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ARTICLE INFO ABSTRACT

Handling Editor: Yutao Wang More than 20% of global carbon emissions are linked with the production of construction materials used in the
built environment. The use of bio-materials along with urban densification strategies that avoid demolition and
reduce material demand, have been recommended to achieve urban sustainability goals. Addressing these
measures, this study compares the life cycle embodied carbon emissions of seven hybrid top-up structural sys-
tems composed of concrete, steel and advanced engineered timber products made out of softwood and hardwood
species. The life cycle carbon emissions (expressed in kgCOs-eq) were estimated following a cradle-to-grave
approach, with a functional unit equivalent to 1 m? of top-up structural system and focusing on The
Netherlands and the city of Amsterdam as main geographical scope. A statistical analysis was included to account
for the potential variation of emissions across each life cycle stage, using Monte Carlo simulations for random
sampling. The results indicate that predominantly bio-based structures present a staggering 60% lower embodied
carbon emissions compared with predominantly concrete, steel and modestly hybrid systems. Preserving the
long-term carbon storage capacity of timber elements through high-quality reuse can offset 30-60% of the total
positive emissions of the predominantly bio-based systems. Up to 6MtCO3-eq of the national carbon budget in
The Netherlands can be saved from a radical uptake of bio-based structures in Amsterdam by 2050. Diversifi-
cation of material diets with bio-based alternatives is recommended, along with established policy that can
guarantee sustainable sourcing and prolonged lifespans through high-end reuse practices.
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1. Introduction

The excessive use of non-renewable materials coupled with indus-
trial activities that generate high amounts of greenhouse gas emissions
(GHG’s), such as carbon dioxide (CO3), have exacerbated global threats
to climate resilience and ecosystem quality(Costanza et al., 1998, 2017;
Oberle et al., 2019). One of the largest contributors of GHG’s is the
construction sector, which accounts for approximately 37% of global
emissions (Huang et al., 2018). From these, 10% are generated by the
production of raw materials for conventional buildings and infrastruc-
ture, mainly cement, iron and steel (Chaturvedi and Ochsendorf, 2004;
Flower and Sanjayan, 2007; Van Ruijven et al., 2016). It is estimated

that a continuous use of conventional materials for future infrastructure
will defeat the international climate agreements set during the United
Nations Climate Change Conference in Paris (COP21, 2015; https://un
fece.int/), and could claim 35-60% of the remaining carbon budget
associated with limiting the global temperature increase to below 2 °C
(Mishra et al., 2022; Miiller et al., 2013).

As buildings become more energy efficient during their operational
phase, one of the targets for further decarbonization attempts of the
urban sector is to look at embodied impacts. The term ‘embodied’ refers
to the energy and emissions that are linked to the materials in a building.
When assessing the life cycle embodied carbon impacts of a building, the
emissions are accounted across life cycle stages of a building, from the
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extraction and processing to the disposal or recovery of materials at their
end-of-life (Fig. 1). Strategies to decrease embodied impacts from
buildings include avoidance, size reduction and material substitution
(Camarasa et al., 2022; Souaid et al., 2024). For the latter one, recent
advances of bio-based materials in the form of engineered timber, have
introduced in the market viable substitutes for the conventional con-
crete and steel used in infrastructures (Bahrami et al., 2021; Chen et al.,
2022; Liang et al., 2020) (See material strength profiles in Supplemen-
tary Information A; SI1).

1.1. Engineered timber as a low-embodied carbon structural alternative

Engineered timber is a structural material made of layers of wood, or
wood-based composite, laminated together. Well known examples are
cross laminated timber (CLT), laminated veneer lumber (LVL), and
glued laminated timber (Glulam). Considering that the load-bearing
structure is the largest volumetric material flow in buildings, it can ac-
count for the majority of the embodied impacts of buildings. Thus, it
provides opportunities to largely decrease embodied impact when ma-
terials are choosing wisely (Heeren et al., 2015). According to life cycle
studies comparing functionally equivalent structures, substitution with
timber was found to reduce between 20 and 40% of the embodied car-
bon emissions of multistorey buildings (Andersen et al., 2022; Hemmati
et al., 2024; Younis and Dodoo, 2022) (See detailed literature review
Supplementary Information A; SI2). The study by D’amico et al. (2021)
quantified the potential global benefits of using CLT to replace concrete
floor in steel structural systems. Their results indicate that the simple
substitution proposed could lead to a decrease of 1.5% of the annual
global GHG emissions of the construction sector (D’Amico et al., 2021).
This highlights the need to further develop quantitative comparisons of
hybrid structures, with the goal to provide a better understanding of
realistic and feasible structure materialization and their associated
environmental impacts.

