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The building and construction sector is responsible for a large share of carbon
emissions resulting in the need to reduce them to mitigate climate change.
Timber construction methods promise to lower emissions combined with
biogenic carbon storage in the built environment. While there are several
studies comparing the emissions of mineral-based and timber-based
buildings, a consistent comparison of different timber-based building
assemblies is still missing. This study compares carbon emissions from
material production and carbon storage capabilities of four timber-based and
two brick and reinforced concrete building assemblies. These assemblies were
designed for a residential multi-storey building in Berlin, Germany. To compare
and rank the carbon impacts of these assemblies we introduce a carbon storage-
to-emission ratio. The calculations were performed using a Carbon Cycle
Assessment Model implementation in Python. The results indicate an average
reduction in carbon emissions of timber-based building assemblies by 32.6% to
“Brick” and 40.4% to “Reinforced Concrete”, respectively. Across the timber-
based building assemblies, the carbon emissions range between 85 t and 115 t,
leading to an average of 105 t per building. Pronounced differences were
observed in carbon storage, with the “Dowel Laminated Timber” building
assembly storing more than three times the amount of carbon compared to
“Light Weight Timber” assembly. To further reduce emissions from buildings and
the construction sector and potentially enhance urban carbon storage, “Glue
Laminated Timber” and “Dowel Laminated Timber” building assemblies were
identified as the most promising.
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1 Introduction

Over the last century, the material stock in the built environment
has increased significantly. Among these prevalent materials,
reinforced concrete and brick are the predominantly used
(Elhacham et al., 2020). In the rest of this article, the term
“conventional mineral-based materials” will be used to refer to
reinforced concrete and brick (Elhacham et al., 2020). These
mineral-based building materials have become the standard for
large scale house construction due to their compressive strength
and stability. However, these building materials have a decisive
disadvantage: large amounts of energy are used for their production
and processing, which is mostly generated from the combustion of
fossil fuels (Dangel, 2017). This issue underlines the urgent need to
transform global building methods and create new pathways for
sustainable construction. The choice of building materials and the
energy performance of buildings offer great potential for reducing
emissions (Churkina et al., 2020; IEA, 2022).

Unlike mineral-based buildingmaterials, wood is an organic and
renewable resource and therefore a promising material to reduce
carbon emissions (Dangel, 2017). During the process of
photosynthesis, a tree uptakes carbon dioxide from air and binds
it up in sugar, needed to build its stem, roots, and branches. Trees
store carbon throughout their entire lifespan and thus play a crucial
role in the carbon cycle, acting as a natural carbon sink. When trees
are harvested, the stored carbon remains within the raw material.
Even when a part of carbon stock is removed from the forest, carbon
dioxide is released again only when aerobic decay occurs or during
combustion (Organschi et al., 2016). Therefore, the storage of
carbon in long-living wood products like building parts can
potentially increase the urban carbon stock (Lauk et al., 2012).

Beyond their ability to store carbon, timber-based buildings and
other long-living products can also positively impact the carbon
cycle through substitution effects: an increased use of wooden
materials for buildings would in consequence reduce CO2

emissions from the production of mineral-based materials like
concrete or steel (Bowyer et al., 2012). It is important to
recognize that there are opposing concepts to the substitution
strategy, such as the forest conservation strategy. This approach
emphasizes the significance of forests as potential active carbon
sinks and advocates against harvesting wood or altering land use to
fully exploit this potential. To conserve forests for effective emissions
reduction, sustainable management practices are essential (Erb
et al., 2022).

Additional advantages of timber construction include short
construction times, a high degree of prefabrication, low material
weight and comfortable indoor climate—altogether reasons why
building with biomass-based or low-emitting materials is
increasingly being recognized as a piece of the puzzle of climate
change mitigation measures (Hildebrandt et al., 2017; Churkina
et al., 2020). At the same time, regional forest management must also
come into focus when addressing climate change mitigation
measures. When looking at forest ecosystems globally, living
trees, including their aboveground biomass and root systems,
store 42% of the global carbon stock, while forest soils store 44%,
and dead wood and leaf litter account for 13% (Hurteau, 2021). It is
therefore important to maintain a forest ecosystem that is in balance
and resilient to combat climate change.

Many studies have proven the advantages of using wooden
materials in the construction sector to decrease carbon emissions
compared to mineral-based materials, here reinforced concrete
and brick, without deteriorating the natural carbon sink function
of forests (Hildebrandt et al., 2017; Churkina et al., 2020; Hart
and Pomponi, 2020; Arehart et al., 2021). However, there are still
several obstacles, preventing the expansion of wooden
construction methods for the mass market in Germany.
Practitioners and legislators claim that more knowledge about
materials is needed, education in the building sector should focus
on wood construction and legal restrictions need to be put to the
test (Bundesministerium für Wohnen, 2023; European
Environment Agency, 2014). Practical science-based guidelines
are needed to promote the use of timber in the construction
sector and to support architects and urban planners in the
long-term.

