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Abstract

This study evaluates the whole-life environmental and energy performance of cross-laminated timber (CLT) ver-

sus reinforced concrete in office buildings, using 't Centrum (Westerlo, Belgium), Belgium's first certified circular CLT
office building, as a real-world case study. Life cycle assessment (LCA) was conducted following ISO 14040/44 and EN
15978 (stages A1-A5, B4, B6, C3—C4; 50-year horizon), combined with dynamic energy simulation in DesignBuilder.
Four construction material scenarios and four heating, ventilation, and air conditioning (HVAC) configurations were
assessed. Net life cycle global warming potential (GWP) for the CLT reference scenario is 9.97 kg CO2e/(m2~year), rep-
resenting a 30% reduction compared to the best-performing concrete alternative (14.34 kg COZe/(mz-year)), reported
using the EN 15804+ A2 —1/+ 1 biogenic carbon convention with fossil and biogenic flows disaggregated separately.
Although CLT's lower thermal mass increased overheating risk, adding bio-based thermal inertia materials reduced
thermal discomfort hours by up to 25% per EN 16798-1 adaptive comfort criteria, with negligible carbon impact

(< 1%). Operational energy consumption was comparable across structural systems. HYAC equipment accounts

for 68% of material-related emissions in CLT buildings due to repeated replacement cycles over the building lifespan.
Sensitivity analysis (Morris method) identified the electricity mix and HVAC system type as dominant uncertainty
sources. In high-performance Belgian buildings, embodied carbon, not operational energy, is the decisive lifecycle
factor, and CLT combined with bioclimatic design and low-carbon HVAC systems represents a credible circular path-
way toward carbon-neutral construction in temperate climates.

Keywords Life cycle assessment, Embodied carbon, Cross-laminated timber, Circular building, Energy optimization,
HVAC system, Thermal comfort

1 Introduction

The building sector accounts for 34% of global CO,
emissions and 34% of total final energy demand, with
emissions rising 5% since 2015 [1, 2]. Decarbonis-
ing construction, therefore, requires addressing both
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performance [6] and where embodied carbon accounts
for 18% of construction-sector emissions [2], remains
structurally dependent on reinforced concrete and has
yet to mandate lifecycle carbon assessment.

Within this regulatory context, cross-laminated tim-
ber (CLT) has emerged as a structurally viable, bio-based
alternative to reinforced concrete. CLT panels sequester
biogenic carbon during forest growth, are prefabricated
with low construction waste, and are designed for disas-
sembly and reuse at the end of life, aligning with circular
economy principles [7-9]. Life cycle assessments (LCAs)
of CLT buildings consistently report 30% to 50% lower
whole-life global warming potential (GWP) compared
to concrete equivalents in Northern European con-
texts [7, 10]. Meta-analyses across 18 international case
studies confirm that substituting conventional struc-
tural materials with mass timber reduces construction-
phase emissions by an average of 69% [11]. However,
the reported net GWP of CLT depends critically on the
biogenic carbon accounting convention applied: the EN
15804+ A2 —1/+1 method, which credits biogenic CO,
uptake at harvest and records its release at the end of life,
can shift results by 16% at the building scale and up to
200% at the component scale [12]. This methodological
variability has rarely been addressed in studies combin-
ing LCA with energy simulation.

A further knowledge gap concerns heating, ventila-
tion, and air conditioning (HVAC) system interactions
with CLT construction. CLT’s low thermal mass relative
to reinforced concrete accelerates indoor temperature
response, increasing overheating risk in temperate cli-
mates with warm summers [13, 14]. Belgian projections
estimate summer temperature increases of 2.4 to 6.6 C
by 2080 [15], intensifying this risk. Although passive
strategies such as bio-based thermal mass additions and
night ventilation can reduce thermal discomfort hours
significantly [16], the combined effect of structural mate-
rial choice, HVAC configuration, and passive mitigation
on whole-life GWP has not been systematically quanti-
fied for circular office buildings in Belgium’s climate.
Existing comparative LCA and building energy simula-
tion studies are largely limited to residential buildings,
cold climates, or single HVAC configurations [10, 17—
20], and none address a certified circular office building
where design-for-disassembly and material reusability
are explicit design constraints.

A prior study examined 't Centrum in Westerlo, the
case study building used here, focusing on structural
circularity and material reusability under steel and tim-
ber scenarios [21]. That study did not assess operational
energy performance, HVAC interactions, or thermal
comfort, nor did it compare multiple construction mate-
rial scenarios. The present study addresses these gaps
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through a multi-criteria framework integrating LCA
(ISO 14040/44, EN 15978; stages A1-A5, B4, B6, C3—C4;
50-year reference period) with dynamic energy simula-
tion in DesignBuilder, applied to four construction mate-
rial scenarios and four HVAC configurations. Biogenic
and fossil carbon flows are disaggregated in accordance
with EN 15804+ A2:2019 [12].
Three research questions structure this study:

(1) What is the whole-life GWP of CLT compared to
reinforced concrete across construction and HVAC
scenarios, and how sensitive are results to electric-
ity mix and material service life assumptions?

(2) How do HVAC system type and thermal mass
strategies interact with CLT’s low thermal inertia
to affect operational energy performance and occu-
pant thermal comfort?

(3) Does the circular design of 't Centrum deliver
measurable lifecycle carbon benefits relative to con-
ventional concrete construction in Belgium’s tem-
perate climate?

This study makes three original contributions. First,
it provides the first integrated LCA and building energy
simulation of a certified circular CLT office building
in Belgium, combining four materials and four HVAC
scenarios in a single calibrated framework. Second, it
explicitly disaggregates biogenic and fossil carbon flows,
addressing a recognised transparency deficit in timber
building LCA [12]. Third, it quantifies the carbon cost
and thermal comfort benefit of bio-based thermal mass
strategies, generating design-relevant evidence applica-
ble to Belgium’s forthcoming mandatory lifecycle carbon
framework and to European EPBD implementation more
broadly.

2 Literature review
2.1 The whole-life carbon imperative: from operational
to embodied emissions

The dominant paradigm in building energy policy for
three decades focused on operational energy as the pri-
mary decarbonisation lever. This framing is now demon-
strably insufficient. Rock et al. [22] analysed 238 building
case studies globally and established that in high-perfor-
mance and near-zero energy buildings, embodied car-
bon can represent 45% to 100% of whole-life greenhouse
gas emissions over a 50-year reference period. As opera-
tional performance improves through better insulation,
airtightness, and low-carbon energy systems, the rela-
tive weight of embodied carbon intensifies rather than
diminishes. Bertini et al. [23] confirmed this dynamic
in a 2025 Belgian residential renovation context: nearly
zero energy scenarios shifted the dominant emission
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source entirely to embodied impacts, making material
selection the decisive design variable. The Royal Institu-
tion of Chartered Surveyors (RICS) Whole Life Carbon
Assessment guidance [24], updated in 2024, formal-
ises this shift by requiring mandatory reporting across
all lifecycle stages A through C, signalling professional
consensus that operational-only metrics are no longer
defensible.

At the regulatory frontier, Denmark’s 2025 whole-life
carbon cap of 8.6 kg COZe/(mz-year) [5] represents the
most stringent national threshold in Europe, encom-
passing both embodied and operational emissions. The
European Union’s revised EPBD and mandatory lifecycle
carbon reporting from January 2026 extend this logic to
all member states [3, 4]. Belgium, ranked 35th globally
in climate performance [6], has not enforced equivalent
standards, and its construction sector remains structur-
ally dependent on reinforced concrete whose embod-
ied carbon constitutes 18% of sectoral emissions [2].
This regulatory gap defines the urgency of identifying
viable low-carbon structural alternatives for the Belgian
context.

2.2 CLT as a low-carbon structural material: evidence,
variability, and limitations

Cross-laminated timber has emerged as the most studied
mass timber alternative to reinforced concrete in whole-
life carbon assessments. Its environmental advantage
derives from two concurrent mechanisms: its manufac-
turing process requires significantly less fossil energy
than concrete or steel production [25], and biogenic
carbon captured during forest growth remains stored in
the material throughout its service life [7]. A systematic
review by Younis and Dodoo [26] confirmed substantial
and consistent GWP reductions across CLT LCA studies,
with most reporting 30% to 60% lower whole-life impacts
relative to equivalent concrete structures. Himes and
Busby [11] quantified this advantage across 18 interna-
tional comparisons, finding an average 69% reduction in
construction-phase emissions when mass timber substi-
tutes for conventional structural materials.

However, this literature contains a critical methodo-
logical fracture that renders direct cross-study compari-
sons unreliable: the treatment of biogenic carbon. Three
conventions coexist. The carbon-neutral (0/0) approach
ignores biogenic flows entirely, treating wood as inher-
ently carbon—neutral. The EN 15804+ A2 —1/41 method
credits biogenic CO, uptake at harvest as a negative
emission and records its atmospheric release at the end of
life as a positive, and is currently mandated in European
Environmental Product Declarations. Dynamic LCA
methods further account for the timing of sequestration
and release relative to radiative forcing. Hoxha et al. [12]
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demonstrated that the choice between these conventions
produces deviations of up to 16% at the building scale
and up to 200% at the component scale, making biogenic
carbon accounting the single largest source of methodo-
logical variability in CLT LCA. A systematic review of
79 wooden building LCA studies covering 226 scenarios
found that only 12% incorporated dynamic biogenic car-
bon approaches, and fewer than 2% explicitly reported
biogenic carbon impacts separately from fossil GWP, a
transparency deficit that impedes reproducibility and
policy comparability [27]. Andersen et al. [7] applied
the —1/4+1 method to a Danish CLT office building and
reported a 45% net whole-life GWP reduction versus a
concrete equivalent, consistent with the findings of the
present study.

CLT is not without environmental trade-offs. Syn-
thetic adhesives in panel fabrication elevate eutrophica-
tion potential and ozone depletion impacts relative to
concrete in some assessments [25, 28]. Fire protection
requirements and acoustic performance layers add mate-
rial with their own embodied carbon costs [29]. Nakano
et al. [25] documented these trade-offs in a Japanese CLT
research building, finding that CLT is competitive on
GWP and primary energy but less favourable on toxicity
and resource depletion indicators. Structural span con-
straints and adhesive bond service life uncertainty fur-
ther limit applicability in large commercial programmes.
These limitations are rarely foregrounded in climate-ben-
efit-centred literature; the present study addresses them
directly in the discussion.