Moreover, the largest emissions associated with timber buildings
have been identified in the literature to occur post-construction,
meaning that close attention to efficient design, procurement and end-
of-life of a building is essential (Hart et al., 2021). On this regard, an
added benefit of timber is the light-weight of the material (especially in
comparison with mineral ones), which results in the use of less energy
intensive machinery during production and transportation (Adhikari
and Ozarska, 2018), facilitating disassemble and reuse practices, and
increasing its potential applications for urban densification strategies.
These benefits are of high relevance for countries such as The
Netherlands, where ambitious national goals (as exemplified by the
Green Deal (www.metropoolregioamsterdam.nl/houtbouw/)), have
been set to significantly reduce greenhouse gas emissions.
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Fig. 1. Life cycle modules for buildings assessment (EN 15978).
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1.2. Top-up structures to maximize urban densification and avoid
demolition

As many countries in Europe, The Netherlands is grappling in the
midst of a housing crisis (Boelhouwer, 2017, 2020). Increased migration
from rural areas to cities, are leading to denser urban settings (Fang and
Yu, 2017; Seto et al., 2011). The Amsterdam Metropolitan Area (AMA)
alone has reported a 2% annual increase of their urban population
(Gemeente Amsterdam, 2022). Considering the need to host an
increasing urban setting while competing for land with multiple other
uses, the challenge is to provide urban densification strategies that can
align with sustainable development goals (Maes et al., 2016; Xu et al.,
2022). While industrial and political interventions are supporting a
transition to a circular bioeconomy by promoting the use bio-materials
(Stark et al., 2022), circular strategies recommend to focus on a better
distribution and renovation of the current building stock (Tukker et al.,
2023). Addressing these points of concern, top-up structures have
surged in popularity as a response to both, material substitution and
urban densification needs (Camilo Gomez, 2023).

Top-up structures generally refer to an extension built on top of an
existing building, this increases the available floor space without
expanding the building’s footprint, allowing to maximize the use of
current urban stock while avoiding demolition, and thus decreasing
material waste. The light-weight of engineered timber makes it partic-
ularly interesting for top-up applications, which can also incorporate
early design choices to facilitate future adaptation and easy to disas-
semble practices. This highlights the need to further analyze the po-
tential of engineered timber products for residential top-up structures,
looking specifically at relevant combination of materials that can be
used for light-weight designs, along with an in-depth analysis of the
potential environmental implications and trade-offs between structural
materials.

1.3. Objective of this study

Although several studies have compared the life cycle impacts of
substituting concrete and steel with engineered timber in multi-story
buildings (see Supplementary Information A; SI2), the comparisons
have been limited to timber products made from softwood species (e.g.,
Spruce) (Dodoo et al., 2014; Ernst Andersen et al., 2023; Younis and
Dodoo, 2022). Novel structural materials made from hardwood timber
species (e.g., Beech) have recently entered the market, and present
promising opportunities to further decrease embodied impacts while
utilizing less cubic meters of material. Given the increasing housing
demand in cities and the environmental urgency of decarbonizing the
built environment, the goal of this study is to provide a comparative
assessment of the embodied carbon emissions associated with residen-
tial top-up structural systems, focusing on a material comparison be-
tween predominantly mineral-based, bio-based and hybrid systems.

This study is the first one (to our knowledge) to differentiate between
engineered timber made from hardwood (e.g. Beech) and softwood (e.g.
Spruce), allowing to deepen the comparison between bio-based alter-
natives. Moreover, this study includes structures not only built with
different rates of conventional materials, but it also accounts for sce-
narios in which the structural steel used is assumed to be made from
100% recycled content, for a comprehensive comparison of alternative
structures. Our hypothesis is that a combination of predominantly bio-
based structural materials and recycled steel will present lower
embodied carbon emissions across its life cycle than structures made
predominantly of conventional materials, potentially equivalent to
structures made predominantly of bio-based elements. To test our hy-
pothesis, this study presents a whole life embodied carbon assessment,
following a cradle-to-grave approach (See Fig. 1) and focusing in The
Netherlands as main geographical scope for the selection of relevant
product data. The goals from the Amsterdam Metropolitan Area for
projected new housing construction by 2050, are used to quantify
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cumulative GHG emissions at a regional scale, and to compare bench- valuable insights for consideration during decision-making and to
marks in relation to the remaining national carbon budget estimated by encourage further research on the implications of bio-based materials in
2050. This with the aim to illustrate the potential savings associated the transition towards a sustainable built environment.

with a bio-based transition of structural systems, and identify the pro-
cesses that require attention and further improvement within their life
cycles. The quantitative contribution of this study is expected to provide

Structural variants

Floors: Softwood joists  Floors: Softwood joists Floors: Softwood joists Floors: CLT plate

and beams, softwood and beams, softwood and beams, Softwood and concrete topping
plate and concrete plate and concrete plate and concrete

topping topping topping

Beams: Steel Beams: Harwood LVL Beams: Softwood LVL Beams: Hardwood LVL
Columns: Steel Columns: Hardwood LVL  Columns: Softwood LVL ~ Columns: Hardwood LVL

Variants design based on
representative fragment

Floors: CLT plate and Floors: Steel slab and  Floors: Hollow-core
concrete topping concrete topping concrete slab and
concrete topping
Beams: Softwood LVL Beams: Steel Beams: Concrete
The Karel Doorman Building
Columns: Softwood LVL  Columns: Steel Columns: Concrete

Fig. 2. Seven structural variants compared for alternative materialization systems (for high resolution of variants see Electronic Artwork 2-3).
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2. Methods
2.1. Structural systems

This study builds on the work by van de Leur (2023) (van de Leur,
2023) comparing seven materialization scenarios for a residential
top-up system (Fig. 2). The original variant names have been kept for the
sake of consistency. Structural system E5, is based on original drawings
provided by Ibelings van Tilburg architecten (www.ibelingsvantilburg.
nl), for the Karel Doorman building, located in the Randstad area of
The Netherlands. The rest of the structural alternatives (A.1, A.2, A4.1,
A4.2, E8 and F9.2) were quantified in this study to provide comparative
material scenarios (See material quantities in Table 1). The Karel
Doorman was selected as a relevant case study due its innovative design
for a multistorey light-weight residential top-up structure and homo-
geneous characteristics (See high resolution of top-up structure on
Electronic Artwork 1). Moreover, its design and location context is
representative of both, the Dutch building sector and the housing needs
faced across metropolitan areas.