Previous studies have found that residential timber buildings
with one up to twelve stories could reduce the amount of
embodied energy by 28%–47% in comparison to concrete and
steel buildings (Schenk and Amiri, 2022). Additionally, another
study estimated a reduction in energy consumption by 25% for a
8-story residential timber building compared to a concrete
building (Chen et al., 2021). There are also studies comparing
different building typologies based on their construction
materials, specifically mineral-based, timber-based, or hybrid
compositions (Duan et al., 2022; Rinne et al., 2022). However,
timber buildings often consist of different hybrid materials
resulting in varying shares of wood being used (Svatoš-
Ražnjević et al., 2022). A recent study examined different
ceiling systems, including two timber ceilings such as cross
laminated timber (clt) and wood-concrete-compound
regarding their cradle-to-cradle greenhouse gas emissions.
Most fossil emissions of ceiling systems result from the
manufacturing phase. Because it is difficult to predict
information accurately before construction and because there
are uncertainties related to additional emissions, the authors
suggest considering the emissions generated during
manufacturing (Heckmann and Glock, 2023). Furthermore, in
most of the Life Cycle Assessments, biogenic carbon storage is
not specified, although it would increase the comparability
between wooden buildings (Andersen et al., 2021). A review of
the literature revealed gaps in knowledge, particularly regarding
the carbon storage capabilities of different multi-story buildings.
Often, there are comparative analyses between one mineral-based
and one timber-based typology, a comparison showing different
timber-based typologies could provide further information on
carbon emissions and carbon storage across the range of timber-
based typologies. Therefore, this paper aims to assess different
wooden construction typologies, and their carbon emissions
from building production as well as carbon storage. More
precisely, the paper attempts to answer the following questions:

1. How do different timber- and mineral-based building
typologies perform in terms of their carbon emissions and
carbon storage capacity from cradle to gate?

2. Which materials and building parts of those typologies
contribute the most to the carbon emissions during
production and which materials store the most carbon?
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2 Materials and methods

2.1 Scope

This study performs a cradle-to-gate analysis on carbon
emissions (steps A1-A3 in Life Cycle Assessments based on an
EPD-module) of two mineral-based and four timber-based
building assemblies. Furthermore, the total amount of
carbon storage in biomass-based materials is determined to
provide potential implications for the built environment
serving as a carbon sink. This study does not consider
transportation, the building’s operational energy, its
potential demolition, as well as potential recycling or reuse
of materials from demolished building.

2.2 Description of plans for
Schumacher Quartier

To answer the research questions, a specific example is used:
the future Schumacher Quartier in Berlin. The Schumacher
Quartier is part of the city planning project Berlin TXL, which
aims at designing the conversion of the former Berlin Tegel Airport
into a mixed-use area. It is located in the eastern part of the Berlin
Tegel Airport with the coordinates of 52°32′59.8″N and
13°17′52.3″E. The total project area of Berlin TXL is about
5 km2 whereas the Schumacher Quartier covers 48 ha and
constitutes one of the largest urban development projects in
Europe (Ambrosius-Groß et al., 2023). The plans for the
Schumacher Quartier comprise ecological and socially
sustainable construction concepts aiming to build
5,000 apartments for more than 10,000 dwellers with 50% of
apartments allocated to state-owned housing associations. The
future buildings will be designed with timber materials and
have green roofs with water retention capacity (pers.
communication Tegel Projekt GmbH, 2023; Figure 1). The
proposed construction strategy entails utilizing timber as the
primary material for building construction, seeking to mitigate

CO2 emissions throughout the construction phase and enable
temporary carbon storage within the structures. The intention
is to minimize the carbon footprint associated with the building
process of this residential area.

2.3 Reference building design

The reference building refers to a four-storey residential
building block with a floor area of 1,276.429 m2 per floor and an
exterior wall area of 1,935.402 m2 (excluding windows), considering
an estimated window proportion of 30% of the total exterior area
(Figure 2). Indoor walls were not considered. The ceiling area
amounts to 3,824.32 m2, while the roof area measures
1,274.77 m2. The roof is designed as a green roof, which will be
covered by 80% with vegetation.

The construction data for this study was provided by the Tegel
Projekt GmbH, which is responsible for the conception of the six
building typologies that served as the base for the investigations.
Architectural specifications of the reference building including
building materials, their quantities, densities, and mass fractions
were developed by the Tegel Projekt GmbH. Our calculations are
based on these specifications.

2.4 Building assemblies

The six building assemblies are equivalent in their function.
They fulfill the same construction standards and requirements of
thermal insulation, fire safety, noise protection, and moisture
content. Each building consists of three parts: the walls, ceiling
slabs and the roof. In this study, the assemblies are divided into three
categories: mineral-based building typologies, light-frame timber
building typologies and mass timber building typologies. An
overview of the components and materials used are shown in
Table 1. The configuration of the green roof is identical for all
assemblies and is therefore not included. A more detailed table with
all building materials in the building assemblies and their
contributions by weight to the whole building and the single
building parts (walls, ceiling slabs, roof) can be found in
Supplementary Table S2. “Brick” and “Reinforced Concrete” are
referred to as mineral-based typologies, “Light Weight Timber” and
“Timber Frame” as light-frame timber typologies. The term mass
timber typologies refer to “Glue Laminated Timber” and “Dowel
Laminated Timber”.

2.5 Carbon cycle assessment—analysis tool

To estimate carbon storage and emissions from material
production we used “Carbon Cycle Assessment” (CCA), which is
an algorithm that calculates the carbon emissions and carbon
storage of construction projects from material and transport
based input data (Churkina et al., 2023). The numerical
algorithm described below is a further development of the
methodology established and applied for assessing the carbon
benefits of a transition to timber construction to meet global
housing needs (Churkina et al., 2020). The storage of carbon in

FIGURE 1
Plan of Schumacher Quartier, Tegel Projekt GmbH, Berlin 2023.
The red arrow highlights the exemplary four-storey building shown
in Figure 2.
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buildings and associated emissions from materials’ production
were estimated for the whole building as well as for its materials
and parts such as exterior walls, ceiling slabs, and roof. The
algorithm was implemented in python, version 3.10.11 and
pandas, version 2.0.1. The data was visualized with matplotlib,
version 3.7.1.