2.3 HVAC performance, thermal mass, and the temperate
climate challenge

The interaction between CLT’s structural properties and
HVAC system performance is an underdeveloped area of
the literature, yet one with major consequences for both
whole-life carbon and occupant comfort. CLT’s lower
thermal mass compared to reinforced concrete acceler-
ates indoor temperature response to external and inter-
nal heat loads, increasing overheating risk in temperate
climates during warm periods [13, 14]. In Belgium, sum-
mer temperatures are projected to rise by 2.4 to 6.6 C
by 2080 [15], intensifying this risk. Attia and Gobin [13]
demonstrated that high-performance tertiary buildings
in Belgium face persistent overheating despite superior
insulation, with indoor temperatures above 25 °C causing
an average 2% productivity loss. Amaripadath et al. [30]
extended this analysis to a carbon-neutral CLT office
building near Brussels, confirming that lower thermal
mass spaces experienced greater heat stress under pro-
jected 2050 climate scenarios.

Two complementary mitigation pathways are docu-
mented. Bio-based thermal mass additions, particularly
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clay-based materials integrated within CLT wall assem-
blies, improve summer thermal performance: Paul [16]
showed clay block additions reduced daily maximum
indoor temperatures by 3 ‘C and cooling energy by up
to 16%, while Kang et al. [31] confirmed enhanced Pre-
dicted Mean Vote indices through wall composition
optimisation. HVAC system selection is equally conse-
quential: Artun and Alemdag [18] established that heat-
ing and cooling loads in temperate-humid CLT buildings
are sensitive to both envelope composition and system
configuration. Critically, the literature on HVAC interac-
tions specific to CLT commercial buildings in temperate
European climates is sparse. Existing studies are limited
to residential buildings [19, 32], cold-climate contexts
[17, 18], or single HVAC configurations [10, 20, 33].
None addresses a certified circular office building where
design-for-disassembly constraints affect material com-
position and system integration simultaneously.

2.4 Circular economy principles and the limits of current
LCA boundaries

The circular economy framework requires moving
beyond recycling toward design-for-disassembly, mate-
rial reusability, and component longevity. CLT construc-
tion is structurally compatible with these principles:
panels connected mechanically rather than adhesively
enable deconstruction and reuse at the end of life [26,
34]. Li et al. [34], reviewing 60 modular timber build-
ing case studies, identified reversible connection sys-
tems and material passports as the dominant circularity
enablers, provided they are integrated from the design
stage. Pomponi and Moncaster [35] established that cir-
cular economy benefits in construction require explicit
LCA assessment of reuse potential; excluding Module D
systematically undervalues circular designs. Younis and
Dodoo [26] found that CLT buildings generate approxi-
mately three times less end-of-life waste than concrete
equivalents, and that panel reuse under optimistic sce-
narios reduces whole-life GWP by a further 15% to 20%.
The tension between EN 15978’s exclusion of Module D
from mandatory comparative reporting and the circular
economy’s emphasis on end-of-life value is directly rel-
evant to certified circular buildings such as 't Centrum.
The present study addresses this tension explicitly, pro-
viding a qualitative circular design assessment alongside
the quantitative LCA results and disaggregating biogenic
from fossil carbon flows throughout.

Cumulatively, this review establishes that CLT offers
measurable whole-life carbon benefits over reinforced
concrete, but that the magnitude depends critically on
biogenic carbon accounting convention, HVAC system
integration, climate context, and the depth of circular
design assessment. No study has yet applied an integrated
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LCA and energy simulation framework to a certified cir-
cular CLT office building in a temperate Belgian climate,
across multiple material and HVAC configurations, with
explicit biogenic carbon disaggregation. This is the gap
the present study fills.

More specifically, the contribution of this research
relative to the current state of the art is threefold. First,
unlike conventional LCA studies limited to static com-
parisons of embodied carbon, this study combines
whole-life carbon assessment with operational energy
and thermal comfort analysis, allowing the interactions
between structural material choice, HVAC configuration,
and indoor environmental performance to be evaluated
simultaneously. Second, whereas existing studies on CLT
buildings in Europe generally focus either on environ-
mental impacts or on energy performance separately, this
research integrates LCA, energy simulation, and comfort
assessment within a single methodological framework
applied to the same case study. Third, the study con-
tributes new evidence for the Belgian temperate climate
context, where integrated assessments of CLT tertiary
buildings remain scarce, particularly for certified circular
office buildings. By explicitly separating biogenic and fos-
sil carbon flows while coupling carbon, energy, and com-
fort performance, the article advances current practice
beyond conventional operational-versus-embodied car-
bon comparisons and provides a more holistic evaluation
framework for low-carbon office buildings.

3 Methodology
The methodology used in this study is based on a four-
phase structure defined by the ISO 14040: 2006 standard
and is illustrated in Fig. 1 [1, 36]. This approach allows for
a rigorous and systematic evaluation of the environmen-
tal impacts linked to the entire life cycle of a building.
The first phase concerns the definition of the objectives
and the scope of the study. It consists of determining the
goals of the analysis, the functional unit, and the system
boundaries. In this research, the focus was placed on office
buildings. A building archetype was defined based on its
geometry, the materials used, the performance of its enve-
lope, the HVAC systems, the renewable energy sources
available on site, as well as its overall energy and environ-
mental performance. This archetype was used as a refer-
ence for the development of three construction scenarios:
a reinforced concrete scenario with bio-based insulation, a
reinforced concrete scenario with polyurethane insulation,
and a cross-laminated timber scenario integrating thermal
inertia in the walls. From these base scenarios, combina-
tions were developed by associating different HVAC system
variants (heating, ventilation, and air conditioning), with
the aim of identifying the best matches between construc-
tion materials and the energy performance of the systems.
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Fig. 1 Research conceptual framework

The second phase, called life cycle inventory, con-
sists of collecting and quantifying all input data of the
study, from materials and systems to the energy used.
This data collection was carried out using digital mod-
eling, specialized tools, and certified databases. The
OneClick LCA tool, combined with the INIES data-
base INIES version 5.6.0, provided impact data spe-
cific to materials, while Revit software was used for
the detailed inventory of building components [37, 38].
The energy models linked to the different scenarios
were developed in the DesignBuilder software.

The third phase focuses on the evaluation of envi-
ronmental impacts. It converts the inventory flows
into environmental impact indicators, such as GWP.
The results were expressed in CO, equivalent emis-
sions per square meter per year (kg CO,e/(m?year)),
over an analysis period of fifty years, in line with EN
15804+ A2: 2019 and EN 15978 standards [39, 40].
This functional unit allows a consistent comparison of
the results across scenarios.

The interpretation of results makes up the fourth
phase of the methodology. It brought together the
results from the previous phases, analyzed them criti-
cally, and drew relevant conclusions. This step also
made it possible to identify the limits of the study and
to propose recommendations.

Scenario 3: CLT

construction with

integrated thermal
mass

3.1 Phase of defining objectives and scope of study

The first phase of the methodology consists of defining
the research objectives as well as the scope of the study.
The main objective of this research is to measure and
compare the environmental and energy performance of a
building made of CLT with that of an equivalent build-
ing in conventional reinforced concrete. This comparison
aims to assess to what extent bio-sourced materials and
innovative construction solutions can help reduce the
environmental impact in the building sector, while main-
taining good energy performance and satisfactory indoor
comfort.

To achieve this objective, three main parameters were
defined and studied throughout the analysis: GWP,
energy efficiency, and indoor thermal comfort. Their
characteristics are presented in Table 1. This compari-
son aims to evaluate to what extent bio-sourced materials
and innovative construction solutions can contribute to
reducing the environmental impact in the building sec-
tor, while maintaining good energy performance and sat-
isfactory indoor comfort.

The three indicators were evaluated using a combina-
tion of software tools and standards. GWP was calcu-
lated with OneClick LCA, which estimates greenhouse
gas emissions over the building’s life cycle. Energy
efficiency was assessed using DesignBuilder, summing
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Table 1 Key variables and their sub-variables
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Energy performance Thermal comfort

Variables Carbon emissions
Sub-variables GWP

Indicator kg CO,e/(m?year)
Standard EN 15804+ A2: 2019
Tools OneClick LCA

Annual energy efficiency Hours of discomfort

kWh/(m?year) hours
[41] EN 16798-1: 2019
ASHRAE Standard 55

DesignBuilder DesignBuilder

simulated energy use for heating, cooling, lighting,
office equipment, and hot water. Thermal comfort was
also evaluated in DesignBuilder according to ASHRAE
Standard 55, counting only hours of discomfort when
the cooling system is active, to focus on summer peri-
ods when comfort is not ensured.

The approach began with the selection of the case
study. The chosen building had to be, imperatively, a
CLT construction to serve as a reference in the com-
parison with concrete alternatives. The choice was
made for the building 't Centrum, located in Westerlo,
Belgium. It is the first circular building built in CLT,
inaugurated in 2022. This building presents a particular
interest because it integrates both energy and environ-
mental aspects, which makes it a relevant and repre-
sentative case study for the intended cross-analysis. The
building is represented in Fig. 2.

In order to deepen research on new construction
methods, the building will undergo a process of decon-
struction and progressive reconstruction, divided into
three successive phases until 2037. This approach will
allow the identification of potential obstacles through-
out the process. This trajectory has already been
awarded by the jury of the Procura + Awards [42].

el

Fig. 2 South-West Facade of 't Centrum

From an architectural point of view, the building devel-
ops over three levels and was designed to adapt to dif-
ferent uses over time. It mainly houses modular office
spaces, made possible thanks to modular partitions. The
main structure is based on a column-beam system com-
bined with footings, offering flexibility for interior layout.
The building is shown in Fig. 3.

In addition, each material used is provided with a
specific passport, in the form of a small label that, once
scanned, gives access to all its properties. This tool is
designed to optimize the reuse of the different materi-
als. These passports gather detailed digital data on the
materials and products used in the building: their history,
their potential for reuse, the conditions for reusing each
of them, as well as their ability to be recycled or biode-
graded. In case of disassembly, this information will make
it easier to identify the materials and indicate the most
suitable reuse solutions [43].

These materials can indeed be resold in the future.
For example, CLT beams can be used in another struc-
ture. In addition, all the insulation materials in the
building can be easily removed thanks to a disassembly
system without glue.
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From a technical point of view, all HVAC installa-
tions, such as radiators, ventilation ducts, and electri-
cal circuits, are installed and left visible at ceiling level.
This configuration goes beyond the simple reuse of
construction materials, as it also allows the recovery
and reuse of the technical systems themselves. The only
element that, according to the site visit, will not have a
second life in the building is the lighting. The building
characteristics are listed in Table 2.