The building structure is homogenous (See Electronic Artwork 1),
which means that a representative fragment was identified to derive the
material quantifications for the entire top-up structure (Fig. 3). The
purpose of the variants is to compare the influence of material selection
in the whole life embodied carbon of a building, used both in hybrid
structural systems and in systems comprised primarily a of a single
material.

For this study, we compare seven variants that allow to distinguish
between steel, concrete and timber structures, as well as between
different types of timber (hard- and softwood), and hybrid combinations
(See detailed configurations diagram in Electronic Artwork Fig. 4). The
quantification of whole life embodied carbon accounts solely for the top-
up structure, excluding the two concrete cores and ground foundation,
which are the same across scenarios. The balconies are excluded from
the LCA as they serve no structural purpose, but their weight is included
in the structural calculation for the beams and columns. A floor concrete
topping layer was included in all variants (except variant F9.2), for
additional stability and noise reduction purposes. Additional design
specifications are described in Supplementary Information A; SI3.

Table 1
Material intensities of each structural system.

Variant Structural element Material Material intensity (in
kg/m?)
E5 Floor joists, beams and Softwood LVL 32.78
plate
Floor topping Concrete 146.04
Beams and columns Structural steel 39.85
Al.l Floor joists, beams and Softwood LVL 32.78
plate
Floor topping Concrete 146.04
Beams and columns Hardwood LVL 17.22
Al.2 Floor joists, beams and Softwood LVL 32.78
plate
Floor topping Concrete 146.04
Beams and columns Softwood LVL 26.73
A4.1 Floor plate CLT 57.09
Floor topping concrete 146.04
Beams and columns Hardwood LVL 23.47
A4.2 Floor plate CLT 57.09
Floor topping concrete 146.04
Beams and columns Softwood LVL 26.83
E8 Floor Steel deck 12.53
Floor topping Concrete 372.01

Beams and columns Structural steel 45.44

F9.2 Floor Hollow core 262.87
slabs

Floor topping Concrete 154.29

Beams and columns Concrete 190.08

Journal of Cleaner Production 483 (2024) 144273
2.2. Determination of total housing floor-area demand

Ambitions from the Amsterdam Metropolitan Area (AMA) were used
as reference point to estimate the potential CO, emissions that would
result from new housing construction by 2050 (See methodological
framework in Fig. 4). First, we estimated the amount of average floor
area (m?) required to satisfy the increasing housing demand in the AMA.
According to reports from the municipality, new construction is ex-
pected to reach a maximum of 7500 residential units per year
(“WoningBouwplan 2022-2028"(Gemeente Amsterdam, 2022)), with
current estimates reflecting a yearly average construction of 5000
homes. Moreover, we took into consideration the proportion of each
housing type (as stipulated in the metropolitan strategy “Coali-
tieakkoord, 2022-2026"), which corresponds to 40% social, 40%
medium-priced and 20% attributed to high-priced/private sector. Based
on reports from the Dutch Statistical Center, the average floor area per
housing type was considered to range between 40 and 60 m? (social),
40-90 m> (medium), and 70-150 m> (private). The total floor area de-
mand by 2050 was obtained as the mean between of the aimed and
current construction rates (the resulting m? are presented in Supple-
mentary Information A; SI4).

2.3. Selection of embodied carbon coefficients (ECC’s)

Following the European norms for buildings and building products
assessment (EN 15978 and EN 15804:2012+A2:2019), the embodied
carbon was calculated from cradle-to-grave, with benefits beyond sys-
tem boundaries reported separately (Fig. 5). A selection of Embodied
Carbon Coefficients (ECC’s), expressed in kg CO»-eq by kg of material
assessed, was conducted for each material to identify the lowest and
highest value coefficients available for each life cycle stage (See detailed
description of ECC’s selection in Supplementary Information A; SI5, and
a table of the selected ECCs in Supplementary Information B; SIB1). To
account for the variation of ECC’s, we performed a Monte Carlo simu-

lation to generate 1000 random samples (E—CC}> for each life cycle

module of each structural material, assuming a uniform probability
distribution between the lowest and highest ECC (See Supplementary
Information B; SIB2).

2.4. Whole life embodied carbon emissions of each structural system

We calculated the whole life embodied carbon emissions of each
structural system, accounting for a cradle-to-grave scope (See Figs. 1 and
5). According to the European norm EN15804+A2, the life cycle stages
of buildings and construction products are grouped in process modules
(See Fig. 1). This study includes modules A to C, accounting only for
carbonation during use phase B, and assessing benefits of module D
when specified. The functional unit corresponds to 1 m? of residential
top-up structural system with a lifespan of approximately 70 years. The
calculation for whole life embodied carbon emissions of 1 m? for a given
structural system s is described in Equation (1):

Zmivs .Eﬁi\j
A

WLEC; = (@)

Where:

m;; = mass of material i in structural system s (in kg).

ECC;; = is the mean embodied carbon coefficient of material i for life
cycle module j (expressed in kgCO5-eq/kg of material i).

A = Gross floor area of the structural system, which corresponds to
10,500 m?, and remains the same across all systems.
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Fig. 3. Representative fragment identified to derive alternative materialization scenarios for homogenous top-up structure.

