable until eventual demolition. This
simplification is particularly inadequate for commercial office buildings, where tenant
improvements (TI), service replacements, and recurring layout changes repeatedly add
embodied carbon during the use phase and where cumulative recurring emissions can
become comparable to those of initial core-and-shell construction [1] (see Section 2.1 for the
full empirical case).
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One specific source of recurring use-phase carbon arises in contemporary headquar-
ters offices, where internal staircases and open vertical circulation are cut through the
structural slab to support collaboration between stacked floors. If a floor is later leased as
an independent unit, the void must be re-closed. Each open-and-close cycle is one structural
slab-penetration event, and its carbon cost depends on the slab system being cut and restored.
In a conventional wet steel–concrete composite slab, each penetration requires saw-cutting,
breaking out, and re-casting concrete—an irreversible demolition-and-reconstruction se-
quence. In a dry, demountable CLT panel system, the same spatial change is achieved
by unbolting and reinstalling panels—a reversible, low-carbon operation. The contrast
between this wet coupling penalty and the dry reversibility benefit is the central object of
measurement in this paper.

Recent LCA methods provide tools for modelling product recovery, layer-based
replacement, and time-resolved replacement events relevant to recurring structural
intervention [2–4]; Section 2 details how this paper builds on them.

1.2. Design for Disassembly and Circularity

Design for disassembly (DfD) extends the useful life of building components by mak-
ing them recoverable and reusable at end-of-life [5]; recent demonstrations include reusable
and demountable steel–concrete composite floor systems [6]. Brand’s shearing-layers
model [7] introduces a compatible logic at the building scale: layers age and turn over
at different rates, and dry, demountable assembly between layers allows each layer to be
replaced or reconfigured without destroying the others. This study draws on the layered
dry-assembly principle rather than on the specific service-life values of the model; subse-
quent applications of the model to building LCA [8,9] are noted in the Literature Review.

However, most DfD research assumes ideal conditions, treating entire floor systems
as either fully coupled (wet) or fully decoupled (dry). It rarely addresses the practi-
cal constraints—regulatory compliance pathways, supply chain availability, certification
regimes, and detailing costs at scale—that limit how widely fully dry construction can be
applied in any given regional market.

1.3. Practical Constraints on Full-Floor Dry Construction

Fully dry floor systems are well-established in European mass-timber practice but
remain uncommon in commercial office construction across much of East Asia [10]. Where
dry construction is not the default, several barriers compound: limited domestic supply
chains for engineered panels and dry connectors, the absence of certified system-level test
reports for full-floor dry assemblies, and the cost premium of fire and acoustic compliance
detailing required across large dry areas. In the Korean context, fire-resistance requirements
for mid- to high-rise office floors (typically 120 min ratings) are set by the Rules on the
Standards for Escape and Fire-Proof Structures of Buildings [11]. These barriers scale with dry
area, making full-floor dry construction less practical at present. Full-dry implementation is
therefore treated throughout this study as a theoretical upper-bound reference (Scenario S2);
the hybrid scenario (Scenario S3), which uses the dry system in the specific high-churn area,
is the practical design target. The illustrative case examined in Section 3.3 traces precisely
such a trajectory: a Seoul office whose flexible floors were reduced from the full-CLT
ambition to a high-churn-zone CLT insertion under the constraints described above.

1.4. Research Objectives

This study formalises two area-normalised indicators for carbon reconfiguration—
Cumulative Intervention Area (Acum), the total floor area affected by reconfiguration events
over the study period, and Reconfiguration Carbon Intensity (RCI), the carbon emitted per
unit of that area—and demonstrates their behaviour on a hybrid floor that places dry
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construction where reconfiguration events occur. The reconfiguration event modelled is a
vertical slab-penetration cycle, defined in Section 3.6.2. The study addresses two questions:

1. Methodological. Can Acum and RCI be formalised as area-normalised indicators on
a declared boundary, and how do they complement the mass-weighted Circularity
Index (CI) when both are evaluated on the same boundary?

2. Empirical. To what extent does localizing dry CLT construction within a high-churn
zone—while retaining conventional wet slabs elsewhere—reduce reconfiguration
carbon intensity and absolute reconfiguration GWP relative to a fully wet baseline?

2. Literature Review
This review concentrates on the work most directly relevant to the proposed indicators,

organised in four strands: the recurring use-phase carbon of office churn that motivates
the problem; the disassembly-potential and recovery framework of Abu-Ghaida et al. [2]
that supplies the Circularity Index inputs adopted here; the time-resolved prospective-
LCA principle that places reconfiguration events in time; and layer-based replacement
modelling. The disassembly framework and the recurring-carbon evidence are the most
direct foundations of the method; each strand is discussed only insofar as it bears on
reconfiguration carbon within a single structural layer.

2.1. Embodied Carbon in Adaptive Buildings

Rodriguez et al. [1] quantified embodied carbon for mechanical, electrical, plumbing
(MEP) and tenant-improvement (TI) systems in Pacific Northwest commercial offices, re-
porting per-installment values of 40–75 kg CO2e/m2 for MEP and 45–135 kg CO2e/m2 for
TI; with recurring installations over a 60-year horizon, cumulative emissions become com-
parable to those of initial core-and-shell construction. Forsythe and Wilkinson [12] profiled
office fit-out frequency in the Melbourne CBD (n = 986 permits, 2006–2010), and through
four supporting case studies estimated that 46–71% of floors in high-rise office buildings
undergo retrofit within a five-year period; they identified recurring embodied energy as an
under-quantified component of office building LCA. Together, these studies establish that
office buildings are materially unstable during the use phase.

2.2. Disassembly Potential and Product Recovery

Abu-Ghaida et al. [2] developed a disassembly-network-based method for incorpo-
rating product recovery potential into building LCA. The method derives a Disassembly
Potential (DP) score from four criteria (connection type, connection access, form contain-
ment, and crossings), maps DP to a Recovery Potential (RP) via a material-specific function,
and couples RP to a probabilistic material flow analysis with a binary recovery outcome.
DP and RP are adopted directly in this study, including the four-criterion scoring and the
DP-to-RP mapping (Appendix C).

The Circularity Index (CI) used here is a mass-weighted per-assembly aggregation of
the product-level RP values, in the building-circularity-indicator tradition [13]. CI is not a
named indicator in Abu-Ghaida et al.; it is a summary aggregation that uses Abu-Ghaida’s
DP and RP as inputs. The contribution of this paper is not an extension of DP or RP but a
complementary use-phase indicator (RCI) on the same boundary as CI; see Section 3.6.2.

2.3. Time-Resolved Prospective LCA

Abu-Ghaida et al. [4] extended the disassembly-network method into time-resolved
prospective LCA (trP-LCA), which evolves future background inventories using prospec-
tive integrated-assessment-model pathways and tracks the timing of replacement events.
They show that trP-LCA produces materially different results than static LCA, particularly
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in replacement phases, because production processes decarbonise over the building life-
time. Levasseur et al. [14] developed dynamic LCA (DLCA), combining a time-resolved
inventory with time-dependent characterisation factors derived from the cumulative radia-
tive forcing concept; the demonstrated implementation is for global warming, though the
framework is presented as applicable in principle to any impact category. The present
study draws on this literature for the principle that background inventories evolve over
a building’s life, but does not stage the per-event intensities in time. On the structural
slab/panel boundary, the reconfiguration carbon is dominated by process emissions (ce-
ment calcination, primary steel) and fuel-based intercontinental transport, which are largely
insensitive to electricity-grid decarbonisation; the per-event intensities are therefore treated
as static central values, with the small residual grid sensitivity bounded in Section 3.7.

2.4. Layer-Based Replacement Modelling

Davis et al. compared component-based and layer-based replacement approaches in
building LCA, showing that layer-based replacement produces materially different results
because it accounts for the interdependencies between products within a layer and the
coupling between layers [3]. Pushkar and Verbitsky, and Pushkar, applied Brand’s six-layer
shearing-layers model to building LCA in an Israeli office-module case study, with explicit
per-component replacement schedules within shorter-lived layers; they found that long-
lived structural layers dominate cumulative environmental damage over short-lived service
layers, and argued for re-weighting green rating system point allocation rather than per-
event reconfiguration accounting [8,9]. The present study takes the layered-dry-assembly
principle from this body of work but does not adopt the canonical service-life values;
reconfiguration cadence is anchored on Korean office-market data (Section 3.7.2).

2.5. Research Gap

Across the works reviewed above, none address how the spatial concentration of
reversibility interacts with its coverage to determine use-phase reconfiguration carbon
within a single building layer. Four gaps remain in the existing literature: Fit-out frequency
has been profiled without per-event carbon intensity on a defined boundary [12]; recurring
carbon has been quantified on a boundary without a direct wet/dry analogue [1]; analysis
has operated at the whole-building level, driven by product-level ageing rather than
occupancy-driven structural events [2,4]; and regime comparisons have proceeded without
modelling partial decoupling or spatial concentration [15]. The present study targets a
narrower question: how to measure reconfiguration carbon when the dominant event is
a vertical slab-penetration cycle concentrated in a bounded high-churn zone. Restricting
the scope to one event type on one layer is what permits a closed-form decomposition and
enables direct comparison with CI on a shared structural-slab boundary.

3. Materials and Methods
3.1. Framework Overview

The framework comprises three analytical components. First, a pair of area-normalised
indicators on the structural slab/panel boundary—the Cumulative Intervention Area (Acum)
and the Reconfiguration Carbon Intensity (RCI)—both defined for a single event type: the
vertical slab-penetration cycle. Second, a parametric form of RCI that links the proportion
of the high-churn zone built in dry construction to use-phase carbon intensity and that
yields a benefit-to-conversion ratio determined by the spatial concentration of reconfigura-
tion activity. Third, a two-stage sensitivity analysis: one-at-a-time variation for marginal
leverage and a compact joint-uncertainty stress test that adds correlation structure and
induced-demand checks that the OAT cannot supply. Per-event GWP values, the empirical

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 5 of 36

justification for event cadence, and sensitivity analysis parameter ranges are introduced
where they are first used.

Use of generative AI tools. The author used Google Gemini, OpenAI ChatGPT, Anthropic
Claude, and SciSpace (web interfaces, accessed May 2026) for assistance with drafting,
Monte Carlo code drafting, algebra checks, proofreading, and literature scoping. All
outputs were verified by the author.

3.2. Framework Protocol

The framework is demonstrated on one typical floor of a 17-storey commercial of-
fice building in Seoul, examined across three floor-system scenarios (Section 3.4) under
three indicators: CI [2,13], RCI, and absolute reconfiguration GWP. Two framework-level
assumptions apply throughout.

System boundary. The two new indicators are evaluated strictly on the structural
slab/panel boundary, the same boundary used for CI. CI asks what fraction of the struc-
tural mass is recoverable at end-of-life; RCI asks how much carbon each structural-slab
reconfiguration event emits during the use phase. Events that do not disturb the structural
slab—tenant fit-out cycles, MEP replacements, finish renewals—lie outside this scope and
belong in a complementary indicator on a fit-out or service-layer inventory.

Demand-neutrality of the event count. The number and location of slab-penetration
events is treated as a feature of the occupancy program, not of the structural system. For a
given building and tenancy model, the occupancy program demands the same sequence of
slab penetrations whether the floor is wet, dry, or hybrid; what changes between scenarios is
the per-event carbon cost of satisfying that demand. The analytical consequence—that Acum

is invariant across scenarios and RCI therefore functions as a clean intensity comparator on
a shared boundary—is shown in Section 3.6.5 and is extended in Section 4.6 to a placement
test in which βHCZ shifts across alternative CLT placements while demand-neutrality is
preserved. The relaxation of the assumption itself, under induced reconfiguration demand,
is examined separately in Section 4.5 (induced-demand breakeven).

LCA modelling assumptions and reconfiguration cadence are stated alongside the
per-event GWP derivation in Section 3.7.

3.3. Illustrative Case: Spatial Logic of a High-Churn Hybrid Floor

The illustrative case is one typical office floor (5615 m2) of a 17-storey commercial
building in Seoul. The case is not a generic example but a project that embodies the central
argument of this paper. The flexible floors of the building were initially designed as a
full-CLT system—the configuration corresponding to Scenario S2—and the dry zone was
subsequently reduced and concentrated within the high-churn central area in response
to the practical cost pressures described in Section 1.3, yielding the configuration corre-
sponding to Scenario S3. The S1–S2–S3 comparison developed in this paper therefore traces
an actual design trajectory: S2 is the project’s earlier full-CLT ambition, S3 is the hybrid
configuration the project has settled on, and S1 is the conventional wet-composite reference
against which both are evaluated. The case both motivates the analytical framework and
serves as the empirical object on which it is demonstrated (Figure 1).

The building’s occupancy model is the primary driver of reconfiguration frequency.
An anchor IT company occupies a core cluster of interconnected levels, with the remaining
floors designated as speculative lease space. As the anchor tenant experiences fluctuations
in headcount, the resulting programmatic volatility demands localised structural flexibility.
During periods of expansion, CLT panels in the central zone are removed to open a
vertical void and install an internal staircase connecting adjacent floors. During periods
of contraction, those panels are reinstalled to re-close the void, restoring the floor as an
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independent, leasable unit. Each such open-and-close cycle constitutes one vertical slab-
penetration event—the reconfiguration event modelled throughout this study. Treating
these openings as reversible rather than as one-off cuts is the project-specific design move
that lets the same floor plate absorb successive expansion and contraction cycles over the
building’s lifetime.