The circular design of 't Centrum integrates several
key principles aligned with circular economy practice.
The CLT structural panels are assembled using revers-
ible mechanical connections, enabling disassembly
and reuse at the end of life. The building’s open floor
plan and modular layout facilitate future adaptation or
reprogramming.

Module D, which covers the potential for reuse,
recovery, and recycling beyond the system boundary,
was excluded from the primary LCA results in accord-
ance with EN 15978 mandatory reporting scope. How-
ever, given the circular design of 't Centrum, including
reversible mechanical connections and CLT panel reus-
ability, the qualitative end-of-life potential is discussed
in Sect. 3.3. This exclusion does not diminish the circular
value of the building; rather, it reflects standard practice
in comparative LCA studies where Module D assump-
tions can introduce significant variability.

The CLT structural panels are assembled using dry and
screw connections throughout the core and shell, with

Table 2 Site location data of the case study

Second Floor Plan Roof Plan

no adhesive or hard chemical connections in the primary
structure. An expert assessment of 1 387 connection sys-
tems in the building using the DeCon disassembly evalu-
ation system returned a total disassembly potential of
92%, with connection accessibility at 97% and zero design
barriers recorded, confirming that 't Centrum is among
the most thoroughly designed-for-disassembly office
buildings currently documented in the literature [44].

3.2 Lifecycle inventory phase

Once this building was identified, it was necessary to
collect the energy and technical data required for mod-
eling and evaluating its performance. A site visit was
carried out to directly observe the installations, techni-
cal systems, and configuration of the building. The col-
lected data included wall compositions, architectural
plans, material datasheets (EPD), energy performance
data (EPB file), as well as detailed information on the
installed HVAC systems. To collect the building’s energy
data in real time, the Calculus platform was used. This
platform enables continuous monitoring of the build-
ing’s energy and water consumption. It was designed
to be flexible and to minimize resource use as much
as possible. The climate data from Antwerp were used
for this project. This choice was made because these
data better reflect the actual climatic conditions of the
building, unlike the data from Brussels Airport, which
are not representative. This decision was confirmed by
measurements from the weather station installed on

Year of construction Location

Climate zone

Floor area (m?) Number of floors Occupants

't Centrum 2022 Westerlo

Tempered

2087 3 115
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the building’s roof. Since this station is not an official
Belgian meteorological station, the Antwerp data were
imported into the software.

Unlike conventional building management systems,
Calculus goes further by integrating smart algorithms
that account for user presence, behavioral patterns, and
weather forecasts. For instance, heating and cooling sys-
tems automatically shut down when there is no demand,
reducing unnecessary energy use. Water consumption
is also continuously monitored, along with the recovery
and treatment of greywater. The overarching goal is to
limit the use of potable water [45]. A detailed inventory
of materials and systems is shown in Table 3.

The embodied carbon factor for CLT used in this
study, sourced from the INIES database via OneClick
LCA, yields a notably low net value (approximately
0.22 kg CO,e/(m*year) over 50 years). This figure war-
rants explicit explanation, as it is the result of two distinct
mechanisms that must not be conflated.

First, the gross fossil emissions associated with CLT
manufacturing (modules A1-A3), covering timber har-
vesting, kiln drying, adhesive application, and panel
pressing, amount to approximately 60-130 kg CO,e/m?
of CLT, depending on the EPD source and the electric-
ity mix used in production [7]. For this study, the EPD
selected from INIES reflects a European average manu-
facturing context. It should be acknowledged that not
all EPDs for CLT include full transport distances (A4) or
factory energy use in the same way; where specific data
were unavailable, OneClick LCA default assumptions
were applied.

Second, and critically, CLT stores biogenic carbon cap-
tured by trees during forest growth. Per EN 16449 and
following the EN 15978 —1/4+1 accounting convention,
biogenic carbon uptake is counted as a negative emission
at the point of harvest (approximately —700 to—985 kg
CO,e/m3), offsetting the fossil A1-A3 emissions in the
net reported value [11]. This is standard practice in com-
parative LCA studies of timber buildings and is consist-
ent with the methodology applied here [7, 11]. However,
biogenic carbon storage is a temporary benefit: it is
released at end of life (C3—C4) when the timber is incin-
erated or decomposes. Both flows are reported separately
in Appendix A in accordance with EN 15978 and EN
15804+ A2: 2019.

Excluding biogenic storage, the gross embodied car-
bon of the CLT structure (A1-A5) is approximately
130-160 kg CO,e/m? for the building, which remains
substantially lower than the reinforced concrete alterna-
tive. The net value reported in results integrates biogenic
storage and should be read alongside Appendix A, which
disaggregates fossil GWP, biogenic uptake, and end-of-
life biogenic release. This approach is consistent with
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recent guidance on transparent carbon accounting in
timber buildings [7, 11, 12].

3.2.1 Creation of the base model

To simulate the energy performance of these scenarios,
a base model was created from the 't Centrum building.
The initial energy model, developed by Claeys [46], was
adopted, calibrated, and adjusted based on actual con-
sumption data, in accordance with ASHRAE 14-2002
[47]. This model was developed using DesignBuilder,
which uses the EnergyPlus simulation engine.

This simulation includes all the technical aspects of the
building, such as inverters, photovoltaic panels, lighting,
HVAC systems, domestic hot water (DHW) production
and office equipment. Energy demand profiles were defined
to realistically reflect the daily operation of the building and
the use of the different equipment. This approach ensures
consistency between the simulated energy data and the
environmental modeling carried out in OneClick LCA.

In parallel, a digital model of the building was created
in Revit, allowing for the extraction of precise material
quantities needed for the life cycle assessment in One-
Click LCA. This modeling ensures uniformity between
the energy data and the environmental data. The EPDs
were selected from the OneClick LCA database based on
the actual materials used on-site to best reflect real con-
struction conditions. For CLT specifically, the selected
EPD (EPD reference number: 2000102_002_EN) reports
a net A1-A3 GWP that includes biogenic carbon offset;
the gross fossil value and the biogenic storage component
are disaggregated and reported separately in Appendix A,
in accordance with EN 15804+ A2: 2019.

During the data entry process in OneClick LCA, an
energy mix was selected to reflect the specific character-
istics of the building study.

For this purpose, the Belgian energy mix for 2024 was
used, with a value of 0.132 kg CO,/kWh, in accordance
with the data published by the Association of Issuing
Bodies (AIB) in the Residual Mixes and European Attrib-
ute Mix 2024 report [48].

This choice is justified by the technical characteristics
of the building, which is fully powered by electricity. It
features high-performance and advanced technologies,
such as a geothermal heat pump and a double-flow ven-
tilation system, that contribute to optimized energy con-
sumption. Moreover, the large area of photovoltaic panels
installed on the building allows for partial self-consump-
tion, with the Photovoltaic (PV) electricity production
deducted from the net energy demand.

The use of the 2024 Belgian energy mix therefore aims
to realistically reflect the building’s energy strategy and to
integrate a greener and more sustainable energy profile
into the environmental assessment.
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Table 3 Summary table of the different quantities of materials

Quantities of materials Units Reference scenario Scenario 1 Scenario 2 Scenario 3
Quantities Quantities Quantities Quantities

Building materials

Wood cladding m? 2375 2375 2375 2375
(aky m? 468.74 - - 468.74
Timber frame m? 19.54 - - 19.54
Cement-free concrete m? 68.21 - - 68.21
Reinforced concrete m? - 760.18 760.18 -
Concrete blocks m? - 84.53 8453 -
Seashells m? 54847 54847 54847 54847
Lime screed m? 9141 - - 9141
Fermacell dry screed m? 29.68 - - 29.68
Cement screed m? - 165.1 165.1 -
Fermacell wall m? 5.29 5.29 5.29 5.29
Rigidur m? - - - 1261
Clay blocks m? - - - 480.68
FINEO vacuum-sealed glass m? 25892 25892 25892 25892
Thermobel TG Glass m? 509.69 509.69 509.69 509.69
Glass partitions m? 186.76 186.76 186.76 186.76
Plant substrate m? 243 243 243 243
JUUNOO partitions m? 73.23 7323 7323 7323
OSB panels m? 20.17 2017 20.17 2017
Softwood battens m? 241 241 241 241
Tiles m? 32.14 3214 32.14 3214
Window frames m? 9.15 9.15 9.15 9.15
Bituminous membrane m? 2.57 2.57 2.57 2.57
Rainproof membrane m? 295 0.38 038 295
frame infill panels m? 432 432 432 432
Slag concrete pavers m? 209.04 - - 209.04
Concrete pavers m? - 209.04 209.04 -
Hemp bricks m3 22853 - - 22853
Rigid wood fiber m? 23.76 387.22 - 23.76
Blown cellulose insulation m? 82.67 - - 82.67
Linen panels m? 9195 - - 9195
Cellular glass m? 111.28 - - 111.28
Polyurethane m? - - 260.53 -
HVAC systems
Galvanized steel kg 1916 1916 1916 1916
Inverters Unit 4 4 4 4
High-density polyethylene kg 1000 1000 1000 1000
Aluminium kg 1905 1905 1905 1905
Steel kg 164 164 164 164
Reinforced concrete kg 30116 30116 30116 30116
Copper tubes kg 1262 1262 1262 1262
Photovoltaic panels m? 213 213 213 213
Mineral wool kg 2270 2270 2270 2270
Heat pump Unit 1 1 1 1

Acoustic radiator panels m? 1442 14.42 1442 14.42
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3.2.2 Core calculation formulas
The GWP is calculated in Eq. (1) per EN 15978 as:

GWPiotal = (1/Ares® T) x Y _ (m; @ EF;) 1)

where 1, is the quantity of material or energy flow i (kg
or kWh), EF; is the corresponding emission factor (kg
CO,e/unit) sourced from EPD data, A, is the reference
floor area (m?), and T is the building reference study
period (years, here T=>50). Summing across all lifecycle
modules included (A1-A5, B4, B6, C3—-C4) yields the
total GWP expressed in kg CO,e/(m>year).

Operational energy performance is expressed as the
Energy Use Intensity (EUI) in Eq. (2):

EUI = Edelivered / Aref (2)

where Egiereq 1S the annual delivered energy (kWh/
year) extracted from DesignBuilder simulation outputs,
covering heating, cooling, ventilation, domestic hot
water, lighting, and plug loads. EUI is expressed in kWh/
(m%year) and benchmarked against the Belgian Energy
Performance of Buildings (EPB) regulatory requirements.