2.5. Estimating cumulative GHG emissions of new construction by 2050

To estimate impacts from the Amsterdam Metropolitan Area by 2050
and compare them with national goals, we estimated the cumulative
GHG emissions of building the total housing demand with each struc-
tural system. To do this, we first multiplied the total m? demand (T) by
the material intensities (I) of each structural system (See material in-
tensities in Table 1), which are expressed in the units kg/m? Thus, the
total demand of material i associated with structural system s is calcu-
lated as described in Equation (2):

M;s;=Tel, (3]
Where:

M;; = Total demand of material i for structural system s by 2050 in
the AMA (in kg)

T = Total demand for new housing in the Amsterdam Metropolitan
Area by 2050 (in mz)

A = Gross floor area of the structure (=10,500 m?)

Ij o =m;5/A = mass of material i in structural system s, divided by the
structure area A (expressed in kg/m?)

The total material demand (M;;) is then multiplied by their corre-

sponding ECC’s and summed across life cycle modules. Where Lf(:‘i J
represents the vector of randomly sampled embodied carbon emissions
for material i in life cycle module j, and CCEygsg, the resulting cumu-
lative carbon emissions associated with the construction of new housing
by 2050 with structural system s, calculated as Equation (3):

CCEzos05 = Z (Mi.s' E_Céij) 3

This results in distributions of cumulative carbon emissions for each
structural system, expressed in kgCO»-eq.

2.6. Comparing emissions under different timber uptake scenarios by
2050

To estimate the global warming mitigation potential from gradual
substitution of predominantly mineral based structures versus bio-based

structures, two scenarios are compared. First one describes a partial
substitution (from 0%, 20%, 50%—-90%) of conventional concrete (F9.2)
and steel (E8) structures, with predominantly bio-based structures. For
this, an average of the cumulative emissions by 2050 from structural
systems A.1, A.2, A4.1 and A4.2 is used. We compare those potential
savings up to 2050, with a second scenario in which only the “modest”
hybrid system E5 is adopted (See detailed material quantities in Sup-
plementary Information B; SIB3). The proportion of conventional
structures assumed throughout the transition scenarios and calculation
procedure is described in Supplementary Information A; SI6. These
scenarios are relevant for The Netherlands, where agreements stablished
by the ‘Green Deal Convenant Houtbouw’ (https://www.metropoo
Iregioamsterdam.nl/houtbouw/) have set goals to increase timber con-
struction by 20% in the Amsterdam Metropolitan Area, and for which a
detailed quantification of life cycle emissions by 2050 could lead to
better informed targets.

3. Results

Based on the design of a currently built top-up structure (denomi-
nated structural system E5), we designed six alternative structural sys-
tems (Al.1, A1.2, A4.1, A4.2, E8 and F9.2) (See Table 2 and Fig. 2) and
evaluated the whole life embodied carbon of each structural system
following the methodological framework as visualized in Fig. 4. All
structural systems compared can be considered hybrid, with the
exception of F9.2, which consists solely of concrete elements. The pre-
dominantly bio-based structures correspond to system Al.1, A1.2, A4.1
and A4.2, while structures E5 and E8 are predominantly steel. The whole
life embodied carbon emissions of structures E8 and F9.2 resulted in an
average value of 0.17 and 0.11 tons COg-eq for 1 m?, respectively
(Fig. 6), more than twice the average of the predominantly bio-based
alternatives (=0.066 tons COz-eq/1 mz)(See detailed values in Supple-
mentary Information A; SI7). The best performing structure in terms of
embodied carbon emissions corresponds to variant A4.1, where the
footprint is estimated to be 0.061 tons of COz-eq excluding module D
benefits (and = 0.005 tons of CO»-eq when accounting for module D
benefits from recycle and reuse after dismantling). The two structures
with the lowest embodied carbon, A1.1 and A4.1, with 0.062 and 0.061
tons CO5-eq respectively, were designed with hardwood LVL beams and
columns, which uses approximately 400 tons less of timber than
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Data source
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Procedure

Structural variants

Original designs from the Karel Doorman building

Building code regulations and
manuals on timber construction

* Representative fragment is identified
for the derivation of alternative
variants.

e Structural assessment based on
vertical loading, focusing on post- and
beam systems.

e The variants cover hybrid systems, as
well as systems comprised of a single
material category. Materials considered
are steel, engineered timber (both
softwood and hardwood) and concrete.

SOAIEUI9)]R |BUOIJUSALOD
pue paseqoiq jo ugisap jedn3onisg

Quantification of whole life embodied

carbon emissions

| Environmental Product Declarations, scientific
% publications and international databases

European

Material intensities per
structural system in
kilograms per square

meter.

.
H Pruduct stage

ez | g

norms (for : . o :
g : N o S i, e
buildings | gtk — 3 — ¥& =
LCA) H ATA3 Ad-AS 81 crca : D

e Collection of embodied carbon coefficients
for each structural material

e Multiplication of material intensities by
their corresponding ECCs for each life cycle
stage

e Derivation of whole life embodied carbon
emissions per structural system

* |dentification of most contributing
processes within the life cycle of each

swiasAs
1B4N32N43S JO UOQJED palpoquIa 341 210YM

structural system

Estimating GHG emissions from new housing

construction in the A.M.A.