Figure 1. The illustrative case: a 17-storey Seoul office whose flexible floors were initially designed
as a full-CLT system (S2) and subsequently consolidated into a hybrid in which the dry zone is
concentrated within the high-churn central area (S3). The building is composed of permanent fixed
slabs and flexible floors every three storeys; one typical flexible floor is examined throughout this
study. Image copyright to David Chipperfield Architects.

Architectural logic of the dry zone: The CLT insertion is located along the deep
floor area where collaborative space is concentrated—meeting rooms, lounges, hot-desking
zones—and where anchor-tenant expansion and contraction cycles trigger internal stair-
cases and voids. Open vertical connections support contemporary headquarters pro-
gramme requirements by counteracting the communication decay effect of stacked floor
plates [16], as in local precedents such as Amorepacific Headquarters in Seoul [17]. Locating
the dry zone here means vertical connections can be added and removed with minimal
structural carbon cost; the stable perimeter retains wet composite slab, matched to less
volatile desk layouts.

This event type cannot be accommodated without structural intervention in a con-
ventional wet composite slab: saw-cutting and breaking out concrete to open the void,
and re-casting concrete to close it. In the dry CLT zone, the same spatial change requires
only unbolting and reinstalling panels using manual labour and the pre-installed RAPTOR
lifting rings (Rothoblaas GmbH, Cortaccia sulla Strada del Vino, Italy), without disturb-
ing the adjacent wet slab. The carbon difference between these two operations—the wet
penalty for cutting and re-casting concrete versus the much smaller cost of unbolting and
reinstalling a panel—is formalised on the structural slab/panel boundary by the indicators
developed in Section 3.6.2, with per-event GWP values derived in Section 3.7.1.

The perimeter zone of the floor supports relatively stable desk-based working activities
and is not subject to vertical penetration events; it retains a conventional wet composite slab.
The high-churn zone (HCZ)—the bounded sub-area of the floor where the occupancy pro-
gram concentrates reconfiguration events—covers 904 m2 (16.1% of the floor area; Figure 2)
and encompasses the deep-plan central collaborative area where anchor tenant expan-
sion/contraction cycles are anticipated to produce slab-penetration events. Of this 904 m2,
the hybrid strategy places 648 m2 of dry CLT construction—four 18 × 9 m dry construction
zones (“dry zones”; 162 m2 each); each dry zone spans six 3 × 9 m reconfiguration strips
(27 m2 each), and each strip is in turn assembled from fifteen 3000 × 600 mm demountable
CLT panels (1.8 m2 each, hand-set with M10 bolts and lifting rings; Figure 3)—within the
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column bays where the dry zones fit the structural condition cleanly. The remaining 256 m2

stays on wet composite slab at four interstitial positions that cannot accommodate a full
dry zone. About 71.7% of the high-churn zone is therefore dry CLT, and 28.3% remains
wet—a dry fraction β = 0.717, formalised as the central design parameter in Section 3.6.5;
Figure 2 illustrates this partial-coverage geometry in full. The carbon implication of these
residual wet positions is examined in Section 3.6.5.

Figure 2. Typical flexible floor plan illustrating the hybrid configuration used in the illustrative case:
wet composite slabs surrounding a central, dry-constructed CLT zone. The CLT zone is positioned to
receive vertical penetrations (inter-floor voids and internal stair connections) with minimal structural
carbon penalty.

(a) Typical demountable CLT panel — 3000 × 600 mm (1.8 m²), 5-layer, 170 mm

Lifting ring (RAPTOR) Spruce blocking

M10 bolt (to steel beam)

6
0
0

3000

carryable hand-set unit; unbolted and reinstated without wet work

(b) One reconfiguration strip — 15 panels = 3 × 9 m (27 m²)

one reconfiguration strip = 27 m² — the disassembly unit on dry structure
15 demountable panels, unbolted and reinstated as a set3

0
0
0

9000 (15 panels × 600)

Per-event footprint Aj = 4 × 27 = 108 m², distributed across the high-churn zone in proportion to its dry/wet split:
unbolted where an event falls on CLT, saw-cut where it falls on wet slab. Acum = 3 × 108 = 324 m²

Figure 3. Demountable CLT panel geometry and the per-event reconfiguration unit, redrawn schemat-
ically from the project’s CLT shop drawings. (a) A typical CLT panel measures 3000 × 600 mm (1.8 m2;
5-layer, 170 mm) and is hand-set with M10 bolts to the steel beams, RAPTOR lifting rings, and spruce
blocking, so it can be unbolted and reinstated without wet work. (b) Fifteen panels make one 3 × 9 m
reconfiguration strip (27 m2), the unit of dry-system dismantling and rebuilding in a single slab-
penetration event. The per-event footprint has the area of four such strips, Aj = 4 × 27 = 108 m2; this
fixes its area, not its dry/wet make-up—under demand-neutrality the footprint is placed across the
high-churn zone in proportion to its dry/wet composition rather than confined to the dry construc-
tion (Section 3.2), so the strip illustrates the disassembly unit on dry structure while an equal area
is saw-cut where an event falls on wet slab. The cumulative intervention area over three events is
Acum = 324 m2 (Section 3.6.3).
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3.4. Scenario Definitions

Three scenarios are compared. All share the same number and location of slab-
penetration events within the 904 m2 high-churn zone; what differs is the structural system
that occupies the zone.

• S1 (Wet Baseline). Wet steel–concrete composite slab across the full 5615 m2 floor—no
CLT.

• S2 (Full CLT). Dry CLT panels across the full 5615 m2 floor—the theoretical upper-
bound reference.

• S3 (Hybrid). Wet composite slab across 4967 m2 with a 648 m2 CLT insertion (11.5%
of the floor) within the 904 m2 high-churn zone—the practical design target.

Quantitative outcomes (mass totals, RCI values, derived ratios) are reported in
Section 4 once the indicators have been formalised.

3.5. Floor Assembly Specifications
3.5.1. Scenario 1: Wet Steel–Concrete Composite Slab (Baseline)

Scenario 1 is a conventional wet steel–concrete composite slab: reinforced concrete
cast on a re-entrant steel deck, compositely connected to steel beams, acting as a rigid
diaphragm over the 5615 m2 floor. Major reconfiguration events require saw-cutting,
breaking out, and re-casting concrete in the affected zones. The slab-mass comparison uses
a structural-only basis: re-entrant steel deck (0.8 mm), normal-weight concrete (150 mm at
2400 kg/m3), and steel reinforcement mesh (Table 1).

Table 1. Scenario 1 (Wet Baseline) structural slab assembly (slab-mass comparison basis).

Layer Component Thickness (mm) Mass (kg/m2)

Structural Re-entrant steel deck (0.8 mm) 0.8 6.3
Structural Concrete (normal weight, 2400 kg/m3) 150 360.0
Structural Steel reinforcement (mesh) — 12.0

Total (structural slab only) 378.3

3.5.2. Scenario 2: Full Dry CLT Floor (Reference)

Scenario 2 is a full dry CLT floor reference: a 170 mm, 5-layer KLH TL CLT panel
(KLH Massivholz GmbH, Austria; or equivalent Stora Enso L5s, Stora Enso Wood Products,
Austria/Sweden) installed across the full 5615 m2 floor with reversible mechanical fixings.
At KLH’s declared density of 470 kg/m3 [18], the panel mass is 79.9 kg/m2—the structural
comparison item, directly analogous to the wet composite slab in Scenario 1. Ancillary
acoustic, fire, connection, and lifting components (Table 2) are excluded from the structural
mass comparison but described for assembly completeness.

3.5.3. Scenario 3: Hybrid Partial-Decoupling Floor

Scenario 3 is a hybrid partial-decoupling floor: wet composite slab over 4967 m2

and a dry CLT insertion of 648 m2 within the 904 m2 high-churn zone, using the same
CLT panel and dry build-up as Scenario 2. The dry-zone geometry and panel layout are
described in Section 3.3. The wet/dry interface is detailed as a mixed mechanical joint
with blocking, sealing (Façade Band UV, Fire Stripe Graphite tape), and CNC-prepared
panel geometry; Rothoblaas RAPTOR lifting rings enable panel removal without disturbing
adjacent wet slab.

3.5.4. Slab-Mass and CI Inventory Boundary

In line with the system boundary stated in Section 3.2, the slab-mass comparison and
the CI calculation use the structural slab/panel basis only: 150 mm wet composite slab for
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Scenario 1 and 170 mm CLT panel for Scenarios 2 and 3, excluding ancillary dry-system
components (acoustic pads, membranes, tapes). The full component inventory and recovery
potential assumptions are provided in Appendix C.

Table 2. Scenario 2/3 CLT zone assembly. The structural panel row is included in the slab-mass
comparison. Ancillary rows are excluded from the structural mass comparison but are described for
assembly completeness and may be included in CI if declared in the CI inventory boundary.

Layer Component Thick. (mm) Mass (kg/m2) Comparison

Structural 5-layer KLH TL CLT panel (470 kg/m3) 170 79.9 Included

Acoustic Rothoblaas Silent Floor Bytum membrane 6 0.5 Excluded
Acoustic Rothoblaas Xylofon 50 pads (100 × 100 × 6 mm) 6 0.1 Excluded
Fire/joint Rothoblaas Fire Stripe Graphite tape (50 × 4 mm) 4 <0.1 Excluded
Sealing Façade Band UV (60 × 0.32 mm) 0.3 <0.1 Excluded
Connection M10 bolts + Screw-Ø8@300 (L = 140 mm) — 0.7 Excluded
Connection Ø8 × 120 blocking screws at Section E — 0.1 Excluded
Lifting Rothoblaas RAPTOR lifting rings (8 per panel) — <0.1 Excluded

Total (structural
panel only) 79.9 Comparison

basis

3.6. Mathematical Formulation of Key Indicators

The mathematical logic developed below was derived from the illustrative case but
applies to any hybrid floor for which a structural slab/panel boundary, an event type,
and an occupancy-driven event schedule can be declared. Three primary indicators are
used to compare the scenarios: the Circularity Index (CI), the absolute Reconfiguration
Global Warming Potential (GWPreconf), and the Reconfiguration Carbon Intensity (RCI).

3.6.1. Circularity Index (CI)

The Circularity Index is a mass-weighted per-assembly aggregation of Abu-Ghaida’s
product-level Recovery Potential. It is constructed in the building-circularity-indicator
tradition [13] to summarise end-of-life recoverability at the assembly scale. For a floor
assembly of n components, CI is calculated as:

CI =
∑n

i=1(mi · RPi)

∑n
i=1 mi

(1)

where mi is the total mass of component i within the system boundary, and RPi is the
Recovery Potential of component i (ranging from 0 to 1). Recovery Potential is mapped
from Disassembly Potential using the material-specific function of Abu-Ghaida et al. [2]:

RPi = f (DPi) (2)

where DPi is the Disassembly Potential of component i (reflecting connection reversibility,
derived from the four-criterion scoring method of [2]; see Appendix C) and f (·) is the
material-specific DP-to-RP mapping reported by Abu-Ghaida et al. DP and RP are adopted
directly from [2] without modification.

3.6.2. Reconfiguration Event Definition

A reconfiguration event is defined as a single vertical slab-penetration cycle: the opening
of an inter-floor void through the structural slab and its subsequent re-closure. This event
type is the focus of the study because it is structural—the slab itself is cut, not only the
layers above it—and because it is the event for which the wet/dry distinction produces the
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largest and most reproducible carbon differential. The per-event GWP for each structural
system is derived from the assembly specifications in Section 3.7.1 and Appendix B.

3.6.3. Cumulative Intervention Area (Acum)

Given that the hybrid scenario (S3) experiences highly localized churn rates that
differ from the rest of the floor plate, spatial normalization is required. The cumulative
intervention area (Acum) quantifies the total physical area affected by reconfiguration over
the study period:

Acum =
E

∑
j=1

Aj (3)

where Aj is the floor area (m2) dismantled and rebuilt during a given reconfiguration
event j, and E is the total number of intervention events over the 60-year analysis horizon.
The dismantled-and-rebuilt footprint of a single event is taken as 108 m2—the area of four
3 × 9 m reconfiguration strips, each comprising fifteen 3000 × 600 mm demountable CLT
panels (27 m2; Figure 3)—so that Aj = 4 × 27 = 108 m2 per event. The four strips fix the
area of the footprint rather than its structural make-up: Aj is an area magnitude set by the
reconfiguration programme, and under demand-neutrality (Section 3.2) its location within
the high-churn zone follows the zone’s dry/wet composition rather than being confined to
the dry construction. Where the footprint falls on dry construction, the panels are unbolted
and reinstated to open and re-close a void; where it falls on the wet slab, an equivalent area
is saw-cut and re-cast for the same spatial change. The same 108 m2 footprint is accordingly
costed as entirely saw-cut in the all-wet baseline (S1), entirely unbolted in the full-CLT
zone (S2), and—in the hybrid floor, where 71.7% of the high-churn zone is dry—unbolted
over that fraction and saw-cut over the remainder, yielding the area-weighted per-event
intensity of Equation (6). The per-event footprint Aj is thus held constant across scenarios
while its dry/wet split tracks β; it is distinct from the high-churn zone area Az = 904 m2,
which sets the dry fraction β and zone-concentration ratio αz but is not disturbed in its
entirety by any single event.