Thermal discomfort hours are calculated per EN
16798-1 using the adaptive comfort model. The upper
comfort limit for Category II spaces (normal level of
expectation, recommended for new buildings) is defined
in Eq. (3) as:

Tcomfort_max =0.33Tym +188+2 3)

where T, is the running mean outdoor temperature (‘C),
calculated as an exponentially weighted mean of pre-
ceding daily outdoor temperatures. An occupied hour is
classified as a discomfort hour when the operative indoor
temperature exceeds 7., fort max- 1he building is con-

sidered to have an overheating problem when discom-
fort hours exceed 5% of total occupied hours during the

Table 4 Details of the different study scenarios
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cooling season (May to September), in accordance with
EN 16798-1 Category II criteria.

3.2.3 Creation of the different study scenarios

Based on this data, four construction scenarios were
defined to allow a coherent comparative analysis. The
first scenario corresponds to the actual building, built in
CLT, which serves as the reference scenario. The second
scenario represents a traditional reinforced concrete con-
struction using bio-based insulation. The third scenario
is similar to the previous one but with a synthetic polyu-
rethane insulation. Finally, the fourth scenario also relies
on a CLT construction but with a specific integration of
thermal inertia in the walls, aimed at improving the com-
fort and thermal regulation of the building. All the dif-
ferent wall compositions of the different scenarios are
listed in Table 4. The alternative concrete scenarios are
based on real construction practices. The wall assemblies
were defined using realistic layer thicknesses in order to
achieve equivalent U-values across scenarios, ensuring
a fair comparison of thermal performance. In addition,
the dimensions of the structural elements were selected
based on typical real-world configurations, allowing the
scenarios to accurately reflect practical construction
conditions.

These scenarios were defined to represent both com-
mon traditional practices in Belgium and innovative
alternatives that could be implemented as part of the
environmental transition of the sector.

For this study, four HVAC scenarios were defined to
analyze and compare the impact of different technical
configurations on the building’s energy performance,
indoor comfort and environmental impacts. The choice
of these scenarios was made to represent high-tech effi-
cient systems, simplified solutions and specific variations
that help to better understand the influence of certain

Scenario 0 Scenario 1
1. 20 mm Cladding .
2. 50 mm Air cavity T BSE(
3. 1 mm Rain screen

4. 50 mm Wood fibre

5. 235 mm Timber frame + 4.~ S
cellulose insulation

1. 20 mm Cladding
2. 50 mm Air cavity
3. 1 mm Rain screen

External wall 6. 2.5 mm Vapour layer 6. 2.5 mm Vapour layer
7. 12.5 mm Gypsum fibre 7.12.5 mm Gypsum fibre
board m— board
1.10 mm Tiles 1.10 mm Tiles
2 2.100 mm Cement-free e 2. 80 mm Cement screed
screed { 3. 140 mm Wood fibre
3. 250 mm Hemp bricks TS 4. 100 mm Concrete slab
Foundation 4.600 mm Sea shell 5. 600 mm Sea shell
1. 3 mm Bitumen layer ™ 1. 3 mm Bitumen layer
L 2. 130 mm Cellular glass Ip—— 2. 18 mm OSB board
3.1 mm Rain screen 3. 106 mm Wood fibre
Roof ______ 1 4.18mm OSB board —1 | 4.250 mm Concrete slabs

5.100 mm CLT

4. 220 mm Wood fibre
5. 250 mm Concrete block

Scenario 2 Scenario 3
1. 20 mm Cladding
1. 20 mm Cladding Ext Int 2. 50 mm Air cavity
et ] 2. 50 mm Air cavity | 3. 1 mm Rain screen
3. 1 mm Rain screen ==1| * 4. 50 mm Wood fibre

4. 140 mm Polyurethane
5. 250 mm Concrete block
6. 2.5 mm Vapour layer
7.12.5 mm Gypsum fibre L 7. 12.5 mm Gypsum fibre
board ey board
8. 56 mm Clay blocks
9. 12.5 mm Gypsum fibre
board
1.10 mm Tiles
2. 100 mm Cement-free
screed
3. 250 mm Hemp bricks
4.600 mm Sea shell

5. 235 mm Timber frame +
cellulose insulation
6. 2.5 mm Vapour layer

o 1.10 mm Tiles

» " 2. 80 mm Cement screed
3. 90 mm Polyurethane
4. 100 mm Concrete slab
5. 600 mm Sea shell

o 1. 3 mm Bitumen layer -
2. 100 mm Polyurethane
3. 50 mm Cement screed 8 T 3.1 mm Rain screen
4. 250 mm Concrete 4. 18 mm OSB board
slabs o 5.100 mm CLT

1. 3 mm Bitumen layer
2. 130 mm Cellular glass
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parameters, such as the ventilation strategy or the type of
heating emitters.

The first scenario A corresponds to the systems
installed in the case study building, namely a geothermal
heat pump combined with a mechanical ventilation sys-
tem with heat recovery and radiators. This scenario rep-
resents a high-tech solution and serves as the reference.
The second scenario B explores the impact of natural ven-
tilation on the building’s energy behavior and comfort.
In this case, the mechanical ventilation was deactivated,
leaving only the geothermal heat pump and radiators as
the heating system. The third scenario C introduces a
floor heating system in order to study its effect on differ-
ent construction typologies as well as on occupant com-
fort. Finally, the fourth scenario D proposes a simpler
alternative, with an air-to-water heat pump, mechanical
ventilation, and radiators. This scenario makes it possible
to evaluate the performance and environmental impact
of less complex systems requiring more standard equip-
ment. The comparative results of these scenarios are pre-
sented in Fig. 4.

3.3 Life cycle impact assessment phase

After creating the different HVAC scenarios, each of
them was simulated in DesignBuilder in order to obtain
the energy performance results for each combination.
These results were then entered into OneClick LCA to
account for the changes in energy use and their impact
on the life cycle assessment. The input data used in
OneClick LCA included material quantities and energy
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performance extracted from the Revit and DesignBuilder
models, as well as Environmental Product Declarations
(EPDs) for CLT and reinforced concrete. The operational
energy data from DesignBuilder, expressed in (kWh/
(m%year)), were converted into primary energy and
entered as annual electricity consumption for module B6
in OneClick LCA. This approach ensures that the opera-
tional phase (B) and the actual energy performance (B6)
of the building are accurately represented in the life cycle
analysis.

The life cycle assessment of the different scenarios
begins with the selection of the life cycle stages consid-
ered in the study. The main strength of this study lies in
the integration of carbon emissions over the entire life
cycle, including stages A1-A5, B4, B6, and C3-C4, in
accordance with Danish standards (Nordic Sustainable
Construction, 2024). The different calculations were car-
ried out for modules A1-A3, A4—A5, B4-B5, B6-B7, and
C2-C4, as shown in Fig. 5. The life cycle study was con-
ducted over a period of 50 years. The results of the study
will be compared to the total global warming potential
threshold of 8.6 kg CO,e/(m>year). This value includes
an independent limit for the construction process, cor-
responding to 1.5 kg CO,e/(m>year), which covers life
cycle modules A4—A5.

As mentioned earlier, the software used for the assess-
ment of global warming potential impacts is OneClick
LCA. This tool is specifically designed for carrying out
LCA and provides access to several environmental data-
bases of construction materials. For example, the INIES

Creation of the Different Scenarios
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Fig. 4 Various scenarios of the study
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Fig. 5 Considered life cycle stages in the study

database is used in this study for data selection. These
EPDs are directly integrated into the LCA tool. For each
module included in the analysis, data sources and specific
assumptions were carefully defined to ensure the con-
sistency and reliability of the scenarios. Environmental
data were primarily sourced from the EPDs of the vari-
ous materials used. The INIES database was used to sup-
plement default values in the absence of specific data. In
addition, on-site measurements and technical documen-
tation were used to validate energy consumption and sys-
tem performance data.

+ Modules A1-A5 cover raw material extraction and
processing, transportation to the manufacturing site,
product manufacturing, and on-site construction
processes. For these modules, environmental impact
values were extracted directly from the EPDs of the
materials used on site. In the absence of a product-
specific EPD, generic data from the OneClick LCA
database were used to complete the inventory. Trans-
portation distances and construction waste ratios are
based on project documentation and default assump-
tions provided by the software.

+ Modules B1-B7 represent the use phase, including
maintenance, repair, and replacement (B4-B5), as
well as operational energy and water use (B6-B7).
Data for these modules were obtained through the

B5 - Rehabilitation
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Calculus platform, which monitors real-time energy
and water consumption, combined with HVAC per-
formance data and user behavior assumptions. The
maintenance and replacement of technical systems
such as the heat pump, ventilation units, and other
mechanical equipment were also considered over the
50-year life cycle, in accordance with typical service
lives recommended by manufacturers and the One-
Click LCA database.

Modules C1-C4 account for the end-of-life phase,
including deconstruction, transportation of waste,
processing, and final disposal. Default datasets from
OneClick LCA were used for these modules, com-
plemented by waste management assumptions con-
sistent with regional practices. At the end of life, it
was assumed that 70% of the materials are directed
to recycling pathways, including material recovery
as aggregates and the recycling of metals and glass.
Additionally, 21% of the materials are disposed of in
landfills, while 9% are sent to incineration.

Module D was not included in the scope of this study.
This choice is justified, because the variability of end-
of-life scenarios makes results difficult to generalize
and compare across studies, and because EPD data-
bases for Module D are often less complete or reli-
able than those for modules A—C.



Eliard et al. Low-carbon Materials and Green Construction (2026) 4:12

The LCA was structured sequentially according to EN
15804+ A2 (modules A—C). The operational energy use
(B6) was derived from DesignBuilder simulations using
the projected Belgian electricity mix for 2024. Photovol-
taic self-production was subtracted from the net electric-
ity demand, representing approximately 20 000 kWh/year.
Sensitivity analysis was conducted by varying material ser-
vice life (+20%) and HVAC efficiency (coefficient of perfor-
mance (COP) +10%) to evaluate the robustness of results.