Reports from the municipality of Amsterdam and
from the Dutch Center of Statistics

Amsterdam
Metropolitan Area

National reports on carbon
budget and estimates by 2050

e Projected new housing demand,
construction rates and average liveable
floor area are used to determine m2
demand by 2050

e Cumulative GHG emissions of building new
housing demand by 2050 are estimated for
each structural system

e Alternative biobased uptake scenarios are
compared

e Estimation of GHG emission savings are
compared in reference to the national

a]e2s Jeuoi§al Je SUoISSIWS HHY aAlRINWND

carbon budget for new construction

Fig. 4. Methodological framework of this study.

structures Al.2 and A4.2, where the beams and columns are designed
with softwood LVL. The main difference between structures Al.1 and
A4.1 is the floor structure, with the first one designed with a spruce plate
and spruce joists of system, and the latter with a CLT floor slab. It is also

relevant to notice that while the spruce plate presents a slightly lower
embodied carbon footprint, the CLT stores a higher amount of carbon
and is rewarded a higher substitution benefit in module D.

In the case of predominantly mineral based variants, we compared
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4b. Carbonation of concrete elements.

!

5. Deconstruction/Demolition activities

5a. Energy for lifting of beams, columns and 6b. Consumption of fuel and energy in
panels. (&1 demolition process. Diesel fuel assumed for
work machines.
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dismantling of steel structure
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depending scenario assumed
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wood chips or 100% reuse in
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1f 100% landfill with energy recovery
4 is assumed, it includes waste

c operation, leachate treatment and
landfill gas combustion.
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Preparing for re-use,

recycling and other material
recovery of non-hazardous
construction and demolition waste

c3

ca Remaining waste disposed to
landfill

7c.E-o-L Steel

Remaining waste (usually
assumed <1%) disposed to landfill

3 Energy associated with cutting the
c steel elements for recycling

C

J

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
]
1
1
1
1
1
:
d 1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
a

Functional Unit: 1 m” of structural system with a lifetime of 70 years

8. Reuse[Recycle

8a. 1)Avoided impact of electricity production and thermal energy
recovery. 2) Avoided impact of forestry, harvesting, wood chips
preparation and drying. 3) Avoided impact of producing the
material from virgin wood. 4) Avoided impact of electricity
production and thermal energy recovery from landfill gas.

8b. Avoided product
aggregate.

is considered crushed

8c. Avoided impact of producing
the material from virgin
resources.

Fig. 5. Flow diagram of the life cycle scope and modules included in this study.
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Table 2
Whole life cycle carbon emissions and weight estimated for 1 m? of structural
system.

Variant  Life cycle emissions (in SD Min Max  Structural Weight
tons CO»-eq) (tons)
E5 0.11 0.03 0.05 0.17 0.22
Al 0.06 0.01 0.04 0.08 0.20
Al.2 0.07 0.01 0.05 0.10 0.21
A4.1 0.06 0.00 0.05 0.07 0.23
A4.2 0.07 0.01 0.05 0.08 0.23
E8 0.17 0.03 0.10 0.24 0.43
F9.2 0.12 0.01 0.09 0.14 0.61
0.300
0.250
0.200 I
o 0.150
2
C‘;‘ 0.100 I
(O] I I z I
@ 0.050 l
<] 0.000 - | ] - - —
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Fig. 6. Whole life cycle embodied carbon emissions (in tons CO-eq) for 1 m? of
each structural systems. Error bars represent standard deviation.

three options: a predominantly steel structure (E8), a predominantly
concrete structure (F9.2), and a hybrid steel structure with a modest
amount of timber uptake (E5). The average life cycle emissions of these
variants, excluding benefits of module D, ranged between 0.11 and 0.17
tons CO4-eq for 1 m? (Fig. 6). The variant E5, is found to be competitive
with the predominantly bio-based alternatives only when benefits of
module D are accounted (which results in 0.04 tons CO5-eq).

The amount of carbon stored in the construction materials was
accounted for through measures of biogenic carbon for timber elements,
and through estimates of carbonation for concrete (assumed during the
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u C1 (Demolition) 1.5% 1.6% 1.4%
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= A4 (Transport) 5.0% 3.2% 3.8%
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Journal of Cleaner Production 483 (2024) 144273

use and disposal phase). The biogenic carbon, which corresponds partly
to the amount of carbon stored in timber through the process of
photosynthesis, is several orders of magnitude larger than the amount of
carbon that is fixated to concrete materials due to atmospheric exposure
through the carbonation process (Fig. 6). According to the results of the
contribution analysis (Fig. 7), biogenic carbon can potentially offset
between 30 and 60% of the total positive emissions associated with the
life cycle of the predominantly bio-based alternatives (assuming incin-
eration with energy recovery at end-of-life), whereas carbonation ac-
counts for only 1-2% of the total positive emissions across systems.

The most contributing modules to the life cycle impacts of predom-
inantly steel and concrete variants (E8 and F9.2), correspond to the
production stages Al-A3. This implies that further decarbonization
strategies for these variants would require alternative extraction and
manufacturing processes for the material themselves. On the other hand,
the rest of the variants (E5, A1.1, A.12, A4.1 and A4.2) present module
C3/C4 (treatment and disposal at end-of-life) as the largest contributor
to their environmental impacts. This presents multiple opportunities for
further improvement of the carbon footprint, especially for predomi-
nantly bio-based structures, where the contribution of C3/C4 is up to
90% of the total positive emissions, and where several alternatives exist
for end-of-life scenarios, such as reuse and recycle practices.

