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ABSTRACT
In order to reach carbon neutrality, GHG emissions from all sectors of society need to be strongly reduced.
This especially applies to the construction sector. For those emissions that remain hard to reduce, removals
or compensations are required. Such approaches can also be foundwithin the built environment, but have
not yet been systematically utilized. This paper presents a review of possible carbon storage technolo-
gies based on literature and professional experience. The existing technologies for storing carbon can be
divided into 13 approaches. Some are already in use, many possess the potential to be scaled up, while
some presently seem to only be theoretical. We propose typologies for different approaches, estimate
their net carbon storage impact and maturity, and suggest a ranking based on their applicability, impact,
andmaturity. Our findings suggest that there is an underutilized potential for systematically accumulating
atmospheric carbon in the built environment.
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1. Introduction: the needs and approaches for
removing carbon from the atmosphere

1.1. Carbon neutrality and the built environment

We are quickly consuming the allowable carbon budget that is
left before the globe is estimated to warm beyond 1.5 degrees
Celsius. According to the Intergovernmental Panel on Climate
Change (IPCC 2018), this remaining quota of greenhouse gas
(GHG) emissions for this 1.5 warming pathway is 570 Gt CO2e
and 800Gt CO2e for a 2-degreewarming scenario.Moreover, the
construction sector needs urgent strategies to balance its GHG
emissions as one-third of GHG emissions, approximately 40%
of primary energy demand and half of raw material consump-
tion, can be attributed to the constructions sector (Herczeg et al.
2014).

To stay within these budgetary frames, GHG emissions need
tobe reducedandGHGremovals increased.Whenemissions and
removals are balanced, a state of ‘carbon neutrality’ is reached.
Cumulative carbon budgets have been proposed for countries
(Gignac and Damon 2015), and some have set targets for reach-
ing carbon neutrality: Norway and Uruguay by 2030, Finland
by 2035, Sweden by 2045, and the European Union by 2050
(United Nations Environment Programme 2019; Perissi et al.
2018).

Should the construction sector pursue carbon neutrality, the
emissions and removals of carbon within the sector should
be balanced. According to recent policy developments in the
EU, as reported by Frischknecht et al. (2019), there seems to
be a tendency towards setting top-down carbon quotas for
buildings. In this approach, the carbon budget for the con-
struction sector is derived, from acts, such as the Nation-
ally Determined Contributions of the Paris Agreement (United
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Nations 2015), or from compatible climate legislation. Exem-
plary methodology for allocating national emissions to the real-
estate sector has been published in the EU (Hirsch et al. 2019)
with Germany working on maximum allowable carbon emis-
sions and a minimum amount of stored carbon for buildings
(Hafner 2017).

1.2. Technologies for removing carbon from the
atmosphere

There are both natural and technological means for remov-
ing GHGs from the atmosphere. Natural removals include car-
bon sequestration through photosynthesis, accumulation of
organic matter into soils, uptake of carbon into aquatic ecosys-
tems, and slow geological processes, such as the weathering of
rocks.

There are also numerous existing and emerging carbon diox-
ide removal (CDR) technologies or negative emission technolo-
gies (NET) for removing CO2 from the atmosphere. Certain NETs
fix ambient CO2 via the transition to stable compounds. Oth-
ers produce a stream of high concentrated gaseous or liquid
CO2, which can be stored or utilized for products. Some of these
concepts use photosynthesis to achieve CO2 removal, either
by storage in biomass or by conversion to a different form for
long-term storage. Others use sorbents to directly capture CO2.
There is a broad range of possible NETs that include afforesta-
tion (Caldecott, Lomax, andWorkman 2015), biochar (Caldecott,
Lomax, and Workman 2015; Napp et al. 2017), energy from
biomass with carbon capture and storage (Caldecott, Lomax,
and Workman 2015; Napp et al. 2017; McGlashan et al. 2012),
direct air capture (DAC) (Caldecott, Lomax, and Workman 2015;
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Napp et al. 2017; McGlashan et al. 2012), ocean liming (Calde-
cott, Lomax, and Workman 2015; Napp et al. 2017; McGlashan
et al. 2012), accelerated chemical weathering of rocks (Calde-
cott, Lomax, and Workman 2015), ‘artificial trees’ (McGlashan
et al. 2012), and soda-lime processes (Napp et al. 2017;
McGlashan et al. 2012).

Carbon Capture and Storage (CCS) is a group of CDR tech-
nologies that is perhaps most actively referred to in the current
climate policy discussion as it is seen as a key strategy for achiev-
ing CO2 emission reduction targets (Leung, Caramanna, and
Maroto-Valer 2014). CCS includes various processes and tech-
nologies to remove CO2 from emission sources in industrial and
energy sectors, such as the production of cement and steel
(Napp et al. 2017). After capturing and separating, CO2 is com-
pressed for transport and long-term storage or utilization (IPCC
2005). Captured carbon can be stored in former oil fields, geo-
logical formations (mineral carbonation through the reaction of
carbon with magnesium and calcium [Caldecott, Lomax, and
Workman 2015]), or even at sea floor. However, environmental
concerns may limit its use.

Both CDRs and NETs may have cost implications. Their appli-
cation into construction industry, for example, has been sug-
gested to cause price increases of 20–30% for steel and 20–80%
for cement (Material Economics 2019).

1.3. Objectives and structure of the study

Despite the alarming environmental and economic predictions
as well as international calls for action (World Green Build-
ing Council 2019), it appears that the scale and costs of the
required efforts to decarbonize the construction sector are
poorly understood (Giesekam, Tingley, and Cotton 2018). In
addition to drastic emission reductions, thematerial and energy
intensive constructions sector should not overlook the poten-
tial of creating carbon storages and pools within its value
chains.