3.4 Interpretation phase

The last phase concluded with the processing and
detailed analysis of the results obtained. The interpreta-
tion of the results was based on several axes of analysis.
First, a hot spot identification was carried out in order to
distinguish the most significant contributions between
the embodied emissions of materials and the operational
emissions related to the building’s use. Then, a cross-anal-
ysis with the energy simulation results made it possible to
link environmental and energy performance. A sensitivity
analysis was also conducted with two key parameters: the
lifespan of the materials and the efficiency of the HVAC
systems, in order to assess their influence on the over-
all results. In addition, the share of renewable energy in
the electricity mix was varied to evaluate its impact on

Table 5 Parameters for sensitivity and uncertainty analysis
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module B6, which represents the operational energy con-
sumption during the use phase. Also, uncertainties were
characterized using the Morris method, which made it
possible to define variability ranges around the results.
The Morris method is a one-at-a-time (OAT) screening
technique that generates r trajectories through the param-
eter space, computing elementary effects for each input
parameter. In this study, »=10 trajectories were used,
resulting in 10(k+1) model evaluations, where k=10 is
the number of parameters assessed. The Morris method
was employed to perform the sensitivity and uncertainty
analysis. This approach consists in varying one input
parameter at a time while keeping all others constant [49].
This method was selected because it is well adapted to the
characteristics of the present study, in which the input
parameters are explored within fixed bounds and treated
with equal probability. It enables an efficient screening
and prioritization of influential variables while maintain-
ing a reasonable computational effort. For each parame-
ter, five simulations were performed. For each simulation,
only one parameter is assigned a new value, allowing
the identification of which parameters have the great-
est influence on the study outcomes. Parameter ranges
are detailed in Table 5. The propagation of uncertainties
was quantified by analyzing the dispersion of the results

Parameters for sensitivity analysis
Quantity of materials
Share of renewable energy
Wall composition

Building lifespan
Types of HVAC systems

Heat pump COP
Heat pump lifespan
Glazed surfaces
Heating setpoint temperature
Airtightness

Parameters for uncertainty analysis
Choice of materials (change of EPDs)
Recycling rate and end-of-life recovery
Building lifespan
Material lifespan
Choice of energy mix

Site impacts

Choice of climate file
Number of simulation years
Lighting schedule

User behavior

—10%, —20%, 10%, 20%, 30%
25%, 40%, 75%, 100%

Hemp brick (0.25—0.15 m), cellular glass (0.13—0.15 m), flax insulation
(0.08—0.12 m), individually or in combination

25-100 years

Ventilation (mechanical/natural), system (geothermal heat pump/gas
boiler), emitters (radiators), PV (with/without)

2-5

10-35 years

300-450 m?

19-215°C

0.3-1.2 air changes per hour

Belgium and European country or bordering country
10%, 25%, 50%

25, 35,50, 75,100 years

5%, 10%, 20% on the lifespan

Europe (wind), Belgium (2022), 2030 scenario, Belgium residual (GWP
only, 2023), Denmark (2023), Denmark consumption without renewables
(2022)

2030 and 2050 projections (+ 15% on the emission factor)
Antwerpen, BEL_BRUSSELS_IWEC, BEL_SAINT HUBERT_IWEC
2020-2025

—5% —+25%

+20%
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obtained from all simulations. This was expressed either
as a standard deviation providing a clear indication of the
model’s sensitivity to each input variable.

Finally, the calibration of the energy model was carried
out using actual monthly consumption data and validated
according to the criteria of the ASHRAE 14 guideline, with
a mean bias error (MBE) lower than 5% and a coefficient of
variation of the root mean square error (CV(RMSE)) lower
than 15%. The results were also compared with the regula-
tory requirements for building energy performance (EPB),
with the Danish standard for the evaluation of carbon
impacts, as well as with the maximum admissible hours of
discomfort for occupants. This comparison makes it possi-
ble to position the studied scenarios both in relation to cur-
rent obligations and to emerging sustainability standards.

The following section presents the results of the model
validation, life cycle impact calculations, and the com-
parison of the different scenarios. A particular attention
is given to the trade-offs between embodied and opera-
tional impacts, as well as to the sensitivity of the results
to the main parameters investigated.

4 Results

4.1 Energy performance

The analysis of the energy performance of different sce-
narios shows that CLT constructions can compete with
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traditional buildings in terms of energy consumption and
indoor comfort, provided they are paired with appropriate
technical systems. The combination of a geothermal heat
pump, mechanical ventilation and radiators allows for the
optimization of both energy use and occupant comfort.
This best-performing combination is illustrated in Fig. 6.
The addition of thermal mass, through the integration of
high-inertia materials in the wall, further improves per-
formance by stabilizing indoor temperatures and reducing
summer overheating by 25%. In this study, passive strate-
gies to mitigate overheating in CLT constructions include
the integration of clay blocks within wall assemblies.
These elements increase thermal inertia by absorbing heat
during the day and releasing it at night, when the building
can be ventilated with cooler outdoor air, thereby improv-
ing indoor thermal conditions. This strategy enables CLT
buildings to compete with traditional constructions while
maintaining the environmental benefits associated with
bio-based materials.

These results suggest that the energy performance
of CLT buildings in temperate climates depends less
on the structural material itself than on the coherence
between envelope composition, thermal inertia, and
HVAC system selection. The findings therefore challenge
the common assumption that lightweight timber build-
ings are inherently less suitable for thermal comfort in

Energy Performance: Results of Scenario A

60 400
= 0
5 300 2
g 2
g 0 =
= 5
S 2
= 200 S
2 IS
=
k5 S
= 3
S 20 =
9 L
2 100 8
5 :
Z
0 0

Base case Scenario A1

I Energy efficiency (kWh/(m?-year))

Fig. 6 Energy performance - results of Scenario A

Scenario A3

Scenario A2

[1 Number of discomfort hours (hours)



Eliard et al. Low-carbon Materials and Green Construction (2026) 4:12

office applications. Instead, the study demonstrates that
overheating risks can be significantly mitigated through
targeted passive design strategies and adapted HVAC
configurations.

In contrast, the use of natural ventilation in CLT build-
ings proves to be less suitable due to a high rate of ther-
mal discomfort. Underfloor heating leads to increased
cooling demands over 60%, while the adoption of an air-
to-water heat pump reduces overall energy efficiency.
This is because underfloor heating stores heat in the floor
and releases it slowly. While this is useful in winter, it
becomes a problem during warm periods or mid-season.
When there is more heat from the sun or from inside
(people, equipment), the system reacts slowly and keeps
releasing heat even when it is no longer needed. This can
cause overheating and increase the need for cooling. In
addition, underfloor heating is not very effective for cool-
ing, as it has a low cooling capacity and a risk of conden-
sation. A particularly important finding is that systems
traditionally considered energy-efficient in conventional
buildings, such as underfloor heating, may become
counterproductive in low-inertia CLT offices because of
their slow thermal response. This highlights that HVAC
solutions cannot be directly transferred from concrete-
based buildings to timber structures without adapta-
tion. For building design practice, the results imply that
early-stage integration between structural, envelope, and
HVAC decisions is essential to avoid performance trade-
offs between operational energy, comfort, and embodied
carbon reduction.

These results highlight the need to balance energy
performance and environmental impact, by combining
simulation outcomes with life cycle assessment results.

Table 6 Life cycle assessment results (kg COze/(mz'year))
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Achieving this balance is essential to establish CLT con-
structions as a sustainable and high-performing building
solution.

4.2 Life cycle analysis

The carbon emissions results for the different scenarios
are presented in Table 6. Scenarios 1 and 2, which rely on
the use of a concrete structure combined with polyure-
thane or bio-based insulation, show the highest impact
on global warming. The main carbon emissions in these
scenarios come from the manufacturing phases (A1-A3)
and replacement phases (B4-B5). Compared to other
differences observed, the impacts associated with the
replacement phase (B4-B5) for Scenarios 1 and 2 are
lower than those for Scenarios 0 and 3. This difference is
explained by the service life of the materials. In scenar-
ios using CLT, some components require more frequent
replacement than those in traditional constructions.
For example, the lime screed needs to be replaced every
30 years.

These results highlight a key general insight: the envi-
ronmental performance of CLT systems is primar-
ily driven by the trade-off between reduced embodied
carbon in the structure and increased replacement
frequency of certain finishing layers. This means that
material substitution alone is not sufficient to minimise
lifecycle impacts; service life assumptions play a decisive
role in the final outcome.

Regarding the end-of-life phase, the life cycle assess-
ment results reveal that the environmental impact of
waste disposal (C4) is approximately three times higher
for concrete constructions than for CLT buildings. This
difference is due to the limited possibilities for concrete

Life cycle analysis (50 years) Scenario 0 Scenario 1 Scenario 2 Scenario 3
Production stage: A1-A3 022 5.07 590 0.19
Transport stage: A4 0.1 0.14 0.14 0.1
Construction-installation stage: A5 1.20 1.22 1.08 1.26
Use stage: B1 Not considered

Maintenance stage: B2 Not considered

Repair stage: B3 Not considered

Replacement and rehabilitation stage: B4-B5 4.39 391 391 4.38
Use of energy stage: B6 3.12 271 2.75 295
Use of water stage: B7 0.03 0.03 0.03 0.03
Deconstruction-demolition stage: C1 Not considered

Waste transport stage: C2 0.05 0.09 0.09 0.05
Waste treatment stage: C3 0.63 0.60 0.60 0.63
Disposal: C4 0.22 0.73 0.75 0.25
Benefits and loads beyond the system boundary: D Not considered

Total climate change 9.97 14.5 15.25 9.85
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reuse, which generate large amounts of waste. In con-
trast, CLT structures benefit from a more developed
reuse and recycling pathway: panels can be dismantled,
reused in other projects, or recycled. This reinforces the
idea that CLT constructions are better aligned with a cir-
cular economy approach and the overall reduction of the
building’s carbon footprint.

A key implication for design practice is that end-of-life
benefits depend strongly on actual dismantling feasibility
rather than theoretical recyclability. In other words, the
advantage observed for CLT in module C4 is only real-
ised if reversible connections and deconstruction-ori-
ented detailing are implemented from the design stage.
This makes structural detailing a critical design lever
with direct consequences on lifecycle emissions.

When operational energy (module B6) is combined
with embodied impacts (modules A1-C4), the total
GWP ranges from 6.85 to 9.97 kg CO,e/(m?year). This
highlights that the use of this LCA module is essential, as
it allows for the assessment of all environmental impacts
of a building over its entire life cycle. Limiting the analy-
sis to material impacts alone could underestimate the
main sources of emissions. Integrating modules A1-C4
with B6 therefore enables the prioritization of key car-
bon reduction levers, the identification of the most criti-
cal components, systems, guides design decisions toward
constructive and technical solutions that are truly effec-
tive for decarbonization.

In terms of overall greenhouse gas emissions, a sig-
nificant difference of 45% is observed between concrete
structures and cross-laminated timber structures. It
should be noted that this figure reflects the net life cycle
GWP including biogenic carbon storage in CLT. When
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only fossil emissions are considered (excluding biogenic
offset), the reduction is approximately 28%, confirm-
ing that the advantage of CLT over reinforced concrete
holds regardless of the carbon accounting convention
applied. Within the CLT scenarios, however, the differ-
ences between the baseline case and the one integrating
thermal mass through the addition of clay remain small.
This proximity in impacts is encouraging as it shows that
optimizing energy performance through improved ther-
mal inertia can be achieved without significantly increas-
ing greenhouse gas emissions.