The carbon storage in a building (Cs [kg]) is calculated as the
sum of the carbon storage in the different construction materials
included in the building assembly using the following equation:

Cs � ∑
i
Mi*Bi*CW( ),where

Mi—mass of construction material [kg] such as timber,
cement, steel, brick, etc. included in a building assembly. The
masses of materials used in this study are provided in
Supplementary Table S2.

Bi—biomass fraction of the material [dimensionless]. The
fractions used in this study are provided in Supplementary Table S1.

CW—carbon to biomass ratio [dimensionless].
The carbon emissions associated with manufacturing

materials (Ce [kg]) are calculated using the weights of the
different materials and their CO2 emission coefficients. In
calculations we assumed that all emissions associated with
construction materials manufacturing were CO2 equivalents.
See the equation below.

Ce � ∑i(ki*Mi)—carbon emissions associated with production
of construction materials, where

ki—the CO2 emission coefficient [kgCO2 eq./kg] of a building
material such as timber, steel, cement, brick, etc. The CO2

emission coefficients used in this study are listed in
Supplementary Table S1.

2.6 Input data

The input data needed for calculations of the carbon emissions
included carbon coefficients in CO2- equivalents, which were
obtained from the database ÖKOBAUDAT, 2021-II and 2023I,
maintained by the German federal ministry of housing, urban
development and construction (BMWSB, 2023). If data was not
available on ÖKOBAUDAT, the environmental product
declarations (EPD) provided by the manufacturers of the
respective materials were used. The EPD’s are regulated by the
ISO 14025 (2006) (Bovea et al., 2014) and additionally by DIN EN
15804 on ÖKOBAUDAT (BBSR, 2021). As an exception the
CO2 coefficients of Made of Air (MOA) was estimated in the

course of this project (Supplementary Material of the report).
MOA is a new biochar-based material with very high carbon
storage (Made of Air, 2023), which is not listed in
the ÖKOBAUDAT.

The ÖKOBAUDAT datasets offer a unified database
encompassing various data types, spanning from individual
products to broader product categories. These datasets are
categorized as follows: manufacturer-specific datasets, industry
association or multi-company average datasets, datasets that
represent an entire country or region, template datasets tailored
to specific products based on“template EPDs” and generic datasets
derived from sources like literature and expert knowledge (Figl and
Kusche, 2021, S. 12). Most datasets used in this study were averaged
datasets representing either data from industry associations or
product classes of one specific manufacturer (Supplementary
Table S1). As transportation and construction on site were not
considered in this study, only steps of production (A1–A3) were
collected and used as input.

The CO2 coefficient describes the total global warming
potential (GWP) of the building materials for the production
phase, including the raw material supply, the transport to the
production site and the production itself. As the CO2 coefficient
refers to 1 kg of building material, the GWP was divided by the
gross density or grammage of the material if the reference flow
was not already referred to the mass. If more than one value for
the GWP of a material was found during research, e.g., if
different sources were available, the minimum and the
maximum value found were used to determine a mean value
for the GWP.

The GWP has negative values for some biomass-based, mainly
wooden building materials, due to the amount of biogenic carbon
stored within. Since the CO2 coefficient is only supposed to describe
the carbon emissions, the carbon storage had to be excluded from
the GWP. To do so, the mass of carbon contained in the building
material was calculated using

mc � Mi*Bi*CW,where

mc—mass of carbon [kg]
Mi, Bi, CW—When hypothetically the carbon from the building

materials reacts to CO2 it applies:

nC � nCO2,where

nC—amount of substance of carbon [mol].
nCO2—amount of substance of CO2 [mol].
Using the amount of substance, the mass of CO2 which could

form out of the carbon in the building material, was calculated and
added to the GWP of the material to eliminate the carbon storage
and to determine the CO2 coefficient:

nCO2 � mc/Mc, where
Mc—molar mass of carbon [g/mol], given as 12 g/mol,
mCO2 � nCO2*MCO2, where
mCO2—mass of CO2 [kg].
MCO2—molar mass of CO2 [g/mol], given as 44,01 g/mol

ki � GWP +mCO2,where

ki—the CO2 emission coefficient of a building material such as
timber, steel, cement, brick, etc.

FIGURE 2
An exemplary four-storey building planned for Schumacher
Quartier, Tegel Projekt GmbH, Berlin 2023.
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TABLE 1 Overview of main construction materials (excluding green roof configuration).