3.6.4. Reconfiguration Carbon Intensity (RCI)

The Reconfiguration Carbon Intensity (RCI) normalises the total reconfiguration GWP
against the cumulative intervention area, isolating the carbon efficiency of the structural
assembly method from the frequency of tenant-driven change:

RCI =
GWPreconf

Acum
=

∑E
j=1(GWPdemo,j + GWPprod,j + GWPinst,j)

Acum
(4)

where GWPreconf is the absolute Reconfiguration GWP (kg CO2e) summed over all penetra-
tion events, and GWPdemo,j, GWPprod,j, GWPinst,j are the demolition, production, and in-
stallation GWPs for the structural slab material displaced and replaced during event j.
All three components are evaluated on the structural slab/panel boundary defined in
Section 3.2. Per-event GWP values for the wet and dry systems are derived in Section 3.7.1.

3.6.5. Parametric Behaviour of RCI for Hybrid Floor Systems

Consider a floor of total area AT that contains a bounded high-churn zone of area Az.
The zone-concentration ratio αz = Az/AT ∈ (0, 1] is the high-churn zone’s share of the total
floor area. Let β ∈ [0, 1] denote the dry fraction—the proportion of the zone constructed
as dry, demountable CLT—so that the remaining (1 − β) stays wet composite. In practice,
β < 1 because architectural zones rarely align exactly with the structural grid on which the
dry zones are placed. Let gw and gd be the per-event reconfiguration GWP per unit area
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for the wet and dry systems, respectively, with gd ≪ gw (base-case values gw = 82.0 and
gd = 30.4 kg CO2e/m2, derived in Section 3.7.1 and Appendix A), and let E be the number
of events over the study period.

Under demand-neutrality (Section 3.2), E and the per-event footprint Aj are properties
of the occupancy program and are identical across scenarios; β is the design variable.
Events of footprint Aj are distributed across the zone in proportion to its composition, so
the expected per-event intensity is the area-weighted average of gw and gd.

Indicator forms. Two consequences follow from the demand-neutral setup. First,
Acum is invariant with respect to β:

Acum = E Aj (5)

Second, the total reconfiguration GWP is the area-weighted sum across the zone, and the
carbon intensity is its per-area normalisation:

GWPreconf = E Aj[(1 − β)gw + βgd], RCI(β) =
GWPreconf

Acum
= (1 − β)gw + βgd (6)

The absolute saving of a hybrid with dry fraction β relative to the wet baseline is therefore:

∆GWPreconf = E Aj β (gw − gd) (7)

Three properties. (i) RCI is a linear blend of gw and gd weighted by β; it is invariant to
zone size, event count, and study period—the expected behaviour of a scale-invariant inten-
sity indicator. (ii) Under partial coverage (β < 1), the gap (1 − β)(gw − gd) is the program-
to-structure mismatch penalty: the additional reconfiguration carbon incurred because some
events land in wet slab within the high-churn zone. (iii) The benefit-to-conversion ratio at
the floor-plate level is

benefit captured
conversion fraction

=
β

βαz
=

1
αz

(8)

which is independent of β and governed solely by how spatially concentrated reconfigura-
tion activity is. The disproportionality of zone-scale reversibility is therefore a function of
zone concentration, not of coverage depth. The qualitative result—that localising reversibil-
ity in a high-churn zone captures most of the full-decoupling intensity benefit at a fraction
of the converted area—follows from the indicator definitions alone and does not depend
on specific values of gw, gd, E, or αz.

Generalisation when CLT placement diverges from the high-churn zone. The pa-
rameter β above implicitly assumes all CLT lies inside the HCZ. When a project’s structural
grid, service routing, or existing structure prevents this, the proper general parameter is

βHCZ =
ACLT∩HCZ

AHCZ
(9)

i.e., the share of the HCZ that is dry, regardless of any CLT placed outside the HCZ.
Equation (6) then reads RCI = (1 − βHCZ)gw + βHCZgd unchanged in form. A second
area ratio, βfloor = ACLT/AT , governs total floor mass and therefore CI. The illustrative
case (Section 3.3) corresponds to β = βHCZ = βfloor/αz because all CLT lies inside the
HCZ; the general case allows βHCZ < βfloor/αz, with the gap measuring stranded CLT
mass that contributes to CI but not to RCI. Empirical behaviour under different placement
configurations is examined in Section 4.6.
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3.7. Reconfiguration Event Model

LCA modelling assumptions. Biogenic carbon follows the EN 15804+A2 [19] −1/ + 1
characterisation: uptake during forest growth is characterised as −1 kg CO2e per kg CO2

within modules A1–A3 and the corresponding re-emission as +1 kg CO2e per kg CO2

within module C, irrespective of the end-of-life route. Over a closed cradle-to-grave inven-
tory for sustainably-sourced timber, the two entries cancel, so the net biogenic contribution
tends to zero across the 60-year reference study period; EN 15804+A2 additionally pro-
hibits any credit for temporary carbon storage or delayed emissions in the GWP indicators.
EN 15804+A2 is adopted in preference to the principal alternatives for three reasons. First,
it is the binding core-rules standard for the construction-product EPDs that anchor every
per-event intensity in this study (Appendix A), so using its biogenic convention keeps the
foreground inventory methodologically consistent with its own data sources rather than
mixing accounting rules. Second, the principal alternative standards apply the same under-
lying −1/ + 1 characterisation and likewise reject temporal-storage credits in the headline
metric, so they yield the same near-zero cradle-to-grave net for sustainably-sourced timber—
but they differ in how biogenic flows are reported, and the present choice is not equivalent
to assuming they are interchangeable. ISO 14067:2018 [20] (clause 6.5.2) mandates the
identical −1/ + 1 characterisation but requires biogenic removals and emissions to be
documented separately and excludes in-product biogenic carbon content from the reported
footprint value (clause 6.4.9); the GHG Protocol Product Standard [21] similarly requires
biogenic and non-biogenic flows to be reported separately and excludes weighting fac-
tors for delayed emissions. EN 15804+A2 instead publishes biogenic carbon as a named
GWP-biogenic sub-indicator of GWP-total. The numerical convergence to a near-zero net
is therefore conditional—on closure of the system boundary at end-of-life, sustainable-
forestry certification, the absence of significant landfill methane (characterised at its IPCC
GWP100), and the use of static rather than dynamic characterisation—rather than a property
the standards share unconditionally. Third, the static −1/ + 1 characterisation is itself a
recognised simplification: a dynamic-LCA treatment in the sense of Levasseur et al. [14]
would redistribute the credit and debit in time, and the wider mass timber LCA literature
reports that the biogenic-accounting choice can shift building-level GWP materially. In the
present study, however, the reported indicators are defined on fossil GWP, so biogenic
carbon lies outside the reconfiguration intensity altogether; under EN 15804+A2 it is re-
ported separately as the GWP-biogenic sub-indicator and does not enter the fossil per-event
values gw and gd on which RCI is computed. The biogenic accounting choice thus affects
the absolute presentation of cradle-to-grave carbon but not the reconfiguration carbon
differences that this study reports, a limitation revisited in Section 5.3. The per-event
reconfiguration GWP on this boundary is dominated by process emissions (cement calcina-
tion, primary steel) and fuel-based intercontinental transport, both largely insensitive to
electricity-grid decarbonisation; grid intensity is principally a determinant of operational
rather than embodied carbon. Only a small, electricity-intensive fraction of each intensity
is grid sensitive—electric-arc-furnace reinforcement, galvanizing, and on-site power tools
(Appendix A)—and this fraction is the larger for the wet system, which carries the steel and
concrete electricity loads. Full decarbonisation of the Korean grid would therefore leave
the headline RCI reduction essentially unchanged, and, if anything, move it marginally
downward; the per-event intensities gw and gd are accordingly treated as static central
values, and the prospective shift is second-order on this boundary. Reused materials follow
the 100:0 cut-off allocation. Disassembly interdependencies are not modelled explicitly but
apply equally across scenarios.

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 13 of 36

3.7.1. Per-Event GWP: Boundary and Derivation

The per-event GWP per unit area (g, kg CO2e/m2) is evaluated on the structural
slab/panel boundary (Section 3.2) and comprises demolition, production, and installation
stages:

g = GWPdemo + GWPprod + GWPinst (10)

The bottom-up derivation of both values from the assembly specifications in Tables 1 and 2,
with full citation of the underlying Korean concrete LCI, KEITI-registered Korean Environ-
mental Product Declarations (EPDs) for rebar and steel deck, European CLT EPDs, and inter-
continental CLT transport inventory (Austria/Sweden → Busan → Seoul), is provided in
Appendix A. The headline values are S1 (wet composite slab), gw = 82.0 kg CO2e/m2 (saw-
cutting, breaking out, and re-casting the 150 mm concrete/steel-deck assembly, with con-
crete A1–A3 anchored on the Korean ready-mix concrete LCI of Choi and Tae [22] cross-
checked against the KEITI database mean of n = 1908 Korean ready-mix EPDs [23], rebar
on the Hyundai Steel KEITI-registered EPD [24], steel deck on the POSCO galvanized
steel-sheet EPD [25], and demolition/transport on Coelho and de Brito [26]); S2/S3 CLT
zone, gd = 30.4 kg CO2e/m2 (unbolting the 170 mm CLT panel and reinstalling or replac-
ing, with A1–A3 anchored on the Stora Enso [27], KLH [18], and Binderholz [28] EPDs
and the systematic review of Younis and Dodoo [29], transport on Hemmati et al. [30],
the Asia–Northern-Europe trade-lane reference of Notteboom et al. [31], and IMO [32],
fasteners on the Hilti structural timber screw EPD [33], and acoustic/sealing components
on Rothoblaas datasheets [34] with the BMI Icopal SBS-membrane EPD [35]). The dry-case
gd is therefore not a pure unbolt-and-reinstall figure; it assumes approximately 30% panel
replacement per cycle to account for edge damage, fastener hole wear, and re-machining
of panels disturbed during dismantling, plus full renewal of consumable acoustic and
sealing components; the residual ∼70% of panel mass cycles back into the floor through
reinstallation. This replacement fraction is an engineering assumption for which no direct
empirical measurement exists; it is therefore treated as an explicit scenario variable—varied
across low-damage (20%), base (30%), and high-damage (50%) cases in Section 4.4.3—rather
than only through the EPD-variation range of gd. The gap gw − gd = 51.6 kg CO2e/m2 per
event is the wet coupling penalty.

EPD-vintage note. The deterministic gd value is anchored on the KLH [18], Stora Enso [27],
and Binderholz 2019 IBU [28] EPDs. A 2024 MRPI successor for the Binderholz CLT BBS
product [36] became available during manuscript preparation but is not used here; its
A1–A3 GWPfossil values fall within the OAT envelope of Section 4.4, so re-deriving against
it would not change the 45.1% headline.

3.7.2. Event Frequency and Cumulative Intervention Area

Three vertical slab-penetration events are assumed over the 60-year study period
within the 904 m2 high-churn zone (one cycle approximately every 20 years). No published
Korean dataset quantifies slab-penetration cadence directly; the assumed frequency is
inferred from three related empirical sources. Cho and Choi [37] documented 5-year
minimum lease structures in all 19 TI-paying Seoul Prime office buildings they surveyed in
2016 Q4, establishing the basic lease-cycle anchor. Forsythe [38] measured an 8.2–8.5-year
fit-out churn rate in 528 Sydney CBD Prime buildings, providing the closest Anglophone
comparator; no Asian-market replication exists. Cho and Choi [39] found 25–30-year major
remodelling cycles for Seoul Grade B+ offices, bounding the upper end of structurally-
disruptive intervention frequency. Combining these, slab penetrations are assumed to
occur at approximately one-third the frequency of non-structural fit-out cycles, yielding
2–6 events over 60 years with a mode near 3; a 6-event upper bound is additionally
tested in Section 4.4 as a stress case representing tenancy programmes with accelerated
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reconfiguration cadences beyond the inferred empirical envelope. The three-event cadence
is therefore presented as a scenario assumption inferred from related leasing- and fit-out-
cycle proxies, not as a directly measured slab-penetration frequency; the 2- and 6-event
variants accordingly bracket it as a scenario range rather than as confidence bounds on a
measured quantity.

Under demand neutrality (Section 3.2), event count and event location are held con-
stant across all three scenarios. Each event disturbs a per-event footprint of Aj = 108 m2

(the area of four 27 m2 reconfiguration strips; Section 3.6.3), placed across the high-churn
zone in proportion to its composition, so Acum = 3 × 108 = 324 m2 for all scenarios.
Sensitivity to event count is examined in Section 4.4 with bounding cases of 2 (low) and 6
(high). Non-structural fit-out, service, and finish cycles occur at their own cadences but do
not penetrate the structural slab and fall outside the RCI boundary.

4. Results
The results are presented on a whole-to-part progression: The structural slab mass

that each scenario commits (Section 4.1) establishes the material basis of the comparison;
the reconfiguration carbon intensity (Section 4.2) is the central use-phase indicator derived
from it; the absolute reconfiguration GWP places that intensity in absolute terms on a
common intervention footprint; and the combined circularity–RCI plane positions the
scenarios jointly on both indicators. Establishing the material substitution before the
indicators derived from it lets each carbon result be read in light of the physical change
that produces it.