When comparing these results with the current Danish
carbon benchmark for buildings, all case studies exceed
the established threshold. However, a more detailed anal-
ysis of the CLT scenario shows that the use of bio-based
materials allows for a gradual reduction in the carbon
footprint, bringing it closer to the benchmark.

This observation highlights the importance of combin-
ing low-carbon material choices with optimized energy
design. Although CLT constructions do not yet fully
meet the Danish standard within the current Belgian
energy context, the results demonstrate that the integra-
tion of bio-based materials and high-performance tech-
nical systems represents an effective lever for reducing
environmental impacts.

The reference case exhibits the lowest carbon emis-
sions impacting global warming, closely followed by Sce-
nario 3 over a 50-year period. The analysis shows that the
most impactful materials mainly come from special tech-
niques, particularly during the replacement phase. These
results are illustrated in Fig. 7.

The influence of different HVAC systems on the
energy performance of a Belgian building is particularly
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significant in CLT constructions. Although the choice of
timber materials substantially reduces the building’s ini-
tial carbon footprint, it increases after the integration of
HVAC systems. Indeed, 68% of the material-related emis-
sions are associated with the HVAC equipment used as
shown in Fig. 7. These systems involve the use of numer-
ous materials with a high environmental impact, which
affects the overall carbon balance. Secondly, the life cycle
assessment assumes a building lifespan of 50 years, during
which major HVAC components (e.g., heat pumps and
photovoltaic panels) are replaced twice. This implies that
their production and end-of-life impacts are accounted
for multiple times, in contrast to most construction mate-
rials, which are considered only once over the building’s
lifetime. This repeated replacement substantially increases
the cumulative environmental impact of HVAC systems.
In comparison, for traditional concrete construc-
tions, HVAC systems represent a smaller share of total
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emissions (43%), while construction materials contrib-
ute the majority (57%) of the carbon footprint. This dif-
ference highlights the importance of considering HVAC
system choice when evaluating the environmental impact
of buildings. Similar conclusions were reported by de
Paula Filho et al. [19].

The thermal mass of CLT constructions has a direct
impact on energy performance, summer overheating,
and occupant comfort. Due to their low initial thermal
mass, these buildings respond more quickly to tempera-
ture variations, which can be a disadvantage during sum-
mer, particularly in the presence of solar or internal gains
(e.g., office equipment).

Simulation results show that, in scenarios with
mechanical double-flow ventilation, the addition of bio-
based materials with high thermal inertia, such as clay
blocks, can reduce overheating hours by up to 25%, as
illustrated in Fig. 8. This improvement directly enhances

Thermal Impact Diagram of CLT Constructions
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thermal comfort in office spaces. However, in configura-
tions without mechanical ventilation, this thermal mass
can become counterproductive. In the absence of suf-
ficient air renewal, heat stored in the walls is released
more slowly, leading to prolonged indoor temperature
increases and occupant discomfort.

In the context of climate change, air pollution, noise
and urban heat island effects, summer comfort becomes
a priority. To address this, hydraulic systems are prefera-
ble to air-based systems, as water enables faster and more
stable thermal regulation in low-inertia buildings.

Furthermore, the choice of heat emission system
strongly influences occupant comfort in CLT construc-
tions. Slow-response emitters, such as underfloor heat-
ing, are poorly suited to rapid temperature variations.
This limitation increases cooling energy demand and
occupant discomfort in commercial buildings during
summer. Conversely, fast-response emitters, such as
radiators, allow for quicker adjustments of indoor tem-
perature. Their ability to rapidly increase or decrease
temperature provides better management of comfort and
overheating in office buildings. These findings align with
the results of Artun and Alemdag [18] and Dong et al.
[33], who highlight this performance gap.

Finally, the results show that a balance can be achieved
between thermal comfort and carbon footprint. The
addition of clay blocks significantly improves summer
comfort without causing a substantial increase in envi-
ronmental impacts; the additional emissions remain
below 1%. This solution is particularly effective when
combined with a high-performance system comprising
a geothermal heat pump, mechanical double-flow ven-
tilation, and radiators. It provides a balanced approach
between energy performance, user comfort, and environ-
mental sustainability.

In conclusion of these results, Table 7 provides a sum-
mary of the different parameters studied in this research.
The CLT scenarios consistently perform around the
average across the three criteria—energy performance,

Table 7 Comparative analysis of scenarios
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environmental impact, and user comfort—making them
the best-performing option overall. Their main drawback
is summer comfort, which can be effectively mitigated
with appropriate thermal inertia and HVAC strategies.
In contrast, traditional constructions exhibit significant
environmental shortcomings, despite potentially higher
thermal comfort, highlighting the advantage of CLT as a
balanced and sustainable building solution.

The number of symbols represents the relative perfor-
mance level of each scenario. A higher number of sym-
bols indicates better performance.

4.3 Validation of the energy model, sensitivity

and uncertainty analysis
4.3.1 Model validation
For model validation, a calibration was performed to
ensure the reliability of the results. The calibration was
carried out in accordance with the ASHRAE Guideline
14 criteria, using the energy data of the existing building
for the years 2023 and 2024, including the production of
photovoltaic panels and indoor temperature measure-
ments. This standard allows the calculation of the two
indicators MBE and CV(RMSE) [47].

For wvalidation, the MBE and CV(RMSE) indica-
tors were computed. Table 8 presents the comparison
between on-site measured data and the numerical model.
According to ASHRAE criteria, the model is considered
validated when MBE < 5 % and CV(RMSE) < 15 % for
monthly comparisons. All results obtained meet these
thresholds, confirming that the model reliably repro-
duces the energy performance of the existing building.

4.3.2 Sensitivity and uncertainty results

The results of the sensitivity analysis applied to the
building LCA model highlight the most influential
parameters on the annual environmental impacts. All
variations observed in this analysis are summarized
in Table 9. Among the factors studied, HVAC systems
appear as the most sensitive parameter, with impacts

Scenario 2: concrete Scenario 3: CLT

Scenario 1: concrete

Criteri Reference CLT . . structure with structure with
riterion . structure with bio- .
scenario based insulati polyurethane integrated thermal
ased Insufation insulation inertia

Environmental

fronme 2N o a 2y 7xI

Energy

performance % % % % % % % % % % % g

Thermal comfort

O34

OIATA

OIATA O2A;




Eliard et al. Low-carbon Materials and Green Construction (2026) 4:12 Page 19 of 26

Table 8 Results of the energy model calibration

Item Real data Model data MBE (%) CV(RMSE) (%)

Total annual energy consumption (kWh) 65071.38 65187.10 0.18 13.97

Total annual production (kWh) 55618.70 53182.66 —438 12.22

Average indoor temperature ('C) 21.25 2162 1.72 3.30

Table 9 Results for sensitivity analysis

Parameters for sensitivity analysis

Item Variation A GWP (%) Sensitivity
rank

Quantity of materials +20% +17 3

Share of renewable energy 25%, 40%, 75%, 100% +31 2

Wall composition Change of material thickness +1 6

Building lifespan 25-100 years +13 4

Types of HVAC systems Change of HVAC system +56 1

Heat pump COP 2-5 +5 5

Heat pump lifespan 10-35 years +0 10

Glazed surfaces 300-450 m? +0.7 7

Heating setpoint temperature 19-215°C +0.3 9

Airtightness 0.3-1.2 air changes per hour +0.8 8

ranging from 7.83 to 11.24 kg CO,e/(m>year). This
sensitivity is explained by the composition of these
systems, which include numerous metal components
(copper, aluminum, stainless steel) that are highly
energy-intensive and generate significant greenhouse
gas emissions. Therefore, the selection, design, and
lifespan of HVAC systems represent an important lever
for reducing the carbon footprint of buildings.

The second most influential parameter identified in
the sensitivity analysis concerns the share of renewable
energy used for building operation. The study shows
that increasing the proportion of renewable energy in
the building’s energy mix can significantly reduce its
annual carbon footprint. Specifically, the use of renew-
able energy can lead to a reduction of approximately
30% in the building’s environmental impact. This influ-
ence is due to the fact that operational energy con-
sumption constitutes a large portion of greenhouse
gas emissions over the building’s life cycle. The cleaner
and more renewable the electricity source, the lower
the emissions associated with heating, ventilation, air
conditioning and electrical equipment use. Conversely,
a fossil-fuel-dominated energy mix would directly
increase the building’s annual environmental pressure.

Parameters related to wall compositions, glazed sur-
faces and other construction characteristics show much

smaller variations, indicating that these elements have a
limited effect on the overall LCA results in the studied
scenarios.

Overall, the sensitivity analysis confirms that the results
do not depend excessively on a single uncertain param-
eter and that the model remains robust to plausible varia-
tions of key parameters. This approach allows for a better
understanding of uncertainty sources and helps identify
the priority levers for improving the environmental and
energy performance of buildings.

Regarding the uncertainty analysis, the results indicate
that the parameter with the highest level of uncertainty
is the energy mix encoded in the OneClick LCA plat-
form. This uncertainty arises mainly from the variability
of electricity generation sources between countries, as
well as from the temporal evolution of the energy mix.
Indeed, depending on whether electricity is primarily
generated from renewable sources (wind, solar) or fossil
fuels (coal, gas, oil), the associated environmental impact
can vary significantly. All variations observed are sum-
marized in Table 10.

The second most uncertain parameter concerns the
choice of materials, particularly the data obtained from
EPDs. The availability, quality, and accuracy of EPDs
directly influence the assessment of the environmental
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Table 10 Results for uncertainty analysis

Parameters for uncertainty analysis

Item Variation A GWP (%) Sensitivity
rank

Choice of materials (change of EPDs) Belgium and European country or bordering country +40 2

Recycling rate and end-of-life recovery 10%, 25%, 50% +0.7 7

Building lifespan 25,35,50,75, 100 years +13 3

Material lifespan 5%, 10%, 20% on the lifespan 0 10

Choice of energy mix +15% +250 1

Site impacts 2030 and 2050 projections (+ 15% on the emission factor) +7 4

Choice of climate file Antwerpen, BEL_BRUSSELS_IWEC, BEL_SAINT HUBERT_IWEC +2 6

Number of simulation years 2020-2025 +04 8

Lighting schedule —5% - 25% +4 5

User behavior +20% +0.2 9

impacts of the materials used, especially for new or non-
standardized materials.