Assembly Wall Ceiling slab Roof

Brick -brick -brick -brick

-stone cover (petersen Tegl) -concrete c20-25 -concrete c20-25

-mineral wool brick filling -floating screed -rockwool insulation board

-lime plaster -lime plaster -plaster

-counter battens -impact sound insulation mineral expanded
polystyrene board

-supporting lath -wooden parquet

Reinforced Concrete -limestone -reinforced concrete -reinforced concrete

-gypsum fibreboard -floating screed -foamglas plate

-mineral wool fleece laminated -plaster -lime plaster

-thermoplastic biochar façade panel (made
of air)

-wooden parquet

-wooden substructure -impact sound insulation mineral expanded
polystyrene board

Light Weight Timber -clay construction board -sound insulation panel (sand/wood) (wolf
phonestar)

-wood fibre insulation board

-wooden web beams (steico wall + laminated
veneer lumber)

-gypsum fibreboard -gypsum fibreboard

-fibre cement board -wooden parquet -oriented strand board

-wood fibre insulation -oriented strand board -wooden web beams (steico joist)

-oriented strand board -wooden web beams (steico joist) -wood fibre insulation

-wood fibre insulation board -wood fibre insulation (steicoflex) -metal splint

-supporting lath -wood fire insulation (steicotherm)

-metal splint

Timber Frame -wooden frame -dry screed -high density fibreboard

-wood fibre insulation board -gypsum fibreboard -wooden beams

-larch boarding -wooden beam -gypsum fibreboard

-cellulose insulation -dry filling -oriented strand board

-oriented strand board -oriented strand board -rockwool

-gypsum fibreboard -wooden parquet -metal splint

-supporting lath -wood fibre insulation board

-wood soft fibreboard

-impact sound wood fibre insulation board

-metal splint

Glue Laminated
Timber

-glue laminated timber -elastic-bonded fill -glue laminated timber

-wood fibre insulation board -glue laminated timber -gypsum fibreboard

-wooden frame -dry screed -extruded polystyrene hard foam board

-mineral plaster -tiles

-cellulose insulation -impact sound woodfibre insulation board

Dowel Laminated
Timber

-wood fibre insulation board -dowel laminated timber with solid wooden core
(ThomaWood100)

-dowel laminated timber with solid wooden core
(ThomaWood100)

(Continued on following page)
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GWP—global warming potential [kg CO2 eq./kg] of the
different building materials including the carbon storage of
biomass-based products.

2.7 Assumptions

To compare the results of different typologies and material
types, the groups “majority organic”, “partly organic” and
“minority organic” are formed. The boundaries are the first
and third quartile. However, there are no building materials
between 25% and 75%, so the group “partly organic” is not
used. Materials with a biomass content of more than 75% are
referred to as “majority organic”, materials with a biomass
content lower than 25% are referred to as “minority organic”.
“Non-organic” materials have no biomass content at all. This
applies especially to “intensive substrate light”, which has a
biomass fraction of 10% and makes up 20% of the total weight
of the “Light Weight Timber” assembly. The substrate is used as a
growing medium in the green roof systems. It was chosen not to
assess the potential changes in green roofs carbon storage
potential in more detail since the green roofs are identical
throughout all six assemblies.

Reinforced concrete itself has no EPD of its own and
consequently no direct CO2 emission coefficient. In order to
determine a coefficient nevertheless, we have assumed a
reinforcing steel mass content of 2% and combined two EPDs for
concrete and reinforcing steel. The cited concrete-dataset reflects the
typical compositions and practices of concrete in the german
industry with a cement share of 13.7 m-%. While there is no
exact statement about the clinker content, the current average
proportion of cement clinker in Germany is 70 m-% (Verein
Deutscher Zementwerke e.V, 2023).

If no further information was provided in the material data
sheets, the calculations were conducted with a carbon to wood ratio
of 0.5, which is the global average of 0.476 ± 0.04 (Martin et al., 2018)
rounded to the first decimal place. The biomass and carbon fraction
for non-organic materials were assumed as zero, if not provided
otherwise by respective material data sheets.

2.8 Assessment of carbon impacts: Storage-
to-emission ratio

The carbon emissions and storage capacity of six building
assemblies were compared from cradle to gate. In addition, we

evaluated and compared the carbon impact of the building
assemblies by estimating their carbon storage to emission ratio.
The ratio is calculated by dividing total carbon storage of a building
by total carbon emissions from its production. The higher this ratio,
the better the building assembly performs, as more carbon is stored
per unit of carbon emitted.

3 Results

The following section will outline the results, starting with the
comparison of carbon emissions, followed by carbon storage and the
resulting ratio. In the second part the contribution of different
materials to the total weight, emissions and storage will be described
for each assembly. In the last part, the carbon emissions and storage
will be compared regarding the different building parts across the
assemblies.

3.1 Comparison of carbon emissions,
storage and storage-to-emission ratio

As can be seen in Figure 3 the mineral-based building typologies
have the highest carbon emissions from production, with the highest
value (200 tC) for the “Reinforced Concrete” followed by the “Brick”
building assembly (155 tC).

The timber-based building assemblies are ranked as the
following: “Dowel Laminated Timber” (115 tC), “Light Weight
Timber” (110 tC) and “Glue Laminated Timber” (107 tC).
“Timber Frame” has the lowest production emissions (85 tC).

On average, the emissions of timber building assemblies are
32.8% lower than those of the “Brick” and 40.4% lower than of the
“Reinforced Concrete” building assembly.

The timber-based building typologies, however, have higher
carbon storage values (Figure 3). “Dowel Laminated Timber” has
the highest carbon storage value with ~571 tC, which is almost twice
the carbon storage of “Glue Laminated Timber” which has a storage
of ~317 tC. “Brick” and “Reinforced Concrete” have substantially
less storage with ~30 and ~40 tC (Table 2).