4.1. Slab Mass Comparison

Figure 4 shows the total slab mass breakdown for each scenario on a structural
slab/panel-only basis. The hybrid strategy (S3) achieves a 9.1% mass reduction relative to
the wet baseline (S1) by replacing 648 m2 of wet composite slab (378.3 kg/m2) with 170 mm
CLT panel (79.9 kg/m2), saving 193.4 t of structural slab mass. The full CLT scenario (S2)
achieves a 78.9% mass reduction. The internal component annotation in Figure 4 reflects
the structural-only breakdown of Table 1.

Figure 4. Total structural slab/panel mass by scenario (structural-only basis, consistent with
Tables 1 and 2). S1 = wet baseline (2124.2 t); S2 = full dry CLT (448.6 t); S3 = hybrid (1930.8 t).
CLT panel mass = 79.9 kg/m2 (panel only; ancillary dry components excluded). The hybrid achieves
a 9.1% mass reduction by converting only 11.5% of the floor area to dry CLT.

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 15 of 36

4.2. Reconfiguration Carbon Intensity and Cumulative GWP

Figure 5 reports the reconfiguration carbon intensity (RCI) for each scenario: RCIS1 = 82.0,
RCIS2 = 30.4, and RCIS3 = 45.0 kg CO2e/m2. The hybrid reduces RCI by 45.1% relative
to the wet baseline, capturing 71.7% of the 62.9% reduction achievable by full decoupling.
By Equation (6), RCIS3 = (1 − 0.717)(82.0) + (0.717)(30.4) = 45.0, matching the zone-
averaged intensity expected for β = 0.717. The 28.3% shortfall is the program-to-structure
mismatch penalty (1− β)(gw − gd) = 14.6 kg CO2e/m2 derived in Section 3.6.5; the hybrid
converts only 11.5% of the total floor area to CLT while delivering this benefit, giving a
benefit-to-conversion ratio of 6.2×. That is, the share of the use-phase intensity benefit
captured (71.7%) is 6.2 times the share of the floor area converted to dry construction
(11.5%); this ratio equals 1/αz with αz = 0.161.

Figure 5. Reconfiguration carbon intensity (RCI) by scenario—the central use-phase result of the
study. S1 = wet baseline (82.0 kg CO2e/m2); S2 = full dry CLT (30.4 kg CO2e/m2); S3 = hybrid
(45.0 kg CO2e/m2). RCI is intensity-normalised (carbon per unit reconfigured area), so it measures
the carbon quality of a reconfiguration event independently of how often events occur. The trend to
note is that the hybrid (S3) falls much closer to the full-dry reference (S2) than to the wet baseline (S1);
converting only the high-churn zone captures the majority of the decoupling benefit. The residual
S2–S3 gap is the share of the high-churn zone left on wet slab in the hybrid (1 − β = 0.283)—the
program-to-structure mismatch penalty of 14.6 kg CO2e/m2.

Figure 6 presents the absolute reconfiguration GWP and cumulative intervention
area. As all three scenarios share the same three penetration events with the same per-
event footprint (Aj = 108 m2), Acum is identical across them at 324 m2. The absolute
reconfiguration GWP is 26,568 kg CO2e for S1, 9850 kg for S2, and 14,580 kg for S3 (detailed
arithmetic in Appendix B). The hybrid therefore reduces absolute reconfiguration GWP by
45.1%, consistent with the RCI result and with equal Acum across scenarios.
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Figure 6. Absolute reconfiguration GWP (bars, left axis) and cumulative intervention area Acum (line,
right axis) by scenario. Under the demand-neutral event model, all three scenarios share the same
events and the same per-event footprint, so Acum = 324 m2 is identical across them (flat line); the bars
therefore differ only because of per-event carbon intensity, not because any scenario disturbs more or
less area—making this a like-for-like comparison. S1 = 26,568 kg, S2 = 9850 kg, S3 = 14,580 kg CO2e
over the three events. The hybrid achieves a 45.1% absolute reduction against the wet baseline—the
same proportion as the RCI result of Figure 5, since equal Acum makes the absolute and intensity
reductions coincide—capturing 71.7% of the 62.9% reduction that full decoupling (S2) would deliver.

4.3. Circularity Index vs. Reconfiguration Carbon Intensity

Figure 7 maps all three scenarios on a CI–RCI plane. S1 sits in the low-CI, high-RCI
region (CI = 0.049, RCI = 82.0); S2 in the high-CI, low-RCI region (CI = 0.714, RCI = 30.4);
S3 between them at intermediate values (CI = 0.067, RCI = 45.0). S3 captures 71.7% of the
use-phase intensity benefit and 3% of the end-of-life recoverability benefit relative to S1
while converting only 11.5% of the floor area. The two indicators are separable on both
axes; design implications are interpreted in Section 5.1.

4.4. Sensitivity Analysis

Under the demand-neutral, structural-only event model, RCI depends on the per-event
GWP inputs (gw, gd) and on the dry fraction β of the high-churn zone (see Equation (6)); it
is invariant to event count, zone size, and study period. Absolute reconfiguration GWP
saving, by contrast, scales with β, per-event footprint, event count, study period, and the
gap (gw − gd) (see Equation (7)). Parameters fall into two groups (Table 3): scale-only (Aj,
E, study period) and dual-acting (gw, gd, β). Within the dual-acting group, β is distinct
because it is the only parameter set by architectural design rather than by material EPD or
occupancy programme.

Table 3. Sensitivity analysis parameters and tested ranges. Both = changes RCI and absolute GWP
saving; Scale = changes absolute GWP saving only. The β values are treated as a continuous design-
space sweep; physically realisable discrete configurations within the 904 m2 HCZ correspond to
whole-zone counts (β ∈ {0, 0.179, 0.358, 0.538, 0.717, 0.896} for 0–5 dry zones of 162 m2 each),
with β = 0.358 examined as Configuration C in Section 4.6; gw, gd ranges span ±15–25% of base values
(plausible EPD variation); the per-event footprint range spans two to eight 27 m2 reconfiguration
strips around the four-strip base (Aj = 108 m2).

Parameter Low/Base/High Acts on

Dry fraction of zone (β) 0.50/0.717/1.00 Both
Wet per-event GWP (gw, kg CO2e/m2) 70/82.0/95 Both
Dry per-event GWP (gd, kg CO2e/m2) 25/30.4/38 Both
Per-event footprint (Aj, m2) 54/108/216 (2/4/8 strips) Scale
Event count (E, over 60 yr) 2/3/6 Scale
Study period (yr) 40/60/80 Scale
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4.4.1. One-at-a-Time Results

Table 4 presents OAT sensitivity results. Base-case values are RCIS1 = 82.0, RCIS3 =

45.0 kg CO2e/m2 (45.1% reduction) and absolute GWP saving = 0.012 million kg CO2e
(26,568 − 14,580). Figure 8 presents the results as a tornado diagram, with dual-acting
parameters grouped separately from scale-only parameters.

Figure 7. Circularity index (CI) vs. reconfiguration carbon intensity (RCI) for all three scenarios.
S1 = (0.049, 82.0); S2 = (0.714, 30.4); S3 = (0.067, 45.0). S3 is separable from both endpoints on both
indicators. The RCI gap between S2 and S3 (14.6 kg CO2e/m2) is the program-to-structure mismatch
penalty; the CI gap (0.647) reflects the non-recoverable wet mass outside the high-churn zone.

Table 4. Sensitivity analysis results: RCI reduction (%) and absolute GWP saving (million kg CO2e)
for the hybrid relative to the wet baseline.

Parameter Variant Value RCI Red. (%) GWP Saving (M kg)

Dual-acting parameter (design variable)

β (dry fraction)
Low 0.50 31.5 0.008
Base 0.717 45.1 0.012
High 1.00 62.9 0.017

Dual-acting parameters (material EPD inputs)

gw

Low 70 kg/m2 40.6 0.009
Base 82.0 kg/m2 45.1 0.012
High 95 kg/m2 48.7 0.015

gd

Low 25 kg/m2 49.8 0.013
Base 30.4 kg/m2 45.1 0.012
High 38 kg/m2 38.5 0.010

Scale-only parameters (RCI invariant)

Footprint Aj

Low 54 m2 (2 strips) 45.1 0.006
Base 108 m2 (4 strips) 45.1 0.012
High 216 m2 (8 strips) 45.1 0.024

Event count E
Low 2 events 45.1 0.008
Base 3 events 45.1 0.012
High 6 events 45.1 0.024

Study period
Low 40 yr (2 events †) 45.1 0.008
Base 60 yr (3 events) 45.1 0.012
High 80 yr (4 events) 45.1 0.016

† Event count scales with study period at one event per 20 years.
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Figure 8. Tornado diagram showing sensitivity of (a) RCI reduction (%) and (b) absolute GWP saving
(million kg CO2e). The dry fraction β dominates RCI sensitivity (31.5–62.9% swing); the per-event
GWP inputs (gw, gd) act on both RCI and absolute saving through the gap (gw − gd); scale parameters
(zone size, event count, study period) act only on absolute saving.

4.4.2. Interpretation and Robustness

The OAT results align with the analytical predictions of Section 3.6.5. The dry fraction
β dominates RCI sensitivity (31.5–62.9% across the tested range), reflecting its role as the
design lever in RCI(β) = (1 − β)gw + βgd. Sensitivity to gd exceeds that of gw at base-case
β = 0.717 (the partial-derivative weights β and 1 − β from Equation (6)), so CLT-EPD
improvements compound more strongly than wet-slab-EPD improvements. Scale-only
parameters (Aj, E, study period) leave RCI reduction at 45.1% by construction and act
only on absolute saving. The minimum RCI reduction across all 18 tested variants is 31.5%
(β = 0.50); excluding the β variants, it is 38.5% (high gd). The hybrid strategy is robust to
the principal sources of parametric uncertainty in this analysis.

4.4.3. Damage-Scenario Sensitivity: Panel Replacement Fraction

The dry-case intensity gd depends on the fraction φ of CLT panel mass replaced per
reconfiguration cycle—a function of edge damage, fastener-hole wear, and re-machining
of disturbed panels—for which no direct empirical measurement exists (Appendix A.2).
To treat this assumption explicitly rather than only through the EPD-variation range of gd,
φ is varied across three damage scenarios anchored on the bottom-up derivation: a low-
damage case (φ = 0.20, gd ≈ 25), the base case (φ = 0.30, gd = 30.4), and a high-damage
case (φ = 0.50, gd ≈ 46). The high-damage value deliberately exceeds the EPD-variation
OAT high bound (gd = 38 kg CO2e/m2) and is included as a conservative stress case.
Table 5 reports the resulting RCI reduction at the base dry fraction β = 0.717.

Table 5. Damage-scenario sensitivity: hybrid (S3) RCI reduction relative to the wet baseline (S1)
as the CLT panel replacement fraction φ varies, evaluated at base dry fraction β = 0.717 and
gw = 82.0 kg CO2e/m2. The high-damage case exceeds the EPD-variation OAT bound and is
included as a conservative stress scenario; gd values are anchored on the bottom-up derivation in
Appendix A.2.

Scenario Replacement Fraction φ gd (kg CO2e/m2) RCIS3 RCI Red. vs. S1

Low damage 0.20 ∼25 41.1 49.8%
Base 0.30 30.4 45.0 45.1%
High damage 0.50 ∼46 56.2 31.5%

The hybrid retains a substantial use-phase advantage across the entire range: Even
under 50% panel replacement per cycle—a high-damage assumption above the plausible

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 19 of 36

EPD envelope—S3 reduces RCI by 31.5% relative to the wet baseline. The conclusion that
zone-scale decoupling delivers a material reconfiguration-carbon benefit is therefore robust
to the panel-replacement assumption, which is the single most load-bearing input in the
gd derivation.

4.5. Joint Uncertainty and Robustness Checks

The closed-form decomposition (Section 3.6.5) establishes RCI’s structural dependence
on βHCZ, gw, and gd analytically; the OAT analysis (Section 4.4.1) confirms the marginal
hierarchy. This section reports a compact joint-uncertainty stress test and two extensions—a
correlation-structure check and an induced-demand breakeven—that sample interactions
and assumption-relaxations the OAT cannot supply by construction. The stress test is
anchored on Configuration A (CLT placed inside the HCZ, so β = βHCZ); the orthogonal
axis of CLT placement relative to the HCZ is treated deterministically in Section 4.6 because
it is a design choice rather than a stochastic parameter.

Joint sampling and headline result: A Monte Carlo simulation samples all five
parameters simultaneously across the OAT envelope of Table 3. Triangular distributions
are used for gw, gd, and βHCZ because the endpoints represent hard physical or design
bounds; E is a discrete weighted distribution with the base case at P = 0.50; Az is truncated
normal (µ = 904 m2, σ = 150 m2, approximately ±1 structural bay). The βHCZ range
[0.50, 1.00] reflects the alignment configurations achievable when dry zones fit inside
the HCZ; placements outside this range correspond to Configurations B and C and are
examined separately in Section 4.6. EPD anchors for gw are the Korean ready-mix concrete
compilation of Choi and Tae [22] (1σ ≈ 15%) together with KEITI/Hyundai Steel rebar
references; for gd, the Stora Enso [27], Binderholz [28], and KLH [18] EPDs (modules A1–A3,
fossil-only GWP-GHG; no Korean CLT EPD is currently available). The full distribution
specification is summarised in Table 6.

Table 6. Monte Carlo input distributions. Triangular bounds are anchored on the OAT envelope
of Table 3; the discrete probability vector for E assigns the dominant mass to the documented base
cadence and splits the remainder symmetrically over the lower and higher alternatives; the truncated
normal for Az uses σ corresponding to approximately one structural bay. The study period is held
fixed at 60 yr because RCI is intensity-normalised and therefore invariant to it. EPD anchors are
described in the preceding paragraph.

Parameter Distribution

βHCZ (within-HCZ dry fraction) Triangular(0.50, 0.717, 1.00)
gw (kg CO2e/m2) Triangular(70, 82.0, 95)
gd (kg CO2e/m2) Triangular(25, 30.4, 38)
Az (m2) Truncated normal, µ = 904, σ = 150, support [600, 1200]
E (events over 60 yr) Discrete: P(2) = 0.25, P(3) = 0.50, P(6) = 0.25

Figure 9 shows the resulting RCI distributions, and Table 7 reports the headline metrics.
The S1 and S3 distributions do not overlap; the deterministic base-case values lie close to
the sample means and medians—within about 1 kg CO2e/m2 for the RCI values and 0.8
percentage points for the reduction, with all base values well inside the P5–P95 envelope; the
small offsets reflect the rightward skew of the triangular inputs, whose means sit slightly
above their modal base values, and Spearman rank correlations confirm the analytical
hierarchy (βHCZ: ρ = −0.91; gd: +0.32; gw: +0.23; Az and E: |ρ| < 0.01, reconfirming RCI’s
scale-invariance). The deterministic headlines therefore represent central tendencies rather
than optimistic point choices.
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Figure 9. Monte Carlo RCI distributions for the three scenarios. Dashed lines mark sample means;
dotted lines mark the deterministic base case; shaded bands show the central 90% (P5–P95). The S1
and S3 distributions do not overlap.

Table 7. Monte Carlo summary statistics. Means and medians lie within about one unit of the
deterministic base case (the medians closer than the means); P5–P95 intervals give the central 90% of
the joint-uncertainty envelope.

Metric Mean Median Std. Dev. P5 P95 Base

RCIS1 (kg CO2e/m2) 82.3 82.3 5.1 73.9 90.9 82.0
RCIS2 (kg CO2e/m2) 31.1 31.0 2.7 26.9 35.8 30.4
RCIS3 (kg CO2e/m2) 44.4 44.6 5.8 34.7 53.9 45.0
RCI reduction S3 vs. S1 (%) 45.9 45.6 7.0 34.8 58.1 45.1
Benefit-to-conversion ratio (×) 6.4 6.2 1.1 4.9 8.5 6.2

Correlation structure. Independent sampling of gw and gd is physically implausible
because shared background processes (grid electricity, transport, cement clinker factor)
couple wet and dry EPDs. Under a Gaussian copula with ρ(gw, gd) = +0.6, a first-order
variance approximation yields

Var(RCIS3) ≈ (1 − βHCZ)
2σ2

gw + β2
HCZσ2

gd
+ 2βHCZ(1 − βHCZ)ρgwgd σgw σgd . (11)

The cross-term raises the variance of RCIS3 itself, but the variance of the reduction ratio
(RCIS1 − RCIS3)/RCIS1 falls, because that quantity depends on the gap (gw − gd) whose
variance shrinks under positive correlation. The independent-sampling P5–P95 interval of
[34.8%, 58.1%] is therefore a conservative envelope: Realistic correlation structures narrow
rather than widen it.

Induced demand and breakeven. Demand-neutrality (Section 3.2) assumes that E
is set by the occupancy program and unaffected by reconfiguration cost. If dry reconfig-
uration is cheaper and less disruptive, tenants plausibly request more of it. Modelling
this as E(βHCZ) = E0(1 + kβHCZ) with E0 = 3 and rebound coefficient k ≥ 0, RCI re-
duction remains invariant to E; rebound acts entirely on absolute reconfiguration GWP.
Setting GWPS3(k∗) = GWPS1 and cancelling the common factor E0 Aj gives the closed-form
breakeven

k∗ =
gw − gd

gw − βHCZ(gw − gd)
(12)

valid for βHCZ > 0. At base case (βHCZ = 0.717, gw = 82.0, gd = 30.4 kg CO2e/m2),
k∗ = 1.15; the hybrid breaks even only when the rebound coefficient reaches this value,
corresponding to an event-count rise of approximately 82% above the wet-baseline cadence
(E0(1+ k∗βHCZ) = 1.82 E0). Rebound tolerance rises with βHCZ and falls as the wet–dry gap
narrows; because that gap is dominated by process and transport emissions (Section 3.7),
it is stable, and k∗ stays near its base value. No empirical estimate of slab-penetration
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rebound exists, so k∗ is presented as an analytical bound rather than a likelihood claim:
The hybrid’s absolute-GWP advantage compresses but does not reverse for any rebound
coefficient k < k∗. The lowest tolerances arise in the low-βHCZ regime already identified
as high-mismatch.

4.6. Generalisation: Indicator Behaviour Under Alternative CLT Placements

The S1–S2–S3 comparison demonstrates the indicators on the documented design
trajectory of one building, in which architectural intent (CLT in the high-churn zone)
and structural condition (a column grid that accepts dry zones in that area) coordinated.
In real projects this coordination is not guaranteed; column grids, service routing, fire-
compartment boundaries, and existing structure can dictate where dry construction is
feasible, sometimes far from where reconfiguration events are demanded. Three placement
configurations of the same 5615 m2 floor are evaluated using the generalised parameter
βHCZ defined in Section 3.6.5 (see Equation (9)). All three hold CLT quantity (648 m2, four
dry zones), HCZ (904 m2 at the centre), and total floor mass fixed; only CLT placement
differs. The discrete, panel-resolved nature of these placements is grounded in the project’s
demountable-panel geometry (Figure 3); reconfiguration events open and re-close voids by
unbolting whole 3 × 9 m strips, so whether a given event lands on dry or wet structure is
set by where the dry zones sit relative to the high-churn zone—the discrete design decision
isolated by the configurations below, rather than a randomly distributed area. Where the
dry zones only partly coincide with the HCZ (Configuration C below), the events demanded
within the HCZ are taken to sample its dry/wet composition in proportion to area, so
that the expected per-event intensity is the area-weighted blend (1 − βHCZ)gw + βHCZgd

of Equation (6); this is the same demand-neutral assumption applied to the S3 floor, now
resolved within the zone. The three configurations are shown in Figure 10.

• Configuration A—Programmatic alignment (=S3). All four dry zones fall inside the
HCZ; βHCZ = 0.717. The grid cooperates with the program; this is the design ideal
demonstrated above.

• Configuration B—Structural displacement. The grid does not accept dry zones within
the HCZ; the same four dry zones are relocated to a structurally feasible area outside
the HCZ; βHCZ = 0. CLT is on the floor but not where events occur. The configuration
is retained as a limit case because pinning βHCZ = 0 at fixed CI isolates the indicator’s
response to placement, which is the diagnostic point.

• Configuration C—Partial overlap. Two dry zones fall inside the HCZ and two lie
outside; βHCZ = 0.358. The realistic intermediate case.

Table 8 reports the indicator values. CI is identical across A, B, and C (CI = 0.067)
because total floor mass and component composition are identical. RCI separates them
across the full reduction range: A captures 45.1% of the wet-baseline intensity benefit; B
captures none of it (RCI matches S1 exactly because no event lands on dry surface); C
captures 22.6%. Configurations indistinguishable on mass-circularity grounds therefore
differ by 0–45 percentage points on use-phase reconfiguration intensity.

Figure 11 maps the five cases on the CI–RCI plane. Configurations A, B, and C all
collapse to a single point on the CI axis (CI = 0.067) but spread across 37 kg CO2e/m2 on
the RCI axis. Configuration C’s intermediate value follows directly from βHCZ = 0.358 via
the generalised RCI expression (Section 3.6.5), confirming that the alignment penalty is a
continuum rather than a binary.
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Figure 10. Three placement configurations at fixed CLT quantity (648 m2) and fixed HCZ (904 m2).
Configuration A places all CLT inside the HCZ; Configuration B relocates the same CLT outside;
Configuration C splits CLT across the boundary. Darker grey denotes the cores; lighter grey the extent
of the slab. Both are drawn for orientation only and take no part in the indicator comparison. Total
mass and CI are identical across the three; events fall in the HCZ in every case.

Table 8. Indicator values across the three placement configurations, with S1 and S2 included for
reference. Configurations A–C share identical CLT quantity and identical floor mass, so CI is invariant
across them while RCI varies with placement.

Case Description βHCZ βfloor CI RCI (kg CO2e/m2) RCI Red. (%)

S1 Wet baseline — 0 0.049 82.0 0
S2 Full CLT 1.00 1.00 0.714 30.4 62.9
A (=S3) Alignment 0.717 0.115 0.067 45.0 45.1
B Displacement 0 0.115 0.067 82.0 0
C Partial overlap 0.358 0.115 0.067 63.5 22.6

Figure 11. CI vs. RCI across all five cases. The vertical alignment of Configurations A, B, and C at
CI = 0.067 shows that mass-weighted circularity cannot distinguish placements that RCI separates
across the full reduction range.

The placement comparison preserves demand-neutrality; all three configurations
assume the same occupancy program demanding the same events in the same HCZ. What
changes between configurations is whether the structural system at the demanded location
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is dry or wet—i.e., whether the building can absorb the demanded events reversibly.
The interpretive consequences of this separation are taken up in Section 5.1.

5. Discussion
5.1. CI–RCI Divergence and Its Policy Implication

The placement comparison in Section 4.6 makes the CI–RCI divergence concrete.
Configurations A, B, and C share identical mass and identical CI yet span the full 0–45%
range of RCI reduction. CI rewards recoverable mass wherever it sits; RCI rewards only
the material that actually receives reconfiguration events. The two indicators are not
redundant statements of the same underlying property—they answer different questions
about the same physical boundary, and on hybrid floors they can disagree across the full
reduction range.

The policy implication is direct. Frameworks that rely solely on mass-weighted end-
of-life circularity rank Configuration B equivalent to Configuration A despite delivering
no use-phase reconfiguration benefit, and may discourage well-aligned hybrid strategies
relative to displaced ones if mass alone is the metric. Pairing CI with RCI, on a shared
structural boundary, exposes this asymmetry and lets hybrid floors be evaluated on what
they actually do during the use phase rather than only on what is recoverable at end-of-life.

The framework also generalises to any reconfigurable building element where two
construction modes differ in reversibility and per-event carbon: site-built (wet) construction
that resists disassembly versus prefabricated, modular (dry) assemblies that can be unbolted
and reinstalled. The structural slab examined here is the instance with the largest per-event
carbon differential and the most disruptive reconfiguration mode, which is why it is chosen
as the demonstration target. The same contrast underlies, for example, plasterboard-and-
stud partitions versus demountable system partitions: a different per-event GWP and
reconfiguration cadence, but the same parametric structure RCI(βHCZ) = (1 − βHCZ)gw +

βHCZgd and the same program-to-structure mismatch concept.

5.2. Zone-Scale Intensity Benefit and β as Design Pivot

Localising reversibility in a high-churn area produces a use-phase benefit that scales
with 1/αz: the smaller the share of the floor occupied by the high-churn zone, the greater the
disproportion between converted area and benefit captured. In the Seoul case, αz = 0.161
yields BCR = 6.2×, and the hybrid captures 71.7% of the full-decoupling RCI benefit
while converting only 11.5% of the floor area. The architectural decision that makes
this possible is the alignment of the CLT zone with the high-churn area. The placement
comparison (Section 4.6) shows the consequence of failing to align: At identical CLT mass
and identical CI, Configuration B (CLT placed outside the HCZ) delivers zero RCI benefit,
and Configuration C (partial overlap, βHCZ = 0.358) captures only half the benefit of
Configuration A. The 45.1% RCI reduction reported here therefore reflects not the CLT
quantity but its placement.

The residual gap relative to full decoupling is a direct measure of program-to-structure
mismatch whenever architectural intent and structural condition fail to align. In the case
examined, four interstitial wet positions within the high-churn zone (256 m2, 28.3% of
the zone) account for the entire 14.6 kg CO2e/m2 shortfall between S3 and S2. The mis-
match is therefore not an abstract penalty but a concrete, named consequence of geom-
etry that designers can reduce by aligning the architectural high-churn zone with the
dry-zone dimensions.

The sensitivity analysis (Section 4.4) makes the design implications explicit. Scale-
only parameters (Aj, E, study period) change absolute saving without altering RCI; dual-
acting parameters (gw, gd, β) change both through the gap. β is unique within the dual-
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acting group; it is the only parameter set by architectural design rather than by EPD or
occupancy, which makes it the natural primary design lever. Moving from β = 0.717 to
β = 1.00 improves RCI reduction from 45.1% to 62.9% and absolute saving from 0.012 to
0.017 Mkg CO2e; dropping to β = 0.50 reduces these to 31.5% and 0.008 Mkg. Whether
extending β toward 1 is worth pursuing depends on the marginal cost of additional dry
zones relative to the project’s implicit carbon price.