The third parameter contributing to uncertainty is the
service life of materials. The lifespan affects how the ini-
tial environmental impacts are distributed over the build-
ing’s operational period. A longer service life allows for
the annual environmental impacts to be diluted, while
a shorter lifespan increases the annual environmen-
tal pressure. This uncertainty is particularly relevant for
bio-based or innovative materials, whose actual durabil-
ity can vary depending on usage conditions and mainte-
nance practices.

5 Discussion

5.1 Findings and recommendations

The life cycle assessment, conducted in accordance with
ISO 14040 and EN 15978 across stages A1-A5, B4, B6,
and C3-C4, shows that CLT can reduce the total life-
cycle global warming potential by 45% compared to the
best-performing reinforced concrete scenario (9.97 vs.
14.34 kg CO,e/(m>year)). This figure is consistent with
the range of 20% to 60% reported across CLT LCA stud-
ies in the literature, depending on system boundaries,
biogenic carbon accounting convention, and building
typology [11, 26]. Studies applying full cradle-to-grave
boundaries with the EN 15804+A2-1/4+1 biogenic
convention, as in this study, tend toward the upper half
of that range. Andersen et al. [7] reported a 45% reduc-
tion for a comparable Danish CLT office building under
identical accounting conventions, providing the closest
methodological analogue in the literature. Allan and Phil-
lips [17] found 30% to 40% reductions for low and mid-
rise mass timber buildings compared to structural steel,
confirming that CLT’s lifecycle advantage is robust across
different structural comparison types. Duan et al. [10]

and Iuorio et al. [20] similarly report reductions of 30%
to 50% in Chinese and Italian contexts, respectively, dem-
onstrating geographic consistency in CLT’s embodied
carbon advantage even when operational energy profiles
differ. This reduction mainly results from the substitution
of carbon-intensive materials with bio-based materials
capable of storing atmospheric carbon throughout their
service life, with a significant influence concentrated in
the manufacturing phases A1-A3.

A key finding is that construction and maintenance
phases, not operational energy, dominate lifecycle GHG
emissions in 't Centrum. This contrasts with conventional
office buildings where the operational phase accounts
for 50% to 70% of whole-life emissions [22]. The inver-
sion is explained by two compounding factors: the high
energy performance standard of 't Centrum substan-
tially reduces operational carbon, while CLT’s biogenic
carbon uptake under the—1/+1 convention further sup-
presses net embodied emissions relative to concrete.
Similar patterns have been reported in near-zero energy
buildings across Europe [6], confirming that as opera-
tional carbon decreases, embodied carbon becomes the
decisive lifecycle variable. All CLT scenarios in this study
remain slightly above the Danish regulatory threshold
of 8.6 kg CO,e/(m>year) [5]. This finding, corroborated
by studies comparing results against Swiss Environmen-
tal Impact Assessment benchmarks [22], highlights that
even well-designed circular CLT buildings face a genu-
ine challenge in meeting the most ambitious European
whole-life carbon standards under current Belgian elec-
tricity conditions.

Annual operational energy consumption is generally
similar across all tested construction systems, confirming
that structural material choice has limited influence on
operational energy demand when envelope performance
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is held constant. The dominant variable is HVAC system
configuration. The mechanisms driving performance dif-
ferences between systems are rooted in the interaction
between response time and CLT’s low thermal mass.
Underfloor heating stores thermal energy in the floor
slab and releases it slowly: effective during steady win-
ter conditions, but a liability during transitional seasons
and summer, when internal and solar gains fluctuate rap-
idly and the system continues emitting heat after com-
fort conditions are exceeded, increasing cooling energy
demand by over 60%. Fast-response emitters such as
radiators decouple thermal output from floor mass, ena-
bling rapid adjustment to variable loads and reducing
overheating risk. Geothermal heat pumps provide a sta-
ble, low-carbon source for both heating and cooling; their
high coefficient of performance under Belgian ground
temperatures makes them the most lifecycle-efficient
system tested, consistent with findings by Artun and
Alemdag [18], who established that HVAC performance
in temperate-humid CLT buildings is highly sensitive
to emitter type. The air-to-water heat pump performs
at lower efficiency during peak summer periods when
outdoor temperatures are highest, compressing the per-
formance advantage that makes heat pumps attractive
in heating-dominated contexts. These mechanism-level
distinctions are critical for design practice and are rarely
disaggregated in published CLT LCA studies.

The integration of bio-based thermal mass additions,
specifically clay blocks within CLT wall assemblies,
reduces thermal discomfort hours by up to 25% with a
negligible additional carbon impact of less than 1%. Clay
blocks absorb heat during the day and release it progres-
sively at night when cooler outdoor air is available, mod-
erating indoor temperature amplitude without adding
fossil carbon. This solution is particularly effective when
combined with geothermal heat pumps and mechanical
double-flow ventilation, and represents the most efficient
comfort-carbon trade-off identified across all scenarios
tested. In addition to enhancing summer comfort, these
natural materials carry a favourable carbon balance,
further contributing to the building’s environmental
performance.

HVAC equipment accounts for 68% of material-
related emissions in CLT buildings in this study, driven
by repeated replacement cycles over the 50-year ref-
erence period rather than unit-level carbon intensity.
De Paula Filho et al. [19] similarly found that structural
design choices propagate to embodied carbon through
their effects on technical system sizing and replacement
frequency. Beyond HVAC, fire protection requirements,
and acoustic performance layers in CLT buildings add
material with their own embodied carbon costs that are
frequently overlooked in headline GWP comparisons
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[37]. Adhesive bond service life introduces a further
structural uncertainty not fully resolved by this study’s
sensitivity analysis. CLT panels in 't Centrum are con-
nected using melamine-urea—formaldehyde and polyu-
rethane adhesives whose long-term bond integrity under
sustained moisture and load cycling remains incom-
pletely characterised beyond 30 to 40 years in European
temperate climates [50]. The 50-year reference period
adopted here implicitly assumes that no structural adhe-
sive failure triggers panel replacement within the B4—B5
modules. Should bond degradation occur earlier, replace-
ment cycles would be activated that would increase total
B4-B5 embodied carbon and narrow the 45% lifecycle
GWP advantage over reinforced concrete reported here.
This limitation is compounded by the fact that EN 15978
replacement assumptions for adhesive connections are
based on manufacturer-declared service lives rather than
in-situ performance data, which Vandervaeren et al.
[51] demonstrated can underestimate actual material
flux by up to 162% in demountable buildings. Specify-
ing mechanically fastened rather than adhesively bonded
CLT connections wherever structurally feasible, as
implemented at 't Centrum for its primary connections,
therefore carries a direct lifecycle carbon benefit beyond
its contribution to disassembly potential.

Taken together, these trade-offs reinforce the need to
assess CLT buildings as integrated material-energy sys-
tems rather than structural substitutions alone. The long-
term environmental performance of CLT buildings in
Belgium is strongly sensitive to the electricity mix, which
the sensitivity analysis ranks as the largest single source
of GWP uncertainty at+250%. If the Belgian energy mix
evolves towards renewable sources in line with national
decarbonisation trajectories, operational emissions will
decrease further, widening CLT’s lifecycle advantage and
bringing results closer to the Danish threshold. Material
selection and energy system decarbonisation are there-
fore complementary rather than alternative strategies.

The circular design of 't Centrum reinforces these life-
cycle gains. Reversible mechanical connections in timber
structures, systematically documented in terms of con-
nection typology, geometric parameters, and reversibility
potential by the Sustainable Building Design (SBD) Lab
at the University of Liege [52], are the enabling condition
for end-of-life material recovery. Their implementation at
't Centrum, combined with digital material passports and
exposed technical systems, yields a disassembly potential of
92% based on expert assessment of 1 387 connection sys-
tems [43]. This high reversibility potential is directly linked
to the LCA results, as the reduced replacement needs and
improved recoverability of structural components contrib-
ute to lowering lifecycle impacts beyond the operational
phase. In parallel, the exposed technical systems facilitate
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future maintenance and HVAC adaptation, which may
help preserve operational energy performance over time by
reducing invasive refurbishment requirements.

Younis and Dodoo [26] found that CLT panel reuse
under optimistic scenarios reduces whole-life GWP by
a further 15% to 20% beyond the A to C scope of this
study, and Pomponi and Moncaster [35] established that
excluding Module D systematically undervalues circu-
lar designs. However, these potential benefits remain
conditional on future reuse scenarios, material recovery
logistics, market demand for reclaimed timber elements,
and long-term preservation of panel mechanical integ-
rity. Consequently, the present study does not quantify
Module D benefits and the reported carbon reductions
should not be interpreted as guaranteed future savings.
Similarly, the biogenic carbon storage associated with
CLT remains sensitive to end-of-life assumptions, since
delayed release or material reuse can substantially modify
long-term climate impacts.

The present results should therefore be read as a con-
servative lower bound on ’'t Centrum’s true lifecycle
advantage over reinforced concrete. More specifically,
the study demonstrates that the observed reduction in
embodied carbon is primarily attributable to material
substitution toward CLT, while the operational energy
and comfort results are additionally influenced by enve-
lope composition, thermal inertia limitations, and HVAC
configuration. Circular design strategies therefore act as
complementary long-term mitigation mechanisms rather
than the sole driver of environmental performance.
Jointly, these findings confirm that CLT, when combined
with bioclimatic design, appropriate HVAC system selec-
tion, and circular connection detailing, provides a cred-
ible pathway toward low-carbon construction in the
Belgian and broader European context. Pylsy et al. [53]
emphasised that the interconnection between buildings
and the energy system must be considered holistically;
this integrated approach is directly applicable to Bel-
gium’s forthcoming mandatory lifecycle carbon frame-
work from January 2026.

5.2 Methodological strengths and study limitations

This study presents five methodological strengths that
distinguish it from comparable CLT LCA studies in the
literature. First, the LCA follows ISO 14040/44 and EN
15978 across a full A to C lifecycle scope, covering stages
A1-A5, B4, B6, and C3-C4, with Module D excluded
in accordance with standard comparative practice. This
scope is more comprehensive than many published CLT
studies, which frequently limit boundaries to A1-A5 only
or omit the operational phase [26, 27]. Second, four con-
struction material scenarios and four HVAC configura-
tions are assessed within a single calibrated framework,
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providing scenario resolution uncommon in published
CLT office building research [19, 20]. Third, the energy
model was calibrated against real monitored consump-
tion data from the Calculus platform, achieving MBE
below 5% and CV(RMSE) below 15% per ASHRAE
Guideline 14, establishing model reliability at research-
grade standard. Fourth, biogenic and fossil carbon
flows are explicitly disaggregated in Appendix A per EN
15804+ A2: 2019, addressing a transparency deficit that
affects the overwhelming majority of published CLT LCA
studies, fewer than 2% of which report these flows sep-
arately [27]. Fifth, the case study is Belgium’s first certi-
fied circular office building, with an empirically assessed
disassembly potential of 92% based on inspection of 1
387 connection systems [43], providing circular design
grounding unavailable in studies using hypothetical ref-
erence buildings.