This paper compiles an overview of the existing scientific and
professional understandingof approaches to storing carbon into
the built environment. We present various alternatives, estimat-
ing their maturity and their potential for storing or sequestering
carbon. Through this evaluation, we intend to raise awareness
of the construction sectoŕs own potential to alleviate its harmful
impacts on the climate and possibly benefit from the evolving
emission tradingmechanisms or compensation business. In par-
ticular, this review aims at providing building designers with
an overview of the available options and their applicability to
current design work.

The study is organized as follows: In the introduction, the
needs and logics are presented for storing carbon into the
built environment. The Methods section explains our research
approach as well as presents the concepts utilized: technol-
ogy readiness levels and typologies for storing carbon in the
built environment. All identified approaches are then described
in the Results section with their maturity and impact being
explained. In the Discussion chapter, we summarize the results
as well as propose a ranking of different technologies for storing
carbon.

2. Methods

2.1. Identification and description of approaches

To identify various approaches, our searches were conducted
within the literature using search strings composed of thewords
carbon, storage, sequestration, construction, built, and building. In
addition, specific search words and strings were employed to
deepen the coverage of the search within the literature of the
identified approach. Relevant expert reports and professional
literature were also reviewed during this procedure.

To analyse and discuss the options for storing, removing, and
sequestering carbon in the construction sector, these options
are divided into three main typologies (Table 1): Carbon cap-
tured off and stored on the site, carbon captured and stored
on the site, and carbon captured on and stored off the site.
We have used the building site as a system boundary for car-
bon storage and sequestration, because this study is targeted
at building designers. City planning differs from building design
andwould require a different approach to the topic, for instance,
the consideration of transport and services.

In addition to these three typologies, the identified approa-
ches were categorized in respect to their temporal impacts.
Some of them uptake carbon before the building or structure is
built, some during its use phase, and some after its use. Here our
point of reference was the commonly used life-cycle modules of
buildings and infrastructure works, as defined in the European
standard EN 15643–2 (European Committee for Standardization
2011). This paper uses the terms ‘before use phase’ (life-cycle
Module A of EN 15643-2), ‘use phase’ (Module B), and ‘end-of-life
phase’ (Module C).

This paper only focuses on the captured and stored carbon in
relation to the site.We do not compare theGHGemissions of the
presented approaches to the quantity of captured or stored car-
bon. Thus, the life-cycle GHGbalances of the various approaches
are beyond the scope of this paper and would require detailed
studies. Similarly, this study does not include estimations on
the temporal aspects of the stored carbon. Most building prod-
ucts are long-lasting and possess the potential to hold carbon in
them for decades or longer as material inherent property. How-
ever, if the product is burnt or decomposes at its end-of-life,
the carbon is released back into the atmosphere (unless tech-
nologically captured). The longer the carbon remains stored in
a product, the greater become its climate benefits. This is espe-
cially relevant for bio-based products, which should preferably

Table 1. Typologies for carbon storage in the built environment.

Typology Examples

1. Carbon captured off
and stored on the
site

Bio-based and CO2-based
building materials: Wood,
bamboo, bioplastics,
CO2-cured concrete

2. Carbon captured and
stored on the site

Plants and soils on the site,
green roof and facades,
carbonization of concrete

3. Carbon captured on
and stored off the
site

Bioenergy with carbon
capture and storage,
direct air capture, artificial
photosynthesis
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hold the biogenic carbon longer than the time required for their
source environment to restore its carbon balance (Brandão et al.
2013; Levasseur et al. 2012; Seppälä et al. 2019). Additionally,
there is a need to differentiate between the carbon storage
related to a site (as relevant for this paper) and the calculation
of carbon pools on a national level. Here, the carbon stock level
cannot be solely estimated from the quantity of carbon uptake.
To assess the GHG impact of deviating development path-
ways, the accounting has to be contrasted against a reference
case as shown in earlier studies (Rüter 2017; Hafner and Rüter
2018). In this paper, we compare various possibilities to cap-
ture and store carbon to increase the carbon stock. The poten-
tial climate reduction and mitigation potential which is to be
depicted on a national level and calculated as carbon sink is not
included.

According to the glossary of GHG inventories (IPCC 2006),
captured and stored carbon is referred to as a carbon pool.
Examples of carbon pools are living biomass (above and below-
ground), dead organic matter (including wood and litter), and
soils. ‘The quantity of carbon contained in a “pool”, meaning
a reservoir or system which has the capacity to accumulate or
release carbon’ (FAO 2004) is called carbon stock. The impact of
changes in the carbon stock on GHG mitigation for climate pro-
tection is often referred to as carbon sink, although it could also
act as a net source of emissions. To estimate the carbon stock
magnitude of selected pools, inventory can be applied as well
as flux data methods. The latter are based on information on
the magnitude of carbon inflow to a pool as well as its carbon
outflows (Rüter 2017).

2.2. Estimation and ranking of thematurity and carbon
storage potential

To create a certain comparability of the implementation pro-
cess of different technologies, a uniform framework is necessary.
For this purpose, the Technological Readiness Levels (TRLs) (ISO
16290, European Committee for Standardization 2013) are used,
which are explained in Table 2. Decisive for the use of TRLs,
also for comparability with the reviewed scientific literature, is
the subdivision into three main groups: Basic research on a lab-
oratory scale (TRL 1–3), development and testing on a small
scale (TRL 4–6), and implementation and testing on a large scale
(TRL 7–9).

While estimating the maturity of the identified approaches,
it was found that their TRLs are estimated differently in differ-
ent sources (Napp et al. 2017; McGlashan et al. 2012; Bui et al.
2018; Element Energy Ltd et al. 2014). On the other hand, sev-
eral applications have been utilized for thousands of years (e.g.
bio-based materials). As the scope of this study was not to per-
form an estimation of the TRLs of the identified approaches, we
have carefully compared the TRLs and climate impact potentials
presented in different sources favouring the most recent and
peer-reviewed sources. However, this leaves our study with a
range of uncertainty that was beyond our control.

To be able to identify the carbon storage potential of the
approaches, their carbon storage or capture capacity were listed
based on scientific literature. This provided a range of numeric

Table 2. Technological readiness levels (TRLs) for technologies as well as effects of
carbon storage and utilization.

TRL Definition Description

1 Basic principles
observed and
reported

First scientific research observes and
reports basic principles of the
technology/ effect and begins to convert
to applied science.

2 Formulation of the
application

The formulation of the technology concept
leads to the invention of a practical
application. The verification of the
established theses requires further
scientific assessment, which may not yet
be available at this level.

3 Proof-of-concept Proof of the functionality of the technology
and its components. TRL 3 marks the
starting point of applied research and
the start of early-stage development.

4 Technology validated
in laboratory
environment

The technology and the interaction
of its basic components is tested
for functionality in a laboratory
environment.

5 Technology validated
in relevant
environment

The basic system components are
assembled and completed by specific
supporting elements in order to be
tested in a relevant environment.

6 Technology demon-
strated in relevant
environment

Technology model is demonstrated in
the relevant environment. All critical
functions of the technology need to be
verified in the relevant environment to
reach TRL 6.

7 Prototype demonstra-
tion in operational
environment

TRL 7 requires an actual technology proto-
type demonstration in the operational
environment.

8 Technology complete
and qualified

At TRL 8, the technology has proven
to work in its final form and under
expected conditions. At this point, the
development of the system is completed
in most cases.

9 Technology/ Effect is
used on a large scale

The technology is established in its final
form and is operated under full-scale
conditions. Additionally, a (‘passive’)
effect of technologies, which has CO2
storage potential and is used on a large
scale, is classified at TRL 9.

values for the impact, either in units of carbon or carbon dioxide.
In this article, all units have been converted into both C and
CO2 based on the atomic weight ratio of CO2 molecule to C
atom (44/12). Furthermore, we have simplified the comparison
of building-level solutions by reporting the values either per kg
of product or per m2 of floor area (depending on which units
were used in sources); however, for landscape-level solutions,
all values have been converted into emissions per hectare (ha).
Unfortunately, not all background data allowed us to convert
these values. Therefore, in the final conclusions, only the poten-
tial range could be estimated by using a simplified range (low –
medium – high). Moreover, it should be noted that we have not
only considered and evaluated technologies, but also included
accompanying effects (e.g. carbon storage in wooden buildings
or carbonation of concrete).

Finally, all the results are summarized into a ranking matrix
consisting of two axes: carbon storage potential and applicabil-
ity for the built environment. We emphasize that the summary
matrix is a general overview and does not describe the condi-
tionsof a siteorproject. Case-specific variablesmayconsiderably
alter the applicability, maturity, and storage potential.
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3. Results

3.1. Identified approaches for storing carbon into the built
environment

We identified over twenty approaches for storing carbon in the
built environment and grouped them into 13 groups (Table 3).
Four of these were approaches in which carbon was captured
off but stored on the site, which is our system boundary. Seven
approaches were identified in which carbon was both captured
and stored on the site. In addition, we found two approaches in
which carbon was captured on the site but stored off it. Table 3
presents all identified approaches and Figure 1 illustrates them.
Sections 3.2–3.4 describe each of these approaches and briefly
summarize the main sources of further scientific or professional
information.

3.2. Carbon captured off and stored on the site

3.2.1. Bio-based constructionmaterials: wood
The ClimWood2030 study (Rüter et al. 2016) quantifies the five
ways inwhich the EU forest sector contributes to climate change
mitigation: carbon sequestration and storage in EU forests, car-
bon storage in harvested wood products in the EU, substitu-
tion of wood products for functionally equivalent materials and
substitution of wood for other sources of energy, as well as dis-
placement of emissions from forests outside the EU. Through a
scenario analysis, it presents the consequences forGHGbalances
in the EU of possible policy choices at present. A precondition
for all this timber use is sustainable forestry and, accompanying
that, parallel active reforestation.

Table 3. List of identified approaches for storing carbon in the built environment.

Typology Approach

1. Carbon captured off and
stored on the site

1.1 Bio-based construction materials

1.2 Biochar
1.3 Mineralization of CO2 into concrete
1.4 CO2-based plastics

2. Carbon captured and
stored on the site

2.1 Carbonation of cement-based materials
2.2 Enhanced weathering
2.3 Natural photosynthesis
2.4 Enhanced photosynthesis
2.5 Artificial photosynthesis
2.6 Uptake of carbon into soil
2.7 Living building materials

3. Carbon captured on and
stored off the site

3.1 Bioenergy with carbon capture and storage
(BECCS)

3.2 Direct air capture (DAC)

The carbon content in wood can be calculated according to
EN 16449 as 50% of the mass from wood at zero percent mois-
ture content (European Committee for Standardization 2014).
However, a rangeof carbon content in different parts of different
trees can vary between 0.42–0.61 kgC/kg (1.54–2.24 kgCO2/kg)
(Thomas and Martin 2012).

For wooden material, there is a variety of studies on car-
bon storage and wooden buildings (Takano, Highes, andWinter
2014; Heeren et al. 2015; König 2016). They demonstrate that
on the level of construction material in product stage, wooden
material displays advantages in termsof carbon storage capacity
(named biogenic GWP in new EN 15804:2020); therefore result-
ing in lower GHG emissions in the product stage. Carbon storage

Figure 1. Approaches for storing carbon in the built environment.
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is balanced out over the life-cycle, as carbon storage is calcu-
lated as emission at the end-of-life stage. However, it exists for
as long as the buildings exist, and can be extended into the next
life-cycle if the products are reused or their materials recycled
without losing their carbon content (Hafner and Schäfer 2018).

The global climate benefits of wood construction have been
calculated by various studies, such as Churkina et al. (2020) and
Amiri et al. (2020). Both studies show the potential of storing
carbon in buildings on global level and the advantages thereby.
The national implications of carbon storage aremodelled in sev-
eral studies. Hafner and Rüter (2018) report the potential GHG
impact of wood consumption in the building sector in Germany
based on an insinuated future increase of the market share of
timber buildings. They also quantified the reduction potential
through substitution of energy intensivematerials withmaterial
choice with lower emissions, showing that there is a substan-
tial potential to lower GHG budget by timber buildings (Hafner
and Schäfer 2017). Kalt (2018) presented a similar approach for
Austria, showing the influence of increased carbon storage in
timber buildings, and Vares, Häkkinen, and Vainio (2017) discuss
the potential for Finland.

The amount of carbon storage in buildings depends on
the size of the building and the bio-based construction mate-
rials used and it can vary from 109–300 kgCO2/m⊃2 gross
floor area, depending on the chosen structural solution (Vares,
Häkkinen, and Vainio 2017). In general, the highest amount
can be found in buildings made with massive cross-laminated
timber (CLT) (Hafner and Schäfer 2018). As the use of timber
is current mainstream industrial construction, we rank its TRL
as 9.

3.2.2. Other bio-based constructionmaterials
In addition to wood, many organic fibres are used in construc-
tion. The variety is wide, but bamboo, straw, and hemp are
typical examples.

The carbon sequestrationof different bamboo species in their
growing habitats has been examined in several articles over the
past years (Leksungnoen 2017; Han et al. 2013; Teng et al. 2016;
Yuen, Fung, and Ziegler 2017; van der Lugt, Vogtländet, and
Brezet 2009), and the factors affecting carbon sequestration are
scientifically well described. In regard to the carbon storage of
bamboo-based construction, the number of studies is clearly
smaller than the number of similar studies for wood-based con-
struction products. The climate impact studies of bamboo con-
struction include reports on the carbon footprint of bamboo
wall panels (Ramirez et al. 2014), bamboo flooring (Gu et al.
2019), bamboo scaffoldings (Laleicke et al. 2015), or humani-
tarian emergency shelters made from bamboo (Kuittinen and
Winter 2015). We rank the TRL of bamboo as 9, due to its wide
commercial and vernacular use in construction.

Straw is a typical residue from agriculture that has been
used for constructionpurposes since time immemorial. Themost
typical modern construction uses include straw bales that are
attached between loadbearing timber studs or straw-clay mix
that can be cast into different structures. The carbon storage
potential of straw bale construction has been studied and com-
pared to that of biochar (Mattila et al. 2012) to typically used
bricks or blocks (Gonzalez 2014), and to other typical building
materials (Sodagar et al. 2010). Although straw in construction is

to a certain extent vernacular, it is widely used, thus allowing it
be ranked at TRL 9.

Hemp is used regionally in vernacular or ecological construc-
tion. Its fibres can also be used to make concrete or composites
(Schwarzova, Stevulova, and Melichar 2017). The annual carbon
sequestration potential of industrial hemp plantation is approx-
imately 0.67 t/ha (Pervaiz and Sain 2003) and the carbon con-
tent of hemp around 2 kgCO2/kg (Butkutė et al. 2015). While
Jami, Rawtani, and Agraval (2016) suggest hemp concrete to be
‘carbon negative technology’, Pretot, Collet, and Garnier (2014)
showed that in hemp concrete wall structures, the lime-based
binder is accountable for the largest environmental impacts.
Therefore, cement substitutes for hemp concrete have been
considered in a bid to improve its environmental performance
(Kidalova, Terpakova, and Stevulova 2011). We rank the TRL of
hemp in various forms of construction at 7–9, as some of the
composite applications continue to evolve.

In addition, there is a wide range of bio-based materials that
can be applied in construction. Several agricultural residues and
waste, such as tomato stalks or potato peels; or vernacularly
applied rawmaterials, such as seaweed, willow, algae or grasses,
have been used in traditional construction and piloted for
new buildings (3XN_GXN 2016; Vandkunsten Architects 2013).
In experiments, composites have been produced by binding
together agricultural residues and other waste materials with
the filaments of growing mycelium fungi (Jones et al. 2018).
The TRLs of these experimental or vernacular curiosities of con-
struction can be placed in the range of 2–8, depending on the
case.

3.2.3. Biochar
Biochar is made from biomass (such as straw, wood, bamboo,
cotton, sediments, sludge, and manure) through pyrolysis and
has typically been used for soil fertilization and the removal
of pollutants. Pyrolysis can simultaneously create energy and
biochar.

There are a number of research projects in which the
potential of biochar for sequestering carbon into soils has
been studied, especially regarding its use in agricultural land
(Purakayastha et al. 2015; Galinato, Yoder, and Granatstein 2011;
Roobroeck et al. 2019). Its potential to store carbon in soils
is reported to range between 0.9 and 3.7 tCO2/ha/a (Smith
2016), although the beneficial consequences of enhancing plant
growth and carbon sequestration are difficult to predict. How-
ever, the global carbon storage potential is reported to range
between 0.9 and 3 Gt (McLaren 2012), and up to a ‘high’ 4 Gt
CO2/a (Napp et al. 2017).

Biochar has potential as an additive in certain construction
materials. Several reports are available for the use of biochar
for asphalt, clay plaster, cement panels, and mortar (Zhao et al.
2014; Schmidt 2013; Gupta and Kua 2017; Wang et al. 2019). The
reported contents of biochar vary strongly from 0.025% to 50%,
depending on the product experiment. Within this amount of
biochar, the carbon content varies from 46 up to 98% of the
original amount of carbon of the used biomass (Gupta and Kua
2017). Thus, although clear numbers for estimating the carbon
content in the end-products are not reported, we estimate that
the overall carbon content and storage potential as an additive
to construction products remains low.
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Differences were found regarding the TRL for biochar as a
NET. Napp et al. reported a range 1–4 (Napp et al. 2017), whereas
McLaren suggests a higher TRL range 4–6 (McLaren 2012). How-
ever, in comparison to a range of other NETs, biochar may bring
emission reductions with less disadvantages, as concluded by
Smith (2016).

3.2.4. Carbon captured and utilized for CO2-cured concrete
Mineral carbonation of concrete is a process similar to geolog-
ical weathering of rocks. In the process, CO2 is captured using
CCS technologies; thereafter, it is used to cure concrete during
which it reacts with alkaline metal minerals and forms carbon-
ates. As a result, CO2 is permanently stored in the concrete prod-
uct (Sanna et al. 2014). The quantity of CO2 in different concrete
mixes has been reported to vary from 41 kg/m3 (cement with
limestone powder) (Tu et al. 2016) to 69 kg/m3 (Wollastonite-
Portland cement) (Huang et al. 2019a). In addition to storing car-
bon, the CO2-cured building elements may offer reductions of
globalwarmingpotential (GWP). Huanget al. (2019b) conducted
a life-cycle assessment of several different concrete blocks that
hadbeen curedwith CO2. Their findings suggest that theGWPof
a CO2-cured Wollastonite-Portland cement (WPC) block can be
approximately 30% lower than in typical steam-cured concrete
block made with ordinary Portland cement (OPC). However, the
cost of CO2-curing may become an issue when compared to
storing CO2 in geological deposits (sedimentary rocks), which is
cheaper as transportation costs of CO2 can be reduced (Sanna
et al. 2014).

Based on the process descriptions provided by manufactur-
ers and recent reports, we estimate that the maturity of CO2-
cured concrete varies between TRL 4–6, and that its mitigation
potential is medium (Napp et al. 2017; Element Energy Ltd et al.
2014; CarbonCure 2019; Rosen 2020). However, the utilization of
CO2 for concrete also has direct linkage to CCS technology and
its maturity. If the CO2 used in the process does not originate
from the atmosphere or CCS process, the environmental gains
are questionable.

3.2.5. Carbon captured and utilized for plastics
Although the total mass of plastics has been documented to
remain below 1% of the weight of a building (Kuittinen, Häkki-
nen, and Vares 2019), the construction sector is the second
largest consumer of plastics, using around20%of theglobal pro-
duction (Geyer, Jambeck, and Law2017). A variety of plastics can
be produced from biomass or captured CO2.

The use of CO2 as a feedstock for plastics has been progress-
ing. For example, CO2 together with biomasses (agricultural
waste, lignocelluloses, food waste, and industrial by-products)
can be utilized to produce polycarbonates (Cui et al. 2019). Sim-
ilarly, CO2 can be processed into polyesters (Murcia Valderrama,
van Putten, and Gruter 2019) or polyurethane (von der Assen
and Bardow 2014). Polypropylene can be produced from both
biomass and CO2 (Bazzanella and Ausfelder 2017).

Bioplastics are already commercially available for several pur-
poses. In theory, they could evolve into a NET, if the production
process would utilize low carbon energy and be equipped with
CCS. Currently, the production of CO2 or biomass-based plas-
tics requires energy and causes GHG emissions. von der Assen
and Bardow (2014) conducted LCA on CO2-based polyurethane

(a typical plastic for construction insulation products) conclud-
ing that althoughCO2-basedprocess had lower emissions than a
conventional option, the end results are not producing negative
emissions. Thonemann (2020) showed that the CO2 mitigation
benefits of CO2-based chemical production greatly depend on
the chosen process and product.

Based on the literature cited above, the maturity of bioplas-
tics is reported to range between TRL 1–7, depending on the
feedstock and chemical processes involved. However, the sci-
entific reports clearly contradict the self-supplied information of
some companies on the industrial-scale production ofmaterials,
such as bio-based plastics. Some estimations on the potential
of storing captured or bio-based carbon into plastics are pro-
vided (up to 210 MtCO2/a in 2050, Bazzanella and Ausfelder
2017). Due to lack of evidence, we chose not to speculate if
this mitigation potential could also be directly allocated into
construction plastics following their 20% share of all plastics
produced. Nevertheless, because of themarginal weight of plas-
tics in a building, we estimate their carbon storage potential
as low.

3.3. Carbon captured and stored on site

3.3.1. Carbonation of concrete and cement-basedmaterials
During the production of cement and concrete, CO2 is emitted.
A certain amount of it can be re-absorbed by carbonation over
the life-cycle of the concrete elements. Carbonation is a natu-
ral chemical reaction occurring in concrete in which CO2 from
the atmosphere enters the pores of concrete and reacts with
calcium hydroxide Ca(OH)2 transforming into calcium carbon-
ate CaCO3. Thus, it is a counter-reaction to calcination, in which
limestone (CaCO3) breaks into CaO and CO2 during the produc-
tion of cement clinker. The carbonation of concrete depends in
equal parts on material attributes and the surrounding parame-
ters (Monteiro et al. 2012). The temporal absorption of carbon by
carbonation in concrete is determined by a root function, while
considering the carbonation depth. Consequently, the longer
the observation period, the higher the absolute carbon uptake,
whereas the annual carbonuptake gradually decreases. The pro-
duction of calcium carbonate slightly increases the strength of
the concrete compared to concrete in which no carbonation
occurs (Chi, Huang, and Yang 2002).

In the literature, percentage values are mostly provided,
which refer to the carbon emitted during production and indi-
cate a reabsorption rate. On the global level, Cao et al. (2020)
estimated that up to 30% of the total emissions (resulting
from calcination and energy use) of cement production may
be reabsorbed through carbonation. However, according to
Lagerblad (2005) and EN 16757 (German Institute for Standard-
ization 2017), no more than 75% of the maximum CO2 absorp-
tion potential over a sufficient period of time can be assumed.
This is because not all concrete is in contact with the air. For
example, concrete rubble is often recycled for road construction
(buried inunderground structural layers),whereas carbonization
requires direct contact with the CO2 in the air. Moreover, the
maximum theoretical CO2 absorption depends on the amount
of reactive CaO in the binder of the concrete. Hence, for a com-
mon assessment of themaximumabsorption capacity, the value
of 75% is widely used in the literature as a general practical
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maximum. Cho et al. (2015) have determined a CO2 absorption
rate of fly-ash-blended concrete structures for a lifetime of 20
years at 3.79%, and for 100 years at 8.47%, respectively, of the
CO2 emitted during manufacture. Nilsson (2011) examined the
CO2 absorption of different concrete structures over a period
of 100 years. For indoor structures, he determined that 0.9–6.1
kgCO2 was absorbed per m⊃2, depending on the coating. In
comparison, for outdoor structures, he calculated values of 0.9
for weather-exposed, and 2.8 kgCO2/m⊃2 for sheltered struc-
tures. In addition, a detailed guideline for calculating the CO2

absorption of concrete by carbonation is supplied as part of the
Environmental ProductDeclarations (EPD) by EN16757 (German
Institute for Standardization 2017) and must be considered in
the CO2 balance of concrete structures, as concluded by Possan,
Felix, and Thomaz (2016).

In conclusion, the maturity of carbonation of concrete and
cement-based materials is TRL 9, since concrete structures are
built on a large scale resulting in carbonation having a cor-
responding influence. In the built environment, carbonation
occurs wherever concrete is used for construction, hence indi-
cating its high applicability. However, the degree of climate
potential is influenced by coatings; there is often an effort to
avoid carbonation (as it leads to the corrosion of reinforce-
ment steel bars). Furthermore, the carbon-intensive production
of cement-basedmaterials contrasts with the climate benefits of
carbonation. Therefore, we estimate the overall climate poten-
tial asmedium, although someapplications for utilizing concrete
rubble in gabions for infrastructure works can possess a higher
potential.

3.3.2. Enhancedweathering
In addition to natural weathering, during which rocks are dis-
solved by various surface chemical reactions (Carroll 1970) and
the resulting bicarbonates carried into ocean deposits (Berner,
Lasaga, and Garrels 1983), the process can be enhanced by
grinding suitable rocks to maximize the surface area, then dis-
persing them over farmland and forest areas. Enhanced weath-
ering can be used to sequester CO2 on a large scale, especially in
warm and humid climates as reported by various studies (Schuil-
ing and Tickell 2010; Hartmann et al. 2013; Taylor et al. 2016).
Depending on the type of rock used, approximately 0.3–1.1
tonnes of CO2 per tonne of rock could be removed (Moosdorf,
Renforth, and Hartmann 2014; Renforth 2012). Lefebvre et al.
(2019) recently raised the importance of considering the life-
cycle assessment of all process steps of improved weathering to
obtain realistic estimates of the amount of CO2 sequestered.

Enhanced weathering does not appear to be an effective
approach for carbon storage at the level of the built environ-
ment. The required time scale for significant storage potentials is
lengthywhen considering the timely relevanceof climate action.
In addition, the large land use of free areas, such as forests
or cropland, is limited within a densely planned built environ-
ment. Moreover, enhanced weathering may require consider-
able amounts of either external process energy, for example, as
in the case of grinding olivine rock into soils (Renforth, Pogge
von Strandmann, and Henderson 2015), or ‘supercritical’ con-
ditions in which both temperature and pressure are extremely
high (Garcia et al. 2010). Therefore, we rate the applicability as
low.

Enhanced weathering is classified at a maturity level of TRL
2–3 (Haszeldine et al. 2019); therefore, further basic research
is required for particularly environmentally relevant influences.
Considering the possible carbon absorption rates of enhanced
weathering, we rate the climate potential within the built envi-
ronment as medium.

3.3.3. Natural, enhanced, and artificial photosynthesis on
the site
Natural photosynthesis for sequestering carbon on site is an
ecosystem service that is essential for climate change mitiga-
tion. Naturally, its TRL is on the highest level 9. The potential of
natural photosynthesis to uptake and store carbon varies signif-
icantly depending on the plant (trees, bushes or herbaceous),
growth conditions (includingmaintenance and fertilization), cli-
mate (both micro and macro climatic conditions), and mainte-
nance methods. The applicability of natural photosynthesis is
also high in most built environment.

Urban trees can hold good potential for sequestering car-
bon. Their annual sequestration potentials are reported as 5.9
tCO2/ha/a in Mexico (Velasco et al. 2014), 8.1 tCO2/ha/a in
China (Chen 2015), and 10.3 tCO2/ha/a in the U.S.A. (Nowak
et al. 2013). Furthermore, the alternative forestry method of
Japanese botanist Akira Miyawaki (1998) offers a concept for
planting micro-sized, very dense, highly biodiverse and fast-
growing forests that have been widely tested in urban and rural
areas across theworld (Schirone, Salis, and Vesella 2011; Ottburg
et al. 2018). In one Belgian report (Manuel 2020), the carbon
storage potential of the Miyawaki micro forests and their soils is
estimated to exceed 598 tCO2/ha with the sequestration poten-
tial reaching 5.1 tCO2/ha/a; however, there do not seem to be
adequately peer-reviewed studies on the climate aspects of the
Miyawaki method.

In green roofs, the potential for carbon sequestration is
reported to vary from 0.3 kgCO2/m2/a (Heusinger and Weber
2017) to 7.1 kgCO2/m2/a (Luo et al. 2015), depending on
conditions and variables. Nevertheless, the majority of this
sequestered carbon is stored for only a short time, as herba-
ceous plants decompose naturally over growing seasons. There-
fore, the carbon dynamics for lawns and herbaceous plants are
included in the estimations of carbon uptake of soils.

In enhanced photosynthesis, the natural process is cultivated
for improving the yield of solar fuels. For example, microalgae
and cyanobacteria,whichnormally growas epiphytes on various
surfaces and utilize photosynthesis in their metabolisms, can be
cultivated for fuels, such asbutanol andmethanol inphotobiore-
actors. Such reactors can be shaped into building components
and integrated, for example, into façades or roofs. Building-
integrated photobioreactors can produce heat and biomass
while preventing the building from overheating and sequester-
ing CO2 from the flue gases of the building (Wurm and Pauli
2016; Wolff et al. 2015). However, only seven reports were found
on experiments of building-integrated photobioreactors. The
technology appears to suffer from several vulnerabilities related
to both the growth factors of microalgae or the construction of
the reactor panels (Talaei and Mahdavinejad 2019) resulting in
us interpreting that the current applicability in the built environ-
ment is low. The TRL for enhanced photosynthesis is reported to
range from 4–6 (McLaren 2012).
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In fully artificial photosynthesis, solar energy (photons) and
CO2 are converted into chemical energy, thusmimicking natural
photosynthesis. It can be used to develop carbon-negative solar
fuels aswell asprocesses for turningCO2 intoethanol (Gurudayal
et al. 2017), or thephotocatalytic splittingofwater intohydrogen
(Kim et al. 2016). Although buildings can be equippedwith artifi-
cial photosynthesis systems, actual building-integrated applica-
tions were not found. The TRL for artificial photosynthesis in the
production of solar fuels is reported in the range of 1–3 (Napp
et al. 2017). If solar fuels can be used for the energy demands
of the same building, the requirements for additional infras-
tructure or transports are avoided, although the CO2 emissions
from the burning of fuels would remain. Therefore, we estimate
that both carbon storage potential and applicability in the built
environment are currently low.

3.3.4. Soil organic carbon in the site
Carbon accumulates in soils because of organic processes;
indeed, soils around the planet are the largest terrestrial carbon
stock. The potential of soil to store carbon varies considerably
based on the climate, soil type, vegetation, erosion, microbial
activity, pollution, and other factors.

The global amounts of carbon accumulated in croplands are
reported to vary from 0.4–8.6 GtCO2e per year (IPCC 2019). In
urban areas, the reported amount of carbon stored into soils
can vary from 213 tCO2/ha (Raciti, Hutyra, and Finci 2012) to
741 tCO2/ha (Edmondson et al. 2012) and the annual accu-
mulation of soil organic carbon from 3 tCO2/ha/a (Raciti et al.
2011) to 11 tCO2/ha/a (Vasenev and Kuzyakov 2018) (depend-
ing on e.g. sampling depth). This potential can be enhanced
e.g. with the use of biochar in the soil (see 4.1.2). Interestingly,
research findings show that the annual accumulation of car-
bon into urban soils can be much higher than in natural areas
(Edmondson et al. 2012; Raciti et al. 2011; Vasenev and Kuzyakov
2018), although the initial conversion of the natural landscape
into the built area may have caused the carbon content of
the soil to decrease (Trammell et al. 2017). Furthermore, this
content seems to be high, especially in residential and public
urban zones, according to a wide meta-analysis by Vasenev and
Kuzyakov (Vasenev and Kuzyakov 2018). As uptake of carbon
into soils is a natural phenomenon, its TRL is 9 and applicability
high.

3.3.5. Living buildingmaterials
In vernacular architecture, living plants have been used for load-
bearing structures. For instance, in rural India, ‘living bridges’
have been grown from the aerial roots of ficus trees (Lud-
wig et al. 2019). In addition, large-scale living ‘arboscupl-
tures’ have been created for recreational parks (Gale 2011). So-
called biohybrid constructions have been classified into four
groups by Heinrich et al. (2019): (1) biological organisms sup-
ported by scaffolds, (2) biological energy sources in build-
ings, (3) plants grown into loadbearing building components,
and (4) forming building components from amorphous living
material.

The carbon storage potential of living tree structures is simi-
lar to that of timber (see Table 4). However, from the viewpoint
of carbon storage, the uptake of carbon happens during the

use of the structure. In addition to trees, growing and grad-
ually expanding fungi have also been experimented with for
building skins and components (Pownall 2019). Although liv-
ing structures have probably been used since the evolution of
humankind (and by other species as well) and even patented
in the 1920s in Germany (Wiechula 1926). The applications to
modern construction are experimental with them being lim-
ited to structural test and outdoor canopies or pergolas. There-
fore, based on the available literature, the current maturity of
the approach can be estimated in the range of TRL 3–5 (Lud-
wig, Schwetfeger, and Storz 2012; Gale 2011; Urbanist 2017).
Table 5 provides a summary of approaches for capturing carbon
off site and storing it on site.

3.4. Carbon captured on the site and stored off the site

3.4.1. Bioenergy with carbon capture and storage
Bioenergy with CCS (BECCS) includes the combustion of organic
materials in a power plant and capturing the emitted carbon
from combustion. A similar process without CCS would not be
a NET, but remain a low-carbon technology (Napp et al. 2017;
McGlashan et al. 2012). Nevertheless, on the level of a city,
municipality, or a region, BECCS couldwell be a feasible solution,
despite the land requirement being in direct competition with
other sectors, such as food cultivation or forestry (Napp et al.
2017; McGlashan et al. 2012; Arasto et al. 2014). In addition to
the required land area, there may be difficulties in supply chains
related to the transport and storage of biomass (Bennett et al.
2019).

BECCS itself does not appear to be relevant on a building
level, but can be linked to the built environment through the
treatment of organic municipal waste (Pour, Webley, and Cook
2017). The limitations of BECCS are in the storage solution, due
to the finite nature of usable geological formations. As an alter-
native to geological storage, the captured CO2 from the biomass
power plant can be converted into carbon-based materials and
products as described in Sections 3.2.4 and 3.2.5.

Based on the literature, the maturity of BECCS can be esti-
mated in the range of TRL 3–6 (Caldecott, Lomax, andWorkman
2015; McLaren 2012). Further, it can be stated that both the
applicability to the built environment and the climate potential
in thebuilt environment are lowbecausewe identified noBECCS
systems on a building level that would utilize any organic mate-
rial produced on the site. Nonetheless, agricultural production,
in whichmanure is used as feedstock for energy sources, such as
biogas, could theoretically fulfil this requirement; however, no
examples of BECCS in such a context were identified. In BECCS
applications, the ultimate fate of captured carbon remains a
question that defines the feasibility of the approach.

3.4.2. Direct air capture
Direct air capture (DAC) is a technology for capturing CO2

directly from the atmosphere (Williamson 2016). For the built
environment, Dittmeyer et al. (2019) portray the concept of inte-
grating a DAC system into an air conditioning unit, powered by
renewable electricity. This solution can collect CO2 from build-
ings and convert it into hydrocarbon fuels. The CO2 captured by
DACneeds tobeprocessed and compressed for transport before
it is used or stored. For building-integrated DAC to qualify as
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Table 4. Summary: carbon captured off and stored on site.

Approach Application to construction
Carbon contenta (kgC/kg,
unless otherwise specified)

Carbon dioxide content
(kgCO2/kg, unless otherwise

specified) Maturity (TRL) References

1.1 Bio-based construction materialsb

Wood Load-bearing structures,
surfaces, claddings,
insulation, furniture,
engineered products

0.5c (range 0.42–0.61) 1.84 (range 1.54–2.24) 9 Thomas and Martin
(2012), Rüter et al.
(2019)

Cellulose fibre Insulation 0.39c–0.41 1.42–1.50 9 Rüter et al. (2019),
Ekovilla (2018)

Cardboard and
construction
paper

Vapour barriers, insulation,
engineered products

0.41c 1.50 9 Rüter et al. (2019),
Ekovilla (2018)

Bamboo Load-bearing structures,
surfaces, claddings,
furniture, engineered
products

0.55–0.67 2.02–2.46 9 Vogtländer, van der
Velden, and van der
Lugt (2014)

Hemp Insulation, composites 0.55–0.57 2.02–2.09 7–9 Butkutė et al. (2015)
Cork Flooring, insulation, com-

posites, engineered
products

0.56 2.06 9 Zribi et al. (2016)

Straw Insulation, composites
(vernacular)

0.48 1.76 9 Gao et al. (2016)

Sheep wool Insulation (vernacular) 0.5 1.84 8 Dénes, Florea, and
Manea (2019)

Seaweed Insulation, composites, facades
(vernacular, regional)

4.1 t/ha/a 15.0 t/ha/a 7 Duarte et al. (2017)

Herbaceous plants
(global average)

Insulations (vernacular,
regional), composites

0.45–0.48 1.65–1.76 2–7 Ma et al. (2018)

Composites from
agricultural
residues (e.g.
tomato, potato)

Insulation, composites, facades
(experimental)

Depends on the biomass and its share in the
composite

4 3XN_GXN (2016)

Composites from
mycelium (fungi)

Insulation, composites, facades
(experimental)

(No references found; also depends on the com-
ponents of the composite)

2–4 Jones et al. (2018)

1.2 Biochar

Biochar for
landscaping

An additive to growing
medium or soils

0.25–1.01 t/ha/a (1.1 Gt/a globally) 0.9–3.7 t/ha/a (4 Gt/a globally) 1–6 Napp et al. (2017),
Smith (2016)

Biochar for asphalt Filler No data found 1–4 Gupta and Kua (2017)
Biochar for cement Filler No data found 1–4 Gupta and Kua (2017)

1.3 Mineralization of CO2 into construction products

CO2-cured concrete Loadbearing structures,
surfaces, infrastructure
works

1.0 Mt/a in EU 3.8 Mt/a in EU 4–6 Napp et al. (2017)

1.4 CO2-based construction plastics

CO2-based plastics Insulation, pipes, ducts,
profiles, films

No data found 3–5 Element Energy Ltd
et al. (2014)

Bio-feedstock-based
plastics

Insulation, pipes, ducts,
profiles, films

No data found 1–3 Napp et al. (2017)

Biopropylene Films, sheets, textiles No data found 6–7 Bazzanella and
Ausfelder (2017)

Note: The figures in this table are examples from scientific literature. For LCA, representative databases or EPDs should be referred to.
aCarbon at 0%moisture content.
bThenumbers shown serve to show the rangeof carbon calculated in the literature. For any LCA calculations in thebuilt environment, appropriate environmental product
declarations or LCA databases should be referred to.
cFor calculations of carbon storage capacity of the built environment on the national level, the IPCC (Rüter et al. 2019) provides default conversion factors.

NET, the emissions from processing, transport, and use or stor-
age must not exceed the amount of captured carbon (Lackner
2009). As the options for permanent CO2 storage are still lim-
ited, the continueduseof CO2 represents an alternative solution.
DAC can be used to achieve a closed carbon cycle by using the
CO2 to produce short-life synthetic fuels (Fasihi, Efimova, and
Breyer 2019), but it could also be used for chemical construction
products, as described in Section 3.2.5.

Table 6 shows the reported outcomes for three practical
cases, the Frankfurt Fair Tower office building, a typical grocery

store, and an apartment building. Based on the available liter-
ature, the maturity of DAC can be estimated in the range of
TRL 1–6 (Caldecott, Lomax, and Workman 2015; McLaren 2012).
We conclude that the applicability of building-integrated DAC
in construction is higher than its climate impact because the
latter is highly dependent on the storage solution. Therefore,
we rate the current applicability in the built environment as
medium, and the climate impact in the built environment as low
despite the figures for sequestration potential appearing to be
promising.
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Table 5. Summary: carbon captured and stored on the site.

Application Application in construction Potential for C storage Potential for CO2 storage TRL References

Carbonation of cement-basedmaterials

Carbonation of concrete Surfaces and components
that are not vulnerable to
corrosion of rebars

0.25–1.66 kg/m2 0.9–6.1 kg/m2a 9 Cho et al. (2015), Jacobsen and
Jahren (2001), Haselbach
and Thomas (2014), Pade
and Guimaraes (2007),
Nilsson (2011), Jacobsen and
Jahren (2001), Haselbach
and Thomas (2014), Pade
and Guimaraes (2007),
Nilsson (2011)

4–8% of emissions during manufacturingb

Carbonation of recycled
concrete

Landscaping, fills, gabions Up to 41% of emissions duringmanufacturingb 9 Collins (2010)

Enhanced weathering

Enhanced