5.3. Limitations

Indicator demonstration, not a validated design rule. The contribution of this study
is the formulation of Acum and RCI and a demonstration of their behaviour on a single
documented design trajectory; it is not a validated design rule. The indicators are shown
to behave as intended on a declared boundary, and for this case zone-scale decoupling
captures most of the full-decoupling intensity benefit, but the specific reduction figures
are properties of this floor, its structural grid, and its occupancy programme, not general
constants. The conclusions therefore rest on a small number of consequential assumptions,
each made explicit and examined rather than dispersed as scattered caveats: the per-event
intervention area (Section 3.6.3), the treatment of time (Section 3.7), the event frequency
(Section 3.7.2, with the 2/6-event bracket), and the CLT reuse/replacement fraction (the
damage-scenario sweep of Section 4.4.3). Establishing the indicators as a design rule would
require application across multiple cases and typologies (Section 5.4); the present study
establishes and demonstrates them on one.

The findings depend on three assumptions specific to the structural slab boundary
adopted here. The 60-year study horizon defines the period over which recurring re-
configuration carbon accumulates; shorter or longer horizons would change absolute
totals proportionally without affecting RCI, which is intensity-normalised. The 20-year
vertical penetration cadence (three events over 60 years) is inferred from related Korean
leasing-cycle data [37,39] and international fit-out-churn proxies [38] in the absence of
a Korean dataset specific to slab-penetration frequency; the 2- and 6-event sensitivity
variants (Section 4.4) bracket this assumption. The analysis is restricted to the structural
slab/panel layer, where the wet/dry distinction produces the largest and most reproducible
per-event carbon differential; events on other layers (fit-out, MEP, partitions) follow their
own cadences and per-event GWP magnitudes and are not addressed here.

Scope of the demonstrated benefit. The result established here is a reduction in
reconfiguration GWP on the declared structural slab/panel boundary, not a whole-life
carbon advantage for the hybrid floor. The absolute flow isolated is correspondingly
modest: on the single 5615 m2 floor analysed, the wet baseline incurs 26,568 kg CO2e and
the hybrid 14,580 kg CO2e over the three events of the 60-year horizon. This is the scale
of the specific structural slab reconfiguration flow quantified here; it is deliberately not
comparable to—and should not be conflated with—the much larger recurring fit-out and
MEP carbon flows that motivate the study, and the contribution of this work is the indicator
and its behaviour rather than a building-scale carbon saving. A whole-life claim would
require the initial production and construction stages (A1–A5), the inter-continental CLT
transport, the fire- and acoustic-compliance build-ups, maintenance, and end-of-life to be
modelled consistently across all three scenarios—several of which, notably the imported-
CLT transport and the ancillary fire/acoustic layers, carry non-trivial impacts that the
use-phase reconfiguration boundary deliberately excludes. The indicators introduced here
are therefore a use-phase diagnostic that complements, rather than substitutes for, a full
cradle-to-grave assessment; they isolate one previously under-quantified flow and should
not be read as a verdict on the floor’s total embodied carbon.
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Engineering constraints on repeated openings. The reversibility benefit modelled
here treats the slab-penetration cycle purely as a structural-carbon operation; it does not
resolve the structural, fire, acoustic, and interface-detailing requirements that repeated
openings in a high-rise office slab raise in practice. Repeated unbolting and reinstatement
must preserve diaphragm action and load paths, maintain the 120 min fire-resistance and
compartmentation ratings applicable to mid- to high-rise Korean office floors [11], and sus-
tain acoustic separation and air-/weather-tightness at the wet–dry interface across multiple
cycles. The hybrid build-up specified in Section 3.5.3 identifies the relevant components
(mixed mechanical joint, blocking, fire and sealing tapes), but demonstrating that these
requirements are met across repeated cycles requires system-level testing and code veri-
fication beyond the scope of the present carbon accounting. The practice, rating-system,
and policy implications drawn below are accordingly contingent on these requirements
being satisfied.

5.4. Future Work

Several extensions follow naturally from the framework. A companion fit-out-layer
RCI is the most immediate, and analogous instantiations on MEP branch-reroutes and
partition reconfiguration are similarly available—each with its own per-event GWP and
cadence but the same parametric structure. A cost analysis is a priority for subsequent
work, since this study is deliberately confined to carbon. Qualitatively, the hybrid floor
carries a first-cost premium over the wet baseline—engineered CLT panels, demountable
steel connections, lifting hardware, and CNC and fire/acoustic interface detailing all cost
more per square metre at installation than a conventional cast composite slab—set against
the wet-trade demolition, formwork, re-casting, curing, and associated business-disruption
and downtime costs that the dry system avoids at each reconfiguration event and that
recur over the use phase. Whether the recurring avoided cost offsets the premium is
project-specific, depending on the conversion area, the reconfiguration cadence, and local
labour and material prices, so it cannot be generalised from a single case. Formalising
this as an economic crossover—linking the marginal cost of β-extension to the avoided
reconfiguration carbon and cost—would convert the indicator pair into a design-stage
decision tool; the carbon indicators reported here are intended to inform that trade-off, not
to pre-empt it. Application to additional typologies—residential, mixed-use, and other
office configurations at different αz and β—would consolidate the empirical anchoring that
a single design trajectory cannot provide on its own.

Retrofit applications: The framework applies identically to retrofit insertions: A
bounded zone of an existing wet floor can be cut out and replaced with a dry, demountable
assembly under the same use-phase indicator behaviour, with a Year-0 insertion cost being
the only additional term. Since most office buildings in mature markets will not be replaced,
zone-scale retrofit is likely where the indicators have their largest practical impact [40,41]
and is a natural setting for testing the framework’s predictive value against measured
outcomes from real reconfiguration events.

6. Conclusions
This study introduces two area-normalised indicators—Cumulative Intervention Area

(Acum) and Reconfiguration Carbon Intensity (RCI)—specialised to a single event type (the
vertical slab-penetration cycle) and evaluated on the same structural slab/panel boundary
as the Circularity Index (CI). By focusing on this specific event and boundary, the framework
yields a closed-form analytical result linking floor-plate geometry to use-phase carbon
intensity, enables a direct CI–RCI comparison on a single physical object, and defines a
named quantity for program-to-structure mismatch. The key findings are:
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1. Two complementary indicators on a shared boundary. Acum measures the floor area
touched by reconfiguration events; RCI measures the carbon per unit of that area.
Together with the mass-weighted CI, they answer different questions: CI rewards
mass recoverable at end-of-life, while RCI rewards per-event efficiency of material
actually reconfigured. The placement comparison (Configurations A–C in Section 4.6)
makes the divergence concrete; floors with identical CLT mass and identical CI span
the full 0–45% range of RCI reduction depending on CLT placement relative to the
high-churn zone—a blind spot in mass-only circularity frameworks.

2. Closed-form decomposition under demand-neutrality. Under demand neutral-
ity, Acum is invariant across scenarios, and RCI reduces to (1 − β)gw + βgd with
benefit-to-conversion 1/αz. In the illustrative case, the hybrid captures 71.7% of
the full-decoupling RCI benefit by converting only 11.5% of the floor area to dry
CLT, delivering a 45.1% RCI reduction and BCR = 6.2×; the 28.3% shortfall is the
program-to-structure mismatch on 256 m2 of interstitial wet positions.

3. Probabilistic robustness. Joint sampling shows the S1 and S3 RCI distributions do not
overlap; the deterministic 45.1% reduction sits at the centre of the sampled distribution
(mean 45.9%, P5–P95 = [34.8%, 58.1%]), with β identified as the dominant design
lever. Realistic correlation structures narrow rather than widen this envelope, and the
closed-form rebound breakeven k∗ = 1.15 at base case bounds the induced-demand
vulnerability: The absolute-GWP advantage compresses but does not reverse for any
rebound coefficient k < k∗.

4. Implications for policy and practice. Hybrid zone-scale decoupling offers a feasible
pathway to substantial use-phase carbon reduction in markets where full-floor dry
construction is constrained by regulation, certification regimes, or supply chains—as
is currently the case in much of East Asia, including Korea. Pairing CI with RCI on
a shared structural boundary provides a quantitative basis for embedding partial-
decoupling strategies in embodied-carbon assessments and circularity policies. In par-
ticular, it exposes where mass-weighted end-of-life metrics alone would discourage
hybrid choices that deliver the majority of the use-phase benefit at a fraction of the con-
verted area, cost, and regulatory complexity, and it offers designers, code authorities,
and assessment frameworks a way to recognise zone-scale reversibility as a credited
pathway alongside whole-floor decoupling. These implications concern use-phase
reconfiguration carbon on the structural slab boundary and are contingent on the
structural, fire, acoustic, and interface-detailing requirements of repeated openings
being met (Section 5.3); they do not by themselves constitute a whole-life carbon claim
for the hybrid floor.
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Data Availability Statement: Project-specific data on the floor geometry, structural mass quantities,
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project progresses. Material-level inputs supporting the LCA arithmetic—per-event GWP values,
EPD-based emissions factors, and Korean concrete LCI data—are drawn from publicly available
sources cited throughout the paper, including national inventory databases (KEITI, KICT, MOLIT),
CLT manufacturer EPDs (KLH [18], Stora Enso [27], Binderholz [28]), the ecoinvent 3.9 background
database, and peer-reviewed Korean academic studies on ready-mix concrete LCA [22] and office-
market reconfiguration cadence [37–39]; readers can reproduce the per-event GWP derivations and CI
calculation directly from these citations together with Appendices A–C. The Monte Carlo simulation
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script used for the joint-uncertainty stress test (Section 4.5) and the per-event GWP workbook
reproducing the bottom-up derivations of gw and gd (Appendix A) are available from the author on
reasonable request.
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Abbreviations
The following abbreviations are used in this manuscript:

Acum Cumulative Intervention Area
BCR Benefit-to-Conversion Ratio
CI Circularity Index
CLT Cross-Laminated Timber
DP Disassembly Potential
EPD Environmental Product Declaration
GWP Global Warming Potential
KEITI Korea Environmental Industry and Technology Institute
KICT Korea Institute of Civil Engineering and Building Technology
LCA Life Cycle Assessment
LCI Life Cycle Inventory
MEP Mechanical, Electrical, Plumbing
OAT One-at-a-Time (sensitivity analysis)
RCA Recycled Coarse Aggregate
RCI Reconfiguration Carbon Intensity
RP Recovery Potential
TI Tenant Improvements
trP-LCA Time-Resolved Prospective Life Cycle Assessment

Appendix A. Bottom-Up Derivation of Per-Event GWP Values
This appendix provides the bottom-up derivation of the two per-event GWP val-

ues used throughout the paper: gw = 82.0 kg CO2e/m2 for the wet steel–concrete com-
posite slab and gd = 30.4 kg CO2e/m2 for the dry CLT zone. Both values are evalu-
ated on the structural slab/panel boundary (Section 3.2), expressed per square metre of
dismantled-and-rebuilt area for one open-and-close cycle of a vertical slab-penetration
event, and decomposed into demolition (modules A5/C1), production (A1–A3), transport
(A4), and installation (A5) stages per EN 15804+A2.

Source hierarchy. Korean-context sources are used wherever available, with priority
given to KEITI-registered Environmental Product Declarations (EPDs) valid as of 31 March
2026 [23]. Where Korean-specific EPDs do not exist (CLT panels, acoustic membranes,
structural timber screws), European EPDs and peer-reviewed international LCAs are used.
Registry figures reported below are drawn from a single extraction of the KEITI valid-
certification list (31 March 2026 product list, extracted 6 May 2026). Strength classes
are assigned from the declared design-strength field of each certification; certifications
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declaring a strength range, or no strength, are retained in the pooled figure but excluded
from the strength-stratified means.

Use of unallocated rows. Each derivation retains an unallocated component covering
sub-items not individually quantified here (formwork release agents, mesh chairs, edge
protection, primer coats, packaging, washers, sealant residuals, gaskets): 12.2 kg CO2e/m2

in gw (14.9% of the total) and 4.4 kg CO2e/m2 in gd (14.5%). These are deliberately conser-
vative completeness allowances on a bottom-up build-up, not applications of the EN 15804
cut-off rule, which governs the exclusion of flows from a declared unit process rather than
the aggregation of an inventory; they are reported as explicit rows rather than absorbed
silently into the quantified lines. Because both derivations carry a similar proportional
allowance, the headline intensity result is insensitive to them: removing both rows entirely
gives gw = 69.8 and gd = 26.0 kg CO2e/m2 and an RCI reduction of 45.0% against the
reported 45.1%.

Appendix A.1. Wet Composite Slab (gw = 82.0 kg CO2e/m2)

Table A1 consolidates the full audit trail for both per-event values; its wet-slab rows
decompose gw into stage-by-stage components. The dominant contributions are concrete
A1–A3 (46.1% of gw) and galvanized steel deck A1–A3 (21.1%); demolition (saw-cutting,
breaking out, hauling) accounts for 6.3%.

Concrete A1–A3. The Korean ready-mix concrete mode value of 252 kg CO2e/m3 for
30 MPa concrete is taken from Choi and Tae [22] (n = 542 Korean ternary mix designs).
This value is independently corroborated by the KEITI database [23]: across n = 1908 valid
Korean ready-mix concrete EPDs (31 March 2026 product list), the mean GWP A1–A3 is
254.5 kg CO2e/m3. Stratifying the same extraction by declared design strength gives means
of 233.7 (24 MPa, n = 367), 251.9 (27 MPa, n = 354), 270.9 (30 MPa, n = 348), and 304.6
(35–40 MPa, n = 378) kg CO2e/m3; the remaining n = 461 certifications fall outside these
four classes (predominantly 18 and 21 MPa) and average approximately 220 kg CO2e/m3,
which reconciles the class means with the pooled figure. The 252 used here is the within-
strength-class mode of Choi and Tae [22] (slightly below the KEITI 30 MPa mean), re-
flecting Korean industry-typical ternary mixes (cement + fly ash + ground-granulated
blast-furnace slag) rather than pure OPC. For 0.150 m3/m2, this gives 37.8 kg CO2e/m2.
The earlier work of Kim and Tae [42] reports 309 kg CO2e/m3 for 24 MPa OPC concrete
using older KEITI clinker factors and pure OPC; substituting that value would raise this
row to 46.4 kg CO2e/m2 and proportionally compress the unallocated row.

Reinforcement (rebar mesh, EAF route). Korean rebar A1–A3 GWP is taken from
the Hyundai Steel KEITI EPD certification no. 2025-299 [24] at 0.451 kg CO2e/kg (va-
lidity 27 March 2025 to 26 March 2028). This value is consistent with the Korean rebar
industry (n = 11 KEITI-registered EPDs from major Korean mills including Hyundai
Steel, Dongkuk, Daehan, Hankuk, YK Steel, and Hwanyoung), with mean 0.532 and
median 0.498 kg CO2e/kg as of 31 March 2026 [23]. Hyundai Steel’s value sits at the
lower end of the industry range, reflecting its leadership in low-carbon EAF production.
For 12.0 kg/m2 mesh, this gives 5.4 kg CO2e/m2. As a conservative international upper-
bound check, the CRSI North American industry-wide fabricated rebar EPD [43] reports
0.854 kg CO2e/kg; substituting that value would raise this row to 10.2 kg CO2e/m2.

Galvanized steel deck. The POSCO hot-dip galvanized steel sheet KEITI EPD [25]
(certification no. 2023-036, renewed 31 January 2026, valid through 30 January 2029) reports
A1–A3 GWP at 2.749 kg CO2e/kg, slightly higher than the 2.32 kg CO2e/kg in the SDI North
American industry-wide EPD due to the more carbon-intensive Korean grid mix used in gal-
vanizing. The Dongkuk CM EPD [44] (no. 2024-222) reports a similar 2.411 kg CO2e/kg; the
central value adopted is the POSCO figure for the dominant Korean supplier. For 6.3 kg/m2

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 29 of 36

deck, this gives 17.3 kg CO2e/m2. Note that KEITI also lists n = 12 valid EPDs for finished
composite floor deck plates (mean 47.5, range 39.4–61.8 kg CO2e/m2 of installed deck)
from manufacturers including Beacon, Deokshin EPC, and Sungji Steel [45]; these declared
values include the heavier embedded steel mass (typically 12–15 kg/m2) of finished prod-
ucts and are higher than the 6.3 kg/m2 re-entrant deck specified for this study, but provide
an independent cross-check on the per-kg POSCO value.

Demolition (saw-cutting + hydraulic breaker + hauling). Concrete saw-cutting
is anchored on the module-C1 reinforced-concrete selective-deconstruction inventory of
Küpfer et al. [40], which accounts for the electricity consumed during diamond-blade
sawing together with sawing-disc and machinery wear, and reports a sawing impact of
0.729 kg CO2e/m2 of cut surface. The penetration cut here is deeper and more heavily rein-
forced than the slab cuts in that study, and the present row additionally bundles a share of
the breaking-out of the cut perimeter; the contribution is therefore taken conservatively as
3.0 kg CO2e/m2 of dismantled area, above the Küpfer cut-surface figure once the cut geom-
etry around a 1 m2 penetration is accounted for. Hydraulic-breaker concrete demolition fol-
lows Coelho and de Brito [26], who report total end-of-life GWP at 37 kg CO2e/m2 of build-
ing floor area for selective demolition; allocated to the 150 mm slab disposed (0.150 m3/m2

at 2400 kg/m3), the demolition-specific share is 0.7 kg CO2e/m2. CDW hauling 30 km is
allocated based on construction-vehicle freight emission factors (∼0.085 kg CO2e/t·km,
consistent with the ecoinvent 3.9 heavy-duty diesel lorry freight dataset [46]) applied
to 0.378 t/m2, giving 1.0 kg CO2e/m2; sorting/disposal adds 0.5 kg CO2e/m2. Subtotal
demolition: 5.2 kg CO2e/m2.

Materials transport (A4). RMC delivery 30 km (Korean ready-mix delivery practice)
at 0.085 kg CO2e/t·km applied to 0.36 t/m2 concrete: 0.9 kg CO2e/m2. Steel-deck and rebar
delivery (50 km average) for 0.018 t/m2: 0.6 kg CO2e/m2. The road-freight emission factor
is based on the ecoinvent 3.9 lorry transport dataset [46].

Installation (A5). Reusable steel formwork, amortized over 50–100 uses, contributes
∼1.0–2.0 kg CO2e/m2 of formwork contact area (per worldsteel Module D conventions
and standard amortization guidance from ecoinvent 3.9 [46]); central value 1.5 kg CO2e/m2.
Concrete pumping consumes ∼0.5–1.5 L diesel/m3 placed (Park, Tae and Kim [47]), giving
∼0.2–0.6 kg CO2e/m2; central value 0.5 kg CO2e/m2. Curing energy and ancillary site
loads add 0.6 kg CO2e/m2 per Park, Tae and Kim [47].

Unallocated (formwork release, tying wire, mesh chairs, packaging, primer, edge
protection). 12.2 kg CO2e/m2 (14.8% of gw). This row absorbs items individually below
the 1% EN 15804 cut-off threshold but cumulatively non-negligible. The largest contribu-
tors are formwork-release agents (typically 3–5 kg CO2e/m2 over multiple pour cycles),
reinforcement tying wire, plastic spacers/chairs, and edge protection.

Appendix A.2. Dry CLT Zone (gd = 30.4 kg CO2e/m2)

The dry-zone rows of Table A1 decompose gd. The dominant contributions are CLT
panel A1–A3 production (25.7% of gd) and CLT inter-continental transport (24.3%); demo-
lition (unbolting, module C1) is small (4.9%); mobile crane operation is listed separately
under installation (module A5). The 30% panel replacement assumption is load-bearing
for the derivation: at 50% replacement, gd would rise to ∼46 kg CO2e/m2, requiring
re-anchoring of the OAT envelope.

CLT panel A1–A3, fossil only (30% replacement). Three European producer
EPDs anchor this row. Stora Enso [27] and KLH [18] report A1–A3 GWP-fossil in
the 50–200 kg CO2e/m3 range, driven by renewable electricity in Austrian/Swedish
plants. Binderholz [28] reports somewhat higher values from an older EPD generation.
The systematic review of Younis and Dodoo [29] compiles 11 manufacturer EPDs in-
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ternationally and reports a fossil-only A1–A3 GWP mean of 152 ± 118 kg CO2e/m3,
with electricity-mix variability explaining most of the spread. The Younis and Dodoo
international mean is adopted here as the central value, avoiding cherry-picking the lower-
end European producer EPDs (which benefit from hydroelectric/biomass grid mixes
and report values as low as 50–90 kg CO2e/m3) while still falling well within the pub-
lished international range. For 0.170 m3/m2 at 30% replacement, the production row is
0.30 × 0.170 × 152 ≈ 7.8 kg CO2e/m2; bracketed within ±25% by the OAT.

CLT inter-continental transport (A4)—Austria/Sweden → Busan → Seoul. This is
the most consequential single line and the one that distinguishes Korea-context CLT from
European-context CLT. The route consists of three legs:

Leg 1—European inland: producer plant to North-Sea port. KLH Wiesenau (Austria)
and Stora Enso plants (Austria/Sweden) deliver via EURO-VI 32-tonne lorry at ∼50%
capacity utilization to Hamburg or Antwerp ports; Stora Enso’s EPD [27] A4 module uses
an emission factor of ∼75 g CO2e/t·km. Weighted average distance for the European
production base: ∼1100 km. Leg-1 contribution: 2.0 kg CO2e/m2.

Leg 2—Sea freight: Hamburg/Antwerp to Busan. Distance is ∼10,800 nautical miles
(∼20,000 km) via the Suez Canal, taken from the Asia–Northern Europe container trade-lane
reference in Notteboom, Pallis and Rodrigue [31]. The Hemmati, Messadi and Gu [30] CLT-
transport LCA reports SimaPro/Ecoinvent container-ship emissions of 127.9 kg CO2e per
tonne of CLT over a 13,690 km Slovenia-to-Houston voyage, equivalent to 9.34 g CO2e/t·km.
This is consistent with the IMO Fourth Greenhouse Gas Study [32], which reports that the
carbon intensity of international shipping in 2018 was 22% (AER) to 32% (EEOI) below
the 2008 baseline, with modern post-Panamax container ships (14,500–20,000 TEU class)
on Asia–Europe trade lanes operating in the 7–14 g CO2/t·km range. Applied to the 30%
replacement panel mass: 4.5 kg CO2e/m2.

Leg 3—Korean inland: Busan port to Seoul construction site. Distance 325 km via 25-tonne
diesel truck at ∼0.085 kg CO2e/t·km, based on the ecoinvent 3.9 lorry transport dataset [46].
Leg-3 contribution: 0.7 kg CO2e/m2. Inland transport of the reused 70% panel mass over
∼50 km within Korea adds 0.2 kg CO2e/m2.

The four-leg total transport contribution is 7.4 kg CO2e/m2, which exceeds Stora Enso’s
European-customer A4 declaration of 25.9 kg CO2e/m3 by a factor of ∼6 when translated to
per-m2 of installed CLT—the European A4 figure is geographically inadequate for an Asia
destination, and Hemmati et al. [30] provide the methodological precedent for re-deriving
A4 leg-by-leg.

Acoustic/sealing/fastener consumables (full renewal). Bituminous acoustic mem-
brane (Rothoblaas Silent Floor Bytum, 0.5 kg/m2) at ∼1.3 kg CO2e/kg from the BMI
Icopal SBS-modified bituminous membrane EPD S-P-02106 [35] (valid 17 August 2020
to 15 July 2025; values represent 2018–2019 production): 2.5 kg CO2e/m2 including in-
stallation. Xylofon 50 polyurethane resilient pads (0.1 kg/m2) at ∼5 kg CO2e/kg from
ecoinvent 3.9 “polyurethane, flexible foam, market for, GLO” [46]: 0.5 kg CO2e/m2. Fire-
stripe graphite tape and Façade Band UV sealing tape (Rothoblaas [34]; intumescent/butyl
tape proxies from ecoinvent and supplier EPDs): 0.5 kg CO2e/m2 combined. Steel bolts and
screws (M10 + Ø8, 0.7 kg/m2 + 0.1 kg/m2 blocking) at 3.07 kg CO2e/kg from the Structural
Timber Screw Portfolio EPD of Hilti AG (Schaan, Liechtenstein) [33]: 2.5 kg CO2e/m2. Block-
ing screws and RAPTOR lifting rings (proxies, ecoinvent 3.9 fasteners [46]): 0.5 kg CO2e/m2.

Mobile crane operation (installation, A5). Mobile telescopic crane allocated 1 crane-
hour per ∼25 m2 of CLT placed; emission factor based on ecoinvent 3.9 “machine operation,
diesel, ≥18.64 kW and <74.57 kW, high load factor, GLO” [46], the same dataset used in
Hemmati et al. [30] for CLT loading/unloading operations: 2.0 kg CO2e/m2.
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Demolition/unbolting (C1). Power-tool unbolting at ∼0.05–0.1 kWh/m2 on the
Korean grid plus small forklift/scissor-lift allocation (ecoinvent 3.9 machine-operation
dataset [46]): 1.5 kg CO2e/m2.

Disposal of damaged 30% CLT (C2–C4). Per Stora Enso’s EPD end-of-life scenar-
ios [27], 100% incineration with energy recovery: C2 (50 km transport) + C3 (incinera-
tion) ≈ 21 kg CO2e/m3 fossil over the panel volume disposed. For 0.30 × 0.170 m3/m2 dis-
posed: 0.8 kg CO2e/m2. Biogenic carbon is treated per EN 15804+A2 with the −1/ + 1 con-
vention; over the 60-year horizon and assuming sustainable forest management certification
of all CLT supply, net biogenic flux is approximated as zero (Section 3.7). Module D credits
for energy substitution from incineration are not claimed here under the 100:0 cut-off
allocation rule.

Unallocated (sealants, primers, gaskets, packaging, washers, edge protection).
4.4 kg CO2e/m2 (14.5% of gd). Smaller than the wet equivalent because the dry assembly
has fewer cast-in-place ancillaries.

Table A1. Consolidated audit trail for the two per-event GWP values, gw = 82.0 and
gd = 30.4 kg CO2e/m2, evaluated on the structural slab/panel boundary per square metre of
dismantled-and-rebuilt area. EN 15804+A2 stage modules are given per row; all rows follow the
cut-off 100:0 allocation rule, with biogenic carbon under the −1/ + 1 convention (Section 3.7). Geog-
raphy codes: KR = Korea, AT/SE = Austria/Sweden, EU = European inland, Intl = international sea
freight, GLO = global (ecoinvent market). “Vintage” is the data/EPD reference year. Total uncertainty
is carried at the gw/gd level: each value is varied ±15–25% in the OAT analysis (Section 4.4) and
sampled in the Monte Carlo (Section 4.5); the load-bearing CLT panel-replacement fraction is varied
separately in Section 4.4.3. Acoustic, sealing, and fastener consumables appear in gd because they
are physically renewed at each reconfiguration cycle, but are excluded from the CI structural-mass
comparison (Section 3.5.4), which is defined on the structural panel only.

Stage/Item Module Quantity/EF Geog. Vintage kg/m2 Source

Wet composite slab (gw)
Concrete (30 MPa) A1–A3 0.150 m3 @ 252 kg CO2e/m3 KR 2025 37.8 [22,23,42]
Reinforcement mesh A1–A3 12.0 kg @ 0.451 kg/kg KR 2025 5.4 [23,24]
Galvanized steel deck A1–A3 6.3 kg @ 2.749 kg/kg KR 2026 17.3 [23,25]
RMC delivery A4 0.36 t × 30 km @ 0.085 GLO 2022 0.9 [46]
Rebar/deck delivery A4 0.018 t × 50 km @ 0.085 GLO 2022 0.6 [46]
Reusable steel formwork A5 amortized 50–100 uses GLO 2022 1.5 [46]
Concrete pumping/placement A5 ∼0.5–1.5 L diesel/m3 KR 2012 0.5 [47]
Curing & site energy A5 — KR 2012 0.6 [47]
Saw-cutting (diamond blade) C1 0.729 kg/m2 cut (C1 inv.) CH/KR 2024 3.0 [40]
Hydraulic breaker C1 alloc. from 37 kg/m2 EoL — 2012 0.7 [26]
CDW hauling C2 0.378 t × 30 km @ 0.085 GLO 2022 1.0 [26,46]
Disposal/sorting C2–C4 — — 2012 0.5 [26]
Unallocated (<1% items) — release agents, ties, chairs — — 12.2 —

Subtotal gw 82.0

Dry CLT zone (gd, 30% panel replacement)
CLT panel (fossil A1–A3) A1–A3 0.30 × 0.170 m3 @ 152 kg/m3 AT/SE 2022 7.8 [18,27–29]
Transport leg 1 (truck) A4 ∼1100 km @ 75 g/t·km EU 2024 2.0 [27]
Transport leg 2 (sea, Suez) A4 ∼20,000 km @ 9.34 g/t·km Intl 2022 4.5 [30–32]
Transport leg 3 (truck) A4 325 km @ 85 g/t·km GLO 2022 0.7 [46]
Reused-panel inland transport A4 ∼50 km @ 85 g/t·km GLO 2022 0.2 [46]
Acoustic membrane A1–A3 0.5 kg @ ∼1.3 kg/kg — 2020 2.5 [35]
Xylofon 50 PU pads A1–A3 0.1 kg @ ∼5 kg/kg GLO 2022 0.5 [34,46]
Fire/sealing tapes A1–A3 intumescent/butyl proxies — 2022 0.5 [34,46]
Bolts + screws A1–A3 0.8 kg @ 3.07 kg/kg — 2023 2.5 [33]
Blocking screws + lifting rings A1–A3 ecoinvent fastener proxies GLO 2022 0.5 [46]
Mobile crane operation A5 1 h per ∼25 m2 placed GLO 2022 2.0 [30,46]
Unbolting (power tools + lift) C1 ∼0.05–0.1 kWh/m2, KR grid KR 2022 1.5 [46]
Incineration (no Mod. D) C2–C4 21 kg/m3 panel disposed — 2024 0.8 [27]
Unallocated (<1% items) — sealants, primers, washers — — 4.4 —

Subtotal gd 30.4
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Appendix A.3. Caveats and Sensitivity

Three caveats apply to the derivation above; all are within the OAT envelope of
Section 4.4 and the joint-uncertainty Monte Carlo of Section 4.5.

1. Korean rebar EPD specificity. The 0.451 kg CO2e/kg value is from the Hyundai Steel-
specific KEITI EPD [24]. The Korean rebar industry shows a wider distribution
(n = 11 valid EPDs, range 0.432–0.855 kg CO2e/kg as of 31 March 2026 [23]); using
the industry mean of 0.532 would raise this row to 6.4 kg CO2e/m2 (+1.0). Substituting
the CRSI North American industry-wide value [43] (0.854 kg CO2e/kg, including
fabrication) raises this row to 10.2 kg CO2e/m2 as a conservative upper bound.

2. Concrete LCI selection. The 252 kg CO2e/m3 central value reflects Choi and Tae’s [22]
30 MPa ternary-mix mode and is independently corroborated by the KEITI database
mean across n = 348 valid 30 MPa Korean ready-mix EPDs (270.9 kg CO2e/m3) [23].
Substituting Kim and Tae’s [42] 309 kg CO2e/m3 (24 MPa OPC, older clinker factors)
would raise this row by 8.6 kg CO2e/m2 to 46.4. The OAT envelope on gw (±15–25%)
brackets this substitution.

3. 30% panel replacement assumption. No published study quantifies CLT edge damage
and fastener-hole wear under repeat reconfiguration. The 30% figure is consistent with
general CLT-reuse commentary in the literature but is presented as an engineering
assumption. At 20% replacement, gd falls to ∼25 kg CO2e/m2 (within the OAT low
bound); at 50%, gd rises to ∼46 kg CO2e/m2 (above the OAT high bound). These
three values anchor the explicit damage-scenario sensitivity in Section 4.4.3, which
shows the hybrid retains a 31.5% RCI reduction even at the 50% high-damage stress
case. A measured replacement rate from a real reconfiguration cycle would tighten
the derivation; this is flagged for future work in Section 5.4.

Appendix B. Reconfiguration Event Arithmetic
Under the demand-neutral structural-only event model (Section 3.7.2), three vertical

slab-penetration events occur over the 60-year study period within the 904 m2 high-churn
zone, held constant across scenarios (low/high sensitivity variants: 2/6 events). Non-
structural fit-out, service, and finish cycles are outside the RCI boundary. Each event
disturbs a per-event footprint of Aj = 108 m2 (the area of four 27 m2 reconfiguration strips).
For S1 and S2 this footprint is uniformly wet or uniformly CLT, so each event’s carbon cost
is gw · 108 or gd · 108. For S3, under demand-neutrality the footprint samples the zone com-
position (71.7% CLT, 28.3% wet), so each event costs 108 × [(1 − β)gw + βgd] = 108 × 45.0.
Across three events: S1 = 3 × 108 × 82.0 = 26,568 kg CO2e; S2 = 3 × 108 × 30.4 =

9850 kg CO2e; S3 = 3 × 108 × 45.0 = 14,580 kg CO2e. Acum = 3 × 108 = 324 m2 for
all scenarios.

Table A2 summarises derived metrics. All headline reduction figures collapse to
β = 0.717 through Equations (6)–(8): RCI reduction = β(gw − gd)/gw = 45.1%; intensity
benefit captured = β = 71.7%; floor-level BCR = 1/αz = 5615/904 = 6.21×; mismatch
penalty = (1 − β)(gw − gd) = 14.6 kg CO2e/m2.

Table A2. Derived metrics from the arithmetic above. All figures reduce to closed-form expressions
in β, αz, and the per-event gap (gw − gd) = 51.6 kg CO2e/m2.

Metric S1 S2 S3

Cumulative Acum (m2) 324 324 324
Cumulative GWPreconf (kg CO2e) 26,568 9850 14,580
RCI (kg CO2e/m2) 82.0 30.4 45.0
RCI reduction vs. S1 — 62.9% 45.1%
Absolute GWP reduction vs. S1 — 62.9% 45.1%

https://doi.org/10.3390/buildings16152990

https://doi.org/10.3390/buildings16152990


Buildings 2026, 16, 2990 33 of 36

Appendix C. Circularity Index Inventory and Calculation
The Circularity Index used in this study is a mass-weighted per-assembly aggregation

of the product-level Recovery Potential of Abu-Ghaida et al. [2]: RPi = fi(DPi), where fi(·)
is the material-specific DP-to-RP mapping reflecting the dominant end-of-life pathway
(intact reuse for reversible assemblies, downcycling for monolithic or adhesively bonded
ones). This framework is adopted unchanged; no modifications to DP scoring, RP mapping,
or CI aggregation are introduced.

DP scores are derived by applying the Abu-Ghaida four-criterion scoring (connection
type, connection access, form containment, crossings) to the project shop drawings (draw-
ing series S-WF-001 to S-WF-022, Case Project in Seongsu, Seoul, February 2026). For the
5-layer CLT panel, connection type scores 1.0 (dry M10 bolt and Ø8 screw fixings, no adhe-
sive or composite action, CNC-prepared holes); connection access scores 0.6 (bolt heads
accessible from above but require prior removal of tack-fixed Rothoblaas Xylofon 50 acous-
tic pads, sequenced lifting via Rothoblaas RAPTOR rings); form containment scores 1.0
(discrete rectangular CNC-cut panels with no cast-in-place elements); crossings score 0.8
(independent bearing on steel flanges with minor sequencing dependency between adjacent
panels), giving DPCLT = 0.85. Wet composite components each fail at least one criterion
below the cut-off: concrete is cast monolithically, reinforcement is embedded, and the
steel deck is compositely bonded to the concrete topping; aggregate DP scores fall in the
0.05–0.10 range, consistent with full destructive demolition as the only disassembly path-
way. Table A3 consolidates LCI sources, regional specificity, DP/RP values, and end-of-life
pathways. Table A4 shows the resulting CI calculation.

Table A3. Consolidated LCI sources, regional specificity, and DP/RP values for the CI calculation. CI
is computed from component mass and Recovery Potential (Table A4); GWP emission factors are not
used in CI and are reported, with full provenance and EN 15804 stage modules, in the consolidated
per-event audit trail (Table A1). Material datasets are aligned with that audit trail. The CLT DP
derivation is given in the text above; wet-component DP scores are in the 0.05–0.10 range under the
Abu-Ghaida [2] four-criterion method.

Material Dataset Region DP RP EoL Pathway

Concrete (30 MPa) Choi & Tae/KEITI KR 0.10 0.050 Downcycling
Steel rebar Hyundai KEITI EPD KR 0.05 0.030 Scrap melt
Steel deck POSCO KEITI EPD KR 0.05 0.030 Scrap melt
CLT panel (C24) KLH/Stora Enso EPD AT/SE 0.85 0.714 Intact reuse [48]

Table A4. Scenario CI calculation. Component masses (kg/m2) from Table 1; RP values from Table A3.

Scenario ∑(mi · RPi)/ ∑ mi CI

S1 (Wet Baseline) (360 × 0.050 + 12 × 0.030 + 6.3 × 0.030)/378.3 0.049
S2 (Full CLT) (79.9 × 0.714)/79.9 0.714
S3 (Hybrid) (1879.0 × 0.049 + 51.8 × 0.714)/1930.8 0.067

Note on recycled-aggregate concrete: The Korean ready-mix concrete LCI used here
(Choi and Tae [22], cross-checked against the KEITI database [23]) represents conventional
natural-aggregate concrete. Under the Korean Industrial Standard KS F 2527 [49], recycled
coarse aggregate (RCA) meeting a minimum oven-dry density of 2.5 g/cm3 and maximum
water absorption of 3.0% may substitute up to 60% of natural coarse aggregate by volume
in concrete with design strength ≤27 MPa [50]. Korean LCAs of RCA-substituted concrete
using KEITI and Ministry of Land, Infrastructure and Transport (MOLIT) national LCI
data report concrete-stage GWP deltas of only a few percent in either direction relative
to natural-aggregate concrete, with the sign depending on the LCI treatment of the more
energy-intensive RCA processing route. The closest KS F 2527-aligned point estimate,
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for 27 MPa concrete using KEITI LCI, reports a 2.8–5.5% concrete-stage GWP increase across
closed-loop RCA recycling cycles relative to a natural-aggregate baseline [50]. No Korean
LCA in the literature reviewed tests the full 60% volume ceiling permitted under KS F 2527;
published Korean parametric studies cap at 30% RCA [42]. In all Korean LCAs reviewed,
ordinary Portland cement, not aggregate, dominates concrete-stage GWP, contributing
approximately 90% of GWP and 80% of photochemical ozone-creation potential in 24 MPa
Korean ready-mix concrete [42]; this both explains why aggregate substitution moves the
result by only a few percent and indicates that supplementary cementitious materials (fly
ash, ground-granulated blast-furnace slag) in the cement fraction are a more impactful
concrete-mix lever, although their integration into RCI requires re-anchoring of gw to Korean
supplementary cementitious material EPDs not currently consolidated and is flagged here
for future work. Translated to gw, the few-percent aggregate substitution delta corresponds
to a movement well within the OAT gw envelope (±15–25%) tested in Section 4.4; the 45.1%
RCI reduction headline therefore moves by less than one percentage point under recycled-
aggregate substitution at KS F 2527-compliant rates. Recycled-aggregate substitution alone
is therefore noted as a robustness check on gw rather than a separate scenario.
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