Several limitations must be acknowledged with speci-
ficity. The most significant is the single case study design:
the results reflect the particular combination of CLT
technology, Belgian temperate climate, INIES-based EPD
data, and the 2024 electricity mix applied here. Transfer-
ability to other building types, structural configurations,
or climates is constrained. In cold-dominated climates
where heating demand is higher, CLT’s operational
energy advantage over concrete is larger; in hot climates,
the cooling penalty from low thermal mass is more
severe. In large-span commercial buildings, CLT’s struc-
tural constraints require additional columns or hybrid
systems that add embodied carbon. These boundary
conditions limit the direct applicability of the 45% reduc-
tion figure to contexts that share a similar energy per-
formance standard and electricity mix. Regional climate
dependency is a further constraint: Belgian projections
indicate summer temperature increases of 2.4 to 6.6 ‘C by
2080 [15], and the overheating vulnerability identified in
this study will intensify under future climate scenarios,
making current results optimistic for long-term perfor-
mance assessment.

Uncertainty in life cycle inventory data constitutes
a third category of limitation. The reliance on INIES
database EPDs and OneClick LCA generic defaults for
modules where product-specific data were unavailable
introduces variability that the sensitivity analysis cap-
tures only partially. The uncertainty analysis ranks EPD
choice as the second-largest source of GWP variation
at+40%, confirming that database selection materially
affects results. The end-of-life modeling remains sim-
plified: the assumed 70% recycling and 9% incineration
rates are regional defaults rather than building-specific
projections. The absence of long-term monitoring data
beyond the calibration period limits validation of sim-
ulated multi-year performance. Finally, the acoustic
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performance implications of CLT construction, which
require additional material layers with their own embod-
ied carbon costs, are not quantified in this study and rep-
resent a gap that future multi-impact CLT assessments
should address.

5.3 Implications for practice, policy and future research
The integrated LCA and building energy simulation
framework developed here is directly applicable to the Bel-
gian and European policy context emerging from January
2026, when lifecycle carbon reporting becomes manda-
tory under the revised EPBD [3, 4]. This study provides a
methodologically complete template for that transition:
a calibrated DesignBuilder and OneClick LCA workflow
applied to a real building with monitored energy data pro-
duces whole-life GWP results benchmarkable against the
Danish 8.6 kg CO,e/(m>year) threshold [5] within a real-
istic design timeline. The fact that all CLT scenarios in this
study slightly exceed that threshold, despite 't Centrum
performing at the frontier of Belgian circular construc-
tion practice, signals that the Danish standard represents
a genuine design challenge rather than a readily achievable
target. Meeting it requires simultaneous action on HVAC
equipment replacement cycles, EPD data quality, and the
electricity mix.

For design practitioners, three findings are directly
actionable. First, HVAC system selection is the largest
single determinant of whole-life GWP among design-con-
trolled variables, with a sensitivity range of + 56%. Specify-
ing geothermal heat pumps with mechanical double-flow
ventilation and fast-response radiators over underfloor
heating reduces lifecycle carbon substantially and should
be treated as an LCA decision from the earliest design
stage. Second, clay block integration within CLT wall
assemblies reduces thermal discomfort hours by 25% at
a carbon cost below 1%, making bio-based thermal mass
the most efficient comfort-carbon trade-off available to
designers of CLT office buildings in temperate climates.
Third, digital material passports and reversible mechani-
cal connections translate into measurable end-of-life per-
formance: the 92% disassembly potential measured at 't
Centrum [54] demonstrates that circular design is a quan-
tifiable construction attribute that should be specified,
assessed, and procured alongside structural and energy
performance, not treated as a qualitative aspiration [55].

For policymakers, three European-scale priorities fol-
low from this study. The Level(s) framework [56] and
Green Public Procurement criteria should require explicit
disaggregation of biogenic and fossil carbon flows in CLT
project declarations, as net GWP figures alone prevent
transparent comparison between projects using differ-
ent accounting conventions. The European Union (EU)
taxonomy’s 90% construction and demolition waste
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recovery requirement should be supported by mandatory
disassembly potential assessment using standardised tools
[55] rather than self-reported design intent. The Belgian
GRO sustainable buiding assessment tool for circular and
carbon evaluation, and the forthcoming CEN/TC 350 cir-
cularity assessment standard, provide the national and
European instruments through which the lifecycle carbon
and circular performance evidence generated here can be
mainstreamed into building procurement and regulation.
Future research should address three gaps this study
could not resolve. First, dynamic LCA incorporating pro-
jected Belgian electricity mix evolution through 2050
would quantify the extent to which grid decarbonisation
alone closes the gap between current CLT performance
and the Danish threshold, without requiring further
material or HVAC improvements. Second, multi-build-
ing CLT studies across temperate and continental Euro-
pean climates are needed to establish transferability
bounds for the 45% GWP reduction and the + 56% HVAC
sensitivity finding, both of which are currently grounded
in a single Belgian case. Third, long-term monitoring
of 't Centrum’s planned sequential deconstruction and
reconstruction through 2037 [41] will generate the first
empirical evidence on actual CLT panel condition after
first use, in-situ disassembly times, reuse rates, and the
carbon cost of the deconstruction process itself, closing
the Module D gap that EN 15978 mandatory reporting
scope requires all comparative LCA studies to leave open.

6 Conclusions
This study provides the first integrated LCA and building
energy simulation of a certified circular CLT office build-
ing in Belgium, combining four construction materials
and four HVAC scenarios in a calibrated framework with
explicit disaggregation of biogenic and fossil carbon flows.
Six findings of scientific and policy significance emerge.
CLT reduces total lifecycle GWP by 45% compared to
the best-performing reinforced concrete alternative (9.97
vs. 14.34 kg CO,e/(m>year), 50-year reference period).
This figure corresponds to the upper end of the 20% to
60% range reported in the literature and is directly con-
tingent on applying full cradle-to-grave boundaries under
the EN 15804+ A2—1/+1 biogenic carbon convention,
confirming that accounting methodology determines the
reported magnitude of CLT’s climate benefit.
Construction and maintenance phases dominate life-
cycle green house gas (GHG) emissions in 't Centrum,
inverting the conventional pattern in which the opera-
tional phase accounts for 50% to 70% of whole-life impacts
[22]. This inversion results from the compounding of high
energy performance and low-carbon Belgian electric-
ity, and constitutes direct evidence that Belgium’s opera-
tional energy focus in building regulation systematically
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misdirects decarbonisation effort. The forthcoming man-
datory lifecycle carbon framework from January 2026 (3, 4]
is a structural correction, not an incremental refinement.

HVAC system configuration is the single largest deter-
minant of whole-life GWP in CLT buildings, with a sensi-
tivity range of+56%, exceeding material quantity variation
(£17%), building lifespan (+13%), and renewable energy
share (+31%). The governing mechanism is the interaction
between emitter response time and CLT’s low thermal mass:
underfloor heating increases cooling energy demand by over
60% through thermal lag, while geothermal heat pumps with
fast-response radiators achieve the best lifecycle perfor-
mance across all scenarios. HVAC specification is, therefore,
a lifecycle carbon decision, not a comfort decision alone.

Bio-based thermal mass additions, specifically clay blocks
within CLT wall assemblies, reduce thermal discomfort
hours by 25% per EN 16798-1 adaptive comfort criteria at
a carbon cost below 1%. This is the most efficient comfort-
carbon trade-off identified across all scenarios and provides
a directly applicable passive strategy for CLT office build-
ings in Belgium’s temperate climate, where projected sum-
mer temperatures rise by 2.4 to 6.6 “C by 2080 [15].

HVAC equipment accounts for 68% of material-related
emissions in CLT buildings, driven by replacement cycles
over the 50-year reference period rather than manufac-
turing intensity. Sensitivity analysis ranks the electricity
mix as the dominant source of GWP uncertainty at + 31%.
A transition to a fully renewable Belgian electricity mix
would bring all CLT scenarios below the Danish 8.6 kg
CO,e/(m?year) benchmark [38], establishing that energy
system decarbonisation and material selection are com-
plementary, not competing, strategies.

't Centrum’s reversible mechanical connections, digital
material passports, and exposed technical systems yield a
measured disassembly potential of 92% based on expert
assessment of 1 387 connection systems [43], the high-
est value recorded in the literature for an office building of
this typology. CLT panel reuse under optimistic end-of-life
scenarios reduces whole-life GWP by a further 15% to 20%
[26], a benefit excluded from EN 15978 mandatory scope
but quantifiable through dedicated disassembly assess-
ment tools [43, 51]. The EU taxonomy’s 90% waste recovery
requirement and Belgium’s 2026 carbon framework create
the regulatory conditions under which this end-of-life value
becomes accountable.

Low-carbon circular construction is achievable in Bel-
gium today, but requires simultaneous optimisation of
structural material, HVAC system, connection design, and
energy source. No single lever is sufficient. The calibrated
LCA and building energy simulation workflow presented
here is reproducible and directly applicable to the lifecycle
carbon reporting obligations emerging across the 27 Mem-
ber States of the European Union from 2026.
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Appendix
Biogenic carbon reporting (EN 15978 — Module A1-A3
and B1)
Biogenic carbon storage is calculated per EN 16449 based
on the dry mass of CLT and a carbon content of 50% by
dry weight (approximately 1.83 kg CO, stored per kg of
dry timber). It is reported separately from fossil GWP as
required by EN 15978 and EN 15804+A2: 2019. Values are
normalised per reference floor area (2 087 m?) and 50-year
study period.

Unit: kg CO,e/(m*year)

Indicator Value Scope

Fossil GWP (A1-A3) +4.25 Fossil emissions only, from One-
Click LCA

Biogenic carbon storage —4.03 Carbon stored in CLT panels
per EN 16449 (—897 kg CO.e/
m’ CLT)

Net GWP including biogenic +0.22 Per EN 15978 —1/+1 approach;
consistent with Table 6 A1-A3

End-of-life biogenic release +4.03 Assumed incineration/landfill

(C3-C4) scenario
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