The emissions associated with transport to the construction site
(module A4) and construction practices (A5) maintained a similar pro-
portion across systems (~3-5% of total positive emissions), with the
exception of variant F9.2, where transport at A4 represented almost 10%
of the total positive emissions. Impacts of demolition and transport of
demolition waste (module C1 and C2) ranged between 1 and 3% across
most alternatives.

3.1. Cumulative GHG emissions of building residential superstructures by
2050

The impact of new housing construction required by 2050 in the
Amsterdam Metropolitan Area (AMA), was estimated (as described in
Methods) by multiplying the total material demand with the embodied
carbon coefficients that were randomly sampled for each life cycle stage
through Monte Carlo simulation. The results are presented in Table 3
and Fig. 8, where each boxplot represents the cumulative GHG emissions

=
87% 88% [
85%
75%
] I
-58% -55%
Ad.1 Ad4.2 E8 F9.2
-0.8% -0.7% 1.7% -2.0%
87.1% 88.3% 1.9% 2.6%
1.7% 1.8% 3.2% 4.3%
1.3% 1.3% 21% 3.4%
-1.0% -0.9% -2.1% -2.8%
5.5% 3.5% 4.2% 4.8%
4.4% 5.0% 3.9% 9.7%
-58.4% -54.9% 84.7% 75.2%

Fig. 7. Contribution analysis of each structural system. It shows the relative contribution of each life cycle module to the total (positive) carbon emissions.
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Table 3
Cumulative carbon emissions by 2050 of building total housing demand with
each structural system.

Variant Cumulative carbon emissions (tons COx-eq) SD
E5 1.27E+06 3.36E+05
Al 7.17E+05 7.02E+04
Al.2 8.35E+05 1.17E+05
A4.1 7.16E+05 3.83E+04
A4.2 7.92E+05 5.96E-+04
E8 2.00E+06 3.87E+05
F9.2 1.34E+06 8.23E+04
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2006406 —
g .
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5 =
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Fig. 8. Cumulative GHG emissions (in tons CO,-eq) by 2050 of building total
housing demand with each structural system in the Amsterdam Metropol-
itan Area.

that can be associated with building the total demand of new homes with
each structural system. The values in Fig. 8 include accounting of
biogenic carbon and exclude benefits of module D. Moreover, inciner-
ation with energy recovery is assumed as the end-of-life treatment of
timber elements (this is the conventional assumption in The
Netherlands, where landfill of timber elements is prohibited).

Based on our results, system E8 presents not only the highest average
emissions, but also the largest data dispersion, followed by system E5.
The large variance in those two systems is related to the large difference
between low (0.047kgCO4/kg) and high (2.590kgCO2-eq/kg) embodied
carbon coefficients that were used in module A1-A3 for structural steel,
and the slightly high standard deviation in modules C3/C4. For the
product stages A1-A3, the low ECC was retrieved from an Environmental
Product Declaration of recycled structural steel (EMR, 2022). In which
case, the extraction of raw material is avoided and only the impact of
collecting and reshaping the steel is considered, leading to a consider-
able decrease on embodied emissions compared with the use of virgin
material. The dispersion of the remaining systems was limited, with the
tighter cluster of data observed for systems Al.1, A4.1, A4.2 and F9.3.

The predominantly bio-based alternatives presented emissions
ranging between 6.67E+05 and 9.22E+05 tons of CO»-eq within their
50% confidence interval. This is considerably lower than the emissions
estimated for system F9.2, which range between 1.28E+06 and
1.40E+06 in its interquartile range. Structures Al.1, Al.2, A4.1 and
A4.2, generate less than 9.22E+05 tons CO2-eq, within a 75% confi-
dence range (Fig. 8).

3.2. Transition scenarios compared in relation to the Dutch national
carbon budget

To compare the potential savings in GHG emissions of transitioning
towards bio-based structural systems, we compared the potential sav-
ings of 1) a modest uptake of timber construction (represented with
system E5, where timber represents 15% from the total tons of material
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used in the structure), versus 2) an uptake of predominantly bio-based
structures (where the percentage of timber correspond to 25-37%
from the total tons of material used in these structures). To represent the
emissions of predominantly bio-based structures, we used the average
footprint of structures A1.1, A1.2, A4.1 and A4.2. The assumptions made
for each uptake scenario are described in Methods. The results indicate
that an increase between 20 and 90% of predominantly bio-based al-
ternatives, would lead to savings of up to 0.18 and 0.618 MtCOs-eq,
respectively (Fig. 9). In contrast, the uptake of variant E5 would reflect
savings ranging only between 0.08 and 0.17MtCO-eq. In other words,
the uptake of predominantly timber-based structures can save 2.25
times more GHG emissions throughout their life cycle, in comparison
with a modest uptake where bio-based materials represent less than 20%
of the material tons content in a structural system.

Considering that the national carbon budget for new residential
construction in the Netherlands has been estimated at 7 Mt of COy-eq
(when aiming for a 1.5 °C target) (Copper8 et al., 2023) by 2050, a 90%
uptake of the modest variant E5 in the A.M.A would lead to a con-
sumption of 1.27 MtCO-eq from the national budget, whereas a 90%
uptake of predominantly bio-based structures would consume 0.822
MtCO2-eq. Thus, a radical uptake of predominantly bio-based structural
systems could save up to 6 MtCO,-eq from the national carbon budget by
2050 in comparison to conventional mineral systems.