Therefore, these mineral-based building typologies have a
much smaller Ratio of stored carbon per emitted carbon than the
timber-based building typologies. This is not only because the
emissions of the mineral-based construction typologies during
production are much higher, but also because their carbon
storage potential is six to 20-fold lower than that of the
timber-based construction typologies.

TABLE 1 (Continued) Overview of main construction materials (excluding green roof configuration).

Assembly Wall Ceiling slab Roof

-dowel laminated timber -fermacell comb fill (mineral granulate) -wood fibre insulation board

-larch boarding -best screed element

-supporting lath -solid wood floorboards

-solid wooden core (ThomaWood100) -woodfibre insulation board

-impact sound glass wool insulation board
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While “Dowel Laminated Timber” has a ratio of 4.95, “Brick”
and “Reinforced Concrete” have 0.19 and 0.2. Within the timber-
based typologies, they rank as the following: “Dowel Laminated
Timber”, “Glue Laminated Timber”with rd. 3, “Timber Frame”with
rd. 2.3 and “Light Weight Timber” with rd. 1.6.

3.2 Contributions of materials to carbon
emissions and storage

In this section the contributions of materials to the total
weight, emissions and storage will be looked at, starting with the
mineral-based building typologies. In order to show a concise
overview, some materials were gathered into subgroups and are
not listed individually in the pie charts. The complete list of
materials, their grouping as well as individual contributions

can be found in Supplementary Table S3 in the
Supplementary Appendix.

For the “Brick” assembly, the non-organic materials (displayed
in the grey coloring of the inner circles) outweigh the organic
materials by far (Figure 4). Non-organic materials such as “brick”
have the highest impact on the carbon emissions with a contribution
of 37%. Other mineral-based materials, such as “mineral wool,”
drive carbon emissions with a share of 11% of the total emissions
despite constituting only 2% of the total weight. In contrast, more
than half of the carbon storage is held by organic materials. Looking
at the percentage organic materials are holding in total contribution
to the weight, which is 2%, could explain why “Brick” has such a low
carbon storage capacity.

The “Reinforced Concrete” building assembly shows a similar
picture, with slightly higher organic shares contributing to emissions
with 8%. This building assembly is almost twice as heavy as the

FIGURE 3
Carbon emissions from production (A1-A3) (left), carbon storage (right) and ratio of carbon storage and carbon emissions per building assembly
(graph). Values from Table 1.

TABLE 2 Results of weight, emissions, storage contribution and ratio by assembly.

Assembly Weight
(t)

Emissions/m2 [kg CO2-eq
(kg carbon)]

Emissions
(tC)

Storage
(tC)

Ratio of stored carbon per
emitted carbon

Brick 2,516.59 111.7 (30.44) 155.40 30.04 0.19

Reinforced Concrete 4,081.91 126.43 (34.45) 175.91 39.86 0.23

Light Weight Timber 961.12 79.6 (21.69) 110.72 174.78 1.58

Timber Frame 1,103.77 61.39 (16.73) 85.41 193.92 2.27

Glue Laminated
Timber

1,543.53 77.36 (21.08) 107.63 316.97 2.94

Dowel Laminated
Timber

1808.28 82.9 (22.59) 115.34 571.26 4.95
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“Brick” building assembly, which could be due to the high amount of
“reinforced concrete” (Figure 5). The carbon emissions are also
dominated by “reinforced concrete” with 42%.

The higher carbon storage (in comparison to “Brick”) is
partly due to the higher share of organic materials in this
building assembly but also because of the biochar-based
materials “MOA”. This product stores high amounts of carbon
over 70% by weight (Made of Air, 2023) but contributes little to
the total weight of the building. Therefore, it is listed under the
“other materials under 1% of the weight” category and can only
be found in Figure 5©).

When examining Figures 6–9, it becomes evident that within
timber-based building assemblies, organic materials constitute a
significantly greater proportion of emissions compared to their
mineral-based counterparts. Moreover, among the timber-based
building typologies, the share of organic materials contributing to
the overall weight is also higher. Notably, only in the case of the
“Dowel Laminated Timber” assembly does the organic
component account for more than half of the materials
contributing to the total weight. This generally suggests that
the higher the share of organic materials, the less carbon
emissions and more carbon storage arises.

Looking at the “Light Weight Timber” assembly, organic
materials have a share of 39% of the total weight, 71% of the
total emissions and 93% of the total storage (Figure 6). While
many of the organic materials used in the construction have high
carbon storage capacity, certain materials are nearly offset by their
high carbon emissions. This applies, for example, to “wood fiber

insulation board steico dry”, which stores only 1.81 t more than it
emits during production. This material is included in the “timber
insulation” material category.

For the “Timber Frame” assembly the organic materials have
almost a similar share of organic materials to the total weight with
38%, while the share contributing to the total emissions is lower by
rd. 10% in comparison to “Light Weight Timber”.

However, the high carbon storage capacity of the materials
“wooden beam,” “osb,” and “wooden substructure,” which
account for rd. 50% of the total storage should be emphasized.
As can be seen in Figure 7, they are grouped under the category
“timber structure”. In contrast to the “Light Weight Timber”
assembly, especially the timber structure leads to less carbon
emissions and considerably higher carbon storage. The positive
effect on the ratio of stored carbon per emitted carbon is less
attenuated by emissions than in the case of the materials with
high carbon storage“in “Light Weight Timber”. This results in
the better carbon ratio values “or “Timber Frame” than “Light
Weight Timber”, which are shown in Figure 3.

Coming to the assessment of the “Glue Laminated Timber”
building assembly, the results are broadly comparable to those
of “Light Weight Timber”. It has the same distribution of
organic and non-organic materials, however, outstanding
values for the carbon storage of the timber structure “clt”
change the overall picture. This material contributes to 81%
of the total storage of this building assembly. In consequence,
the storage capacity exceeds the emissions by far, as can be seen
in Figure 8.

FIGURE 4
Brick Assembly: The pie charts display the (A) materials contribution to weight (B) Material contribution to carbon emissions (and C) Material
contribution to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in the middle and the shares of non-organic and organic
materials in the inner circle. The outer circles display the individual shares of the building materials. The contributions were calculate using the
CCA model.
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FIGURE 5
Reinforced Concrete Assembly: The pie charts display the (A) Material contribution to weight (B) Material contribution to carbon emissions (C) Material
contribution to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in themiddle and the shares of non-organic and organicmaterials
in the inner circle. The outer circles display the individual shares of the building materials. The contributions were calculated using the CCA model.

FIGURE 6
Light Weight Timber Assembly: The pie charts display the (A) Material contribution to weight (B) Material contribution to carbon emissions (C)
Material contribution to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in the middle and the shares of non-organic and
organic materials in the inner circle. The outer circles display the individual shares of the building materials. The contributions were calculate using the
CCA model.
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FIGURE 7
Timber FrameAssembly: The pie charts display the (A)Material contribution toweight (B)Material contribution to carbon emissions (C)Material contribution
to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in themiddle and the shares of non-organic and organicmaterials in the inner
circle. The outer circles display the individual shares of the building materials. The contributions were calculate using the CCA model.

FIGURE 8
Glue Laminated Timber Assembly: The pie charts display the (A) Material contribution to weight (B) Material contribution to carbon emissions (C)
Material contribution to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in the middle and the shares of non-organic and
organic materials in the inner circle. The outer circles display the individual shares of the building materials. The contributions were calculate using the
CCA model.
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Regarding the building assembly “Dowel Laminated Timber,”
which has the highest share (by weight) of organic materials
compared to all building assemblies. As displayed in Figure 9

carbon emissions and carbon storage are highest for the category
“timber structure” including materials like “thoma wood100”,
“wood fibre insulation board bestwood schneider 180”, and

FIGURE 9
Dowel Laminated Timber Assembly: The pie charts display the (A)Material contribution to weight (B)Material contribution to carbon emissions (C)
Material contribution to carbon storage. The total weight (A), emissions (B) and storage (C) are displayed in the middle and the shares of non-organic and
organic materials in the inner circle. The outer circles display the individual shares of the building materials. The contributions were calculate using the
CCA model.

FIGURE 10
Comparison of carbon emissions and carbon storage of assemblies by building part.
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“cross diagonally glued board layers”. They account for almost 80%
of the total storage together. The carbon storage capacity for the
“thoma wood100” is particularly high compared to all other
materials. It is used in the ceiling and accounts for rd. 40% of
the total storage.

3.3 Distribution of emissions and storage
across all building components

The distribution of carbon emissions and storage among the
different building components walls, ceiling slabs and roof can be
seen in Figure 10. Across all building assemblies the ceiling has the
highest carbon emissions and the highest storage. This could
potentially be caused by the total weight of the ceilings, which
are in total heavier than walls and the roof. The walls have the
lowest amount of carbon emissions except for the “Dowel
Laminated Timber” building assembly, where walls have slightly
larger carbon emissions than roof.

However, in terms of carbon storage the walls store less carbon
than the ceilings but more than the roof except for the “Brick” and
“Light Weight Timber” building assemblies. The low storage values
for the roof are due to the usage of materials, e.g., the “intensive
substrate light” contributes much more to emissions than to
carbon storage.

4 Discussion

4.1 Carbon storage and emissions
throughout different timber building
assemblies

This study compared four timber-based building typologies with
different timber construction systems. It was shown that the mass
timber assembly “Dowel Laminated Timber” has the most effective
combination of building materials as it combines the highest
amount of carbon stored within the construction at 571.26 t with
the highest ratio of stored carbon to carbon emitted during the
production phase at 4.95 (Table 1). These findings are in accordance
with a study done by Amiri et al. (2020) who concluded that the
amount of wooden materials within a building’s structure
significantly influences the carbon storage capacity of its
structure. In this present study the difference between both mass
timber typologies mainly lies in the fact that “Dowel Laminated
Timber” incorporates more solid wood components, as well as
wooden dowels instead of chemical glues and lamination (Figures
9, 10), ensuring a higher percentage of organic material in the overall
mass of the building. Generally, the results of this study are
consistent with other reviews and studies, that using timber
based building assemblies can reduce the carbon emissions in
comparison to mineral based building assemblies. The
comparison with other studies is limited because of inter alia the
different scopes, study locations, origin of the LCI input data and
carbon estimations. Therefore we refrained to comparing relations
between the different building assemblies. Younis and Dodoo
calculated with a Life Cycle Assessment a 40% reduction when
using cross-laminated timber instead of concrete. This fits roughly

into the reduction of ca. 60% from glue-laminated timber (clt) to
concrete, we calculated. The smaller amount from Younis and
Dodoo could be due to the relatively high amount of concrete in
all of their building assemblies, that was significantly higher than
the amount of concrete in our building assemblies (Younis and
Dodoo, 2022). Jayalath et al. investigated the Life Cycle
Assessment of two building types, reinforced concrete and
cross-laminated timber, in different buildings for different
areas of Australia and calculated similar values for the life
cycle phases A1–A5 as we did. Their reinforced concrete
building had ca. 50% more emissions than the cross-
laminated timber building (Jayalath et al., 2020). Giving a
benchmark for CO2 equivalents/m2 of the different assemblies
is more difficult than just giving the percentage reductions.
However, a study by Dodoo (2019) can be used to provide a
comparative value for the different assemblies. In this study, the
values for reinforced concrete of 254 CO2eq/m

2 are significantly
higher than our value of 126 CO2eq/m

2 (Dodoo, 2019).
Nevertheless, significantly more reinforced concrete was used
in this study, and the mass fraction of 88% is remarkably higher
than in our construction method (62%). The same applies to the
timber construction methods compared. The reference values
are between 156 and 125 CO2eq/m

2 and therefore higher than
ours (between 61 and 83 CO2eq/m

2). The big difference here
again is that reinforced concrete was used in every timber
construction method and even accounts for the largest
proportion of mass in all of them. Therefore, the higher
emissions per square meter could potentially be caused by the
reinforced concrete. Overall, the reduction between the average
of all timber construction methods and reinforced concrete
is also 44%.

One of the minority-organic materials, which contributes to
the carbon storage of each of the building assemblies, is the
intensive substrate light. This substrate is used as a growing
medium for the green roofs which are part of all the building
typologies. The carbon storage capacity of the substrate originates
from an organic component within the substrate mixture.
However, since the amount of that component is below 25% of
the material’s weight it falls under our definition of a minority-
organic material (Section 2.7). With the inclusion of green roofs
within each assembly, there is the potential to increase the carbon
storage of the building through future carbon uptake and storage
by plants growing on the green roof. A recent review of green roof
substrates highlighted the substantial gap in understanding the
lifecycle of the substrate layer supporting sustainable vegetation in
green roofs, because most experiments with substrates were
conducted in greenhouse and laboratory conditions (Kader
et al., 2022). Within all the timber-based building typologies,
the green roof initially contributes up to ten % to the respective
buildings carbon storage capacity. Therefore, the use of timber
materials has a more substantial effect on carbon storage capacity
in the exemplary four-storey building than the green roof. On the
other hand, when looking at the same data for the mineral-based
building typologies, the intensive substrate light accounts for a
much larger portion of the total carbon storage capacity at 37% for
“Brick” and 28% for “Reinforced Concrete” (Figures 4, 5). Taking
this data into account, it can be concluded that the use of timber-
based materials within a new building is a more efficient strategy to
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increase the carbon storage capacity of a building than just the
implementation of green roofs.

Organic materials with high carbon storage, can thus potentially
contribute to increasing the urban carbon stock. This positively
impacts the carbon cycle as it prevents or delays the release of CO2

back into the atmosphere. This especially applies for multistorey
buildings, as they make more efficient use of floor area per capita,
preventing further soil sealing and allowing for greater carbon
storage volumes by using more wooden materials (Churkina
et al., 2020; Pittau et al., 2022).

However, our results are not only limited to the application of
whole building concepts as they are presented in this study. Comparing
the various materials’ carbon emissions during production and carbon
storage potential it becomes evident, that a part-by-part substitution is
also a valid strategy to incorporate more materials from renewable,
biomass-based resources into otherwise mineral-based constructions.
For example, conventional insulation materials such as rockwool could
easily be substituted by wood fiber insulation products within,
otherwise, mineral-based constructions.

4.2 Biogenic carbon

Wewere able to show that the overall carbon emissions of the six
different building typologies vary substantially. The consideration of
biogenic carbon within our analysis enables a clear comparison
between the carbon emissions of timber-based and conventional
mineral-based building materials during the production phase (life
cycle stages A1–A3) without including the misleading fact that
timber has a negative GWP to begin with due to the tree’s ability
to sequester carbon within its biomass. The lack of distinction
between the GWPs of timber-based materials and mineral-based
materials has so far led to some discussion concerning their
comparability (Andersen et al., 2021; Younis and Dodoo, 2022).
By calculating and subtracting the approximate amount of carbon
present in the source material from the given GWP it was ensured
that the calculated CO2 coefficient includes all production emissions
of the wooden materials. It can therefore be stated, that within the
comparison of the six building typologies and the project scope of
Schumacher Quartier the production of all materials of the mineral-
based building typologies would result in 71–116 t more carbon
emissions than that of the timber-based building typology with the
least carbon emissions (“Timber Frame”) and even 40–85 t more
carbon emissions than “Dowel Laminated Timber” which is the
timber-based typology with the highest production carbon
emissions (Figure 10). The calculated carbon storage of the
building parts further proves the point that timber-based
typologies secure more carbon within its material components
than is emitted during their production (Figures 3, 10).

4.3 Limitations and uncertainties

Through the results of this study, it has become clear that the “Glue
Laminated Timber” and “Dowel Laminated Timber” building
assemblies have an especially high potential for carbon storage due
to their increased use of clt and solid wood components resulting in a
high amount of organicmass being lockedwithin the building structure.

At 1.5 kt and 1.8 kt of weight per building, these assemblies are also the
heaviest of the four analyzed timber-based building assemblies.
However, the increased mass of the mass timber building typologies
can in turn become a hindrance if the additional emissions for product
transport are taken into consideration. Transport to the construction
site is addressed in stage A4 of life cycle assessments, which was not a
focus of this study. Dzhurko and others recently found that carbon
emissions during transport to the construction site have a notable
influence on the overall carbon emissions (Dzhurko et al., 2024). In the
specific case of Schumacher Quartier, the transport of materials used in
the “Dowel Laminated Timber” building assembly accumulated to a
point, where if put into context of carbon emissions during production
and total carbon storage, “Dowel Laminated Timber’s” ratio decreased,
to the point where it is barely outperforming the “Glue Laminated
Timber” assembly (Dzhurko et al., 2024). This is due to the fact that
materials used in the “Dowel Laminated Timber” building assembly are
produced only by a specific manufacturer, Thoma Holz GmbH, located
in Austria. Since, in the case of Schumacher Quartier, the distance
between the factory and the production site is especially high and the
building materials are especially heavy, the transport carbon emissions
contribute significantly to the overall carbon ratio of the “Dowel
Laminated Timber” building assembly. It is therefore advisable to
consider the origin of the primary building materials as to keep
transport carbon emissions of heavier materials as low as possible.

Another factor that needs to be taken into consideration is the
expected service life and end-of-life stages of wooden construction.
These are represented by Stages B and C in life cycle assessments
which were not within the focus of this study. In a recent review
Younis and Dodoo have concluded an average service life of
50–60 years for timber based constructions (Younis and Dodoo,
2022). Further research and long term studies are set to determine
the durability of different types of wooden construction as well as the
energy cost that might go into upkeep and maintenance of
such buildings.

Concerning the comparison between organic and non-organic
building assemblies it should be addressed, that this study focused
on reinforced concrete and brick assemblies because they are still the
widespread standard for construction projects of large building
cooperatives, such as Schumacher Quartier. However, within the
scope of non-organic building materials, there are some materials
like rammed earth or stone that are proposed as more sustainable
non-organic building materials. Fernandes et al. were able to show
that rammed earth bricks for construction have significantly less
embodied energy than conventional fired brick structures.
Nevertheless, to reach comparable mechanical strength the
material needs to be combined with stabilizers and binder
materials such as cement or lime which then in turn affect the
environmental impact (Fernandes et al., 2019). Structural stone is
another viable possibility for non-organic construction as it has
sufficient mechanical strength and is naturally available without
much material preparation. Kerr et al. (2022) found that GWP
values for structural stone were 45%–75% lower than the compared
concrete products and even 99% lower than the compared
steel products.

Moreover, the carbonation process in cement, as elucidated by
Cao et al. (2020) highlights an often-overlooked environmental
benefit where cement-based materials, through their lifecycle,
reabsorb a significant proportion of CO2 from the atmosphere,
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thus partially offsetting their initial carbon footprint. However,
unlike stone, earth or cement, timber has the further advantage
that it is a renewable resource that actively stores carbon during its
growth and to a greater extent than the abovementioned non-
organic construction materials.

Finally, the results in this study present a case study that was done in
Germany and can therefore only be applied to Central European
standards and the current state of research and information
available. It can be acknowledged that a similar construction project
in a different area where climatic or economic situation differ from this
case study might face a different set of hindrances. Colder or hotter
climate, regular extreme weather events, or proximity to tectonic plates
boundaries may impose special requirements for a building structure,
for example, a need for an increased insulation, water repellency or
seismic sensitive design (Liu et al., 2016). It should also be noted that a
change of study area can have different implications for the energy
demand and subsequent emissions depending on material availability
and the area’s energy mix (Younis and Dodoo, 2022).

5 Conclusion

The results of this study demonstrated that switching from
conventional mineral-based building materials towards biomass-
based materials such as timber has a significant impact on the
reduction of carbon emissions during the production stage of a
building. It was shown that such new, timber-based building
typologies have a high potential for carbon storage within the
primary structure of the building, which can contribute to the
carbon sink capacity of residential areas or cities in general. This
effect is further increased by the inclusion of a green roof structure.
The dynamic nature of green roofs can further enhance the carbon
storage of the buildings during its later life stages as plants grow
and additional biomass accumulates on the roof area. The results
of this study provide concise proof for the benefits of using timber-
based materials instead of conventional mineral-based ones such
as reinforced concrete and bricks during the production stage.
Further research is needed to assess the carbon emissions that
occur during the buildings’ later life stages like maintenance and
repair activities. A cascade-usage approach can be recommended
in which the timber-based building materials are deconstructed
and reused multiple times before thermal or biological
decomposition in order to keep the sequestered carbon stored
within the material for as long as possible. Mass timber building
modules are often mechanically connected, for example, by use of
screws. This facilitates the cascade-usage as it enables
deconstruction, as opposed to chemically bound materials in
more conventional building approaches. Concurrently with this
the material mix and use of mineral-based layers within the two
light frame typologies is thought to complicate the separation of
materials and therefore thwarts or impedes cascade usage of these
materials. Lastly, it should be added that a shift towards the use of
more timber for building construction can only be beneficiary to
the climate if the harvesting of timber is done in a way that is non-
exploitive and sustainable. Deforestation of larger forest segments
is known to negatively affect forest productivity and resilience. It is
therefore crucial that policymakers ensure that timber is sourced in
a sustainable manner.
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