4. Discussion

While the benefits of building with timber go well beyond the topic
of carbon dynamics, their potential to avoid using carbon-intensive
materials represents a substantial source for carbon emission savings
(assuming the net consumption of carbon-intensive materials is actually
decreased and not simply shifted to another sector). Our results show
that predominantly bio-based structures can decrease up to 60% the
embodied life cycle GHG emissions of residential buildings in compar-
ison to steel and concrete structures. Moreover, the end-of-life consid-
erations for the treatment, reuse and ultimate disposal of the engineered
timber, were found to be the most contributing processes to the total life
cycle footprint of the bio-based structures.

According to our contribution analysis, modules C1 to C4 can ac-
count for almost 90% of the total positive emissions associated with the
predominantly bio-based structures. Incineration with energy recovery
was assumed as the default treatment in the Netherlands for timber el-
ements at their end-of-life, however, the total positive emissions can be
further reduced through reuse and recycle practices (See sensitivity
analysis in Supplementary Information A; SI8), and a considerably
amount (up to a third) can be offset if we account for the benefits of
avoided impacts (accounting for module D). Thus, mitigating embodied
impacts is possible through the selection of construction materials and

Cumulative GHG emissions (in MtCO,-eq)
5]

0% uptake 20% uptake 50% uptake 90% uptake
Modest (E5) 144 136 133 1.27
Predominant 1.44 1.26 1.08 0.82

Fig. 9. GHG emissions of transition scenarios comparing uptake of moderate
vs. predominantly bio-based structures in the Amsterdam Metropolitan Area.
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the application of sustainable and circular strategies for reuse and
recycling of building materials.

To facilitate circular practices, the structural systems were designed
in a post-and-beams system, where dry connections and timber joists
allow an easy dismantling of elements in the bio-based alternatives,
while preserving a high structural integrity (Ghobadi and Sepasgozar,
2023; Rasmussen et al., 2019). According to product documentation
from manufacturers of structural timber: “the products can theoretically
be dismantled non-destructively, allowing 100% reuse” (KLH Massiv-
holz GmbHK., 2023). This is further supported by the fact that in our
design, the beams and columns are encapsulated in gypsum, which
-aside fire protection aims-minimizes the risk and degree of degradation
due to exposure.

Additionally, a novel feature of this study is the comparison between
engineered timber made out of coniferous softwood (commonly Spruce)
and from deciduous hardwood (European Beech). Engineered timber is
predominantly made from softwood, though recent advances in the
manufacturing of laminated veneer lumber have allowed a new category
of structural hardwood to enter the market. To account for this cutting-
edge material, we included in our study information from, currently, the
only available manufacturer of hardwood LVL in Europe (Pollmeier,
2023). There are three relevant aspects to compare across alternatives:
emissions, weight and material demand (See visualization in Supple-
mentary Information A; SI9). Given the strength profile of hardwood, a
lesser amount of wood is required to meet structural demands. Variants
Al.l1 and A4.1 (designed with Beech columns and beams) utilize
approximately 400 m® less of timber than variants A1.2 and A4.2. In
terms of weight, the bio-based variants (Al.1, A1.2, A4.1, A4.2) are the
lightest structures in comparison to E5, E8 and F9.2. All bio-based var-
iants present a comparably equivalent weight (despite using less mate-
rial, variants Al.1 and A4.1 are not considerably lighter, this is due to
the higher density of hardwood). Even though different structural ma-
terials will influence the thermal capacity of a building, studies such as
the one by Heeren et al. (2015), support the findings that wooden var-
iants present a consistent advantage throughout life cycle impact
assessment (LCIA) scores when comparing between parametric designs,
where: “the lower energy performance of wooden buildings (due to the
reduced thermal inertia) is overcompensated by the lower environ-
mental impact of the material.” Design recommendations to improve
energy performance in bio-based alternatives include alternative
shading and ventilation strategies (e.g., heat recovery), and supple-
menting the thermal inertia with the use of phase change materials and
hybrid systems (Heeren et al., 2015; Leskovar and Premrov, 2011;
Strandberg-de Bruijn et al., 2019).

4.1. Considerations for a sustainable bio-based future

While the adoption of bio-based materials aligns with broader goals
of achieving ecological balance and combating climate change, it is only
one of the many interventions needed to foster a sustainable develop-
ment of the construction sector. Along with material substitution, we
highlight three important aspects to consider:

Reduce material demand. Stricter guidelines should be in place to
help define when new construction is unavoidable, and when renovation
and adaption strategies should be mandatorily prioritized. According to
recent studies, adaptive reuse of buildings can show up to 70% reduction
of environmental impacts in comparison to demolition and new con-
struction (Hasik et al., 2019; Storck et al., 2023; Vilches et al., 2017).

Rethink design. As exemplified briefly through the structural sys-
tems compared in this study, different types of wood can be used in the
design of timber buildings, each with their own strenght, performance
and aesthetics profile. Wood is not one thing, is thousands of species
entangled in multiple ecological configurations, with distinct physical
properties and propensities. While foresters and designers tend to look at
wood from seemingly opposite sides of the design spectrum, both are
actively influencing the forest landscape in a globalized economy
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(Ibanez et al., 2019). Forests growth, is thus, constantly influenced by
changing economic and cultural imperatives. In this regard, urban de-
signers have the potential to impact both the product and the source,
through their material selection and design considerations. This high-
lights the need for a stronger consideration of the relations between
wood demand and forest dynamics in long-term strategies (Adhikari and
Ozarska, 2018), and the potential of urban design to help shape the
forest and wood producing landscapes across the globe (Klein et al.,
2016).

Supply matters. A widely held assumption is that the demand for
timber will exceed the supply available from forests on a sustainable
basis (Churkina and Running, 2000). According to the Food and Agri-
culture Organization of the United Nations (FAO), wood needed for
future timber constructions can come from increasing harvest from
sustainably managed forest plantations, intermediate thinning of natu-
ral forests, redirecting existing wood uses, and increasing afforestation
practices (FAO, 2022; Mishra et al., 2021). In 2020, naturally regener-
ated temperate and boreal forests provided about 44% of global indus-
trial roundwood production(Mishra et al., 2022). Following historical
trends, studies project an annual increase of regenerated temperate and
boreal forest stocks, suggesting potential increase of the global supply of
roundwood (Arets et al., 2011; Ceccherini et al., 2020; Fraser, 2019).
Sourcing wood from sustainably managed and community-based forests
is key to achieve long-term resilience, where highly productive planta-
tions could alleviate harvest pressure from natural forests, while main-
taining strict biodiversity, land protection and conservation policies
(Chappin et al., 2015; Hua et al., 2022; Pirard et al., 2016). Addressing
this key factor, the latest European norms for life cycle assessment of
building and construction products, recommend to account for biogenic
carbon stored in the timber elements as a negative value during product
stages (module A1-A3), only when the timber is certified from sustain-
ably managed sources.

4.2. Limitations of the study

On regards to the lifespan of the structures, this study assumed an
average of 70 years. According to data from manufacturers, the con-
struction elements assessed in this study present a lifespan beyond the
one assumed for the top-up structure, with no material requirements
accounted in the use phase for maintenance (B2), repair (B3), replace-
ment (B4) and refurbishment (B5). However, it is recommended for
future studies to include data regarding refurbishment and maintenance
practices when available, to identify potential tradeoffs between mate-
rials and design. Moreover, our study compares the influence of material
substitution on the carbon footprint of structural systems, focusing
solely in the primary top-up structure, and excluding the concrete cores
and foundation, which are assumed the same across all alternatives.
Even though these cores were assumed identical for all systems, future
studies could include the influence of material substitution on the core
themselves, which could also be built with bio-based materials, and the
potential implications for the foundation, since lighter structures would
require less reinforcement of the foundation. Additional discussion on
methodological considerations are included in Supplementary Infor-
mation A; SI10.

5. Conclusion

Our results highlight the potential of engineered timber as a struc-
tural material that (with an appropriate wood sourcing and end-of-life
treatment), it can be effectively used for both decarbonization and
urban densification strategies. Predominant use of engineered timber in
top-up structures, including beams, columns and floor systems, was
found to decrease up to 60% the embodied carbon emissions of resi-
dential buildings compared with predominant and hybrid concrete and
steel structures. To account for potential variations across the life cycle
stages, a statistical analysis was conducted to include measures of data
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dispersion. Among the considerations taken for a comprehensive com-
parison between materials, we included potential variations that could
arise from, for example, using 100% recycled steel instead of primary
sourced materials, and alternative end-of-life scenarios. Our results
demonstrate that predominant bio-based structures present consistently
a significant advantage over mineral ones, with further possibilities to
reduce emissions by guaranteeing a high-quality reuse of timber
elements.

This study is placed within the geographical context of Amsterdam,
in The Netherlands, providing a case study that is representative of the
concerns faced by metropolitan areas across the world. Our findings
suggest that an extensive uptake of engineered timber structures in the
Amsterdam Metropolitan Area (~90% of projected new construction)
can radically reduce the whole life embodied carbon emissions associ-
ated with new residential structures, and can save up to 6MtCO-eq from
the national carbon budget allocated to new housing construction by
2050. From a policy standpoint, our results indicate that the current
ambitions set by the municipality to increase the use of bio-materials in
new construction is a step in the right direction. Based on our projected
savings by 2050, the target is recommended to increase from 20% to at
least 80%, specifically targeting residential structures, where the timber
elements present a considerable long-term lifespan (>200years). We
recommend as well for policy that can help stablish a system aimed at
high-quality reuse of timber elements, supported by our results which
indicate that predominant engineered timber top-up structures can store
in average 0.083 tons CO»-eq per m?. Prolonging the lifespan of engi-
neered timber is essential to maintain the carbon sequestered, helping in
the long-run to offset the positive carbon emissions that result from new
construction, and increasing the potential of cities to sustain long-term
carbon sinks.

The information used for the engineered timber products assessed in
this study pertains to manufacturers that comply with sustainably
certified wood sources. This is essential to minimize risk of passing
environmental burdens to other systems and undesired trade-offs, such
as land degradation from intensive land use management and biodi-
versity loss. While future developments in the industry may allow the
reuse of secondary wood for the production of engineered timber, this
study emphasizes as well the importance of considering the different
material properties that can be achieved when considering multiple
wood species. In the midst of a changing climate and an increasing
frequency of natural disasters, forests and other wood-producing land-
scapes are also subject to constant change. For this, diversification of
material diets is recommended to increase urban resilience, where
embracing the multifaceted nature of modern timber construction needs
to go beyond simple material substitution, challenging us to think on
buildings as part of complex systems that can contribute to both envi-
ronmental resilience and social well-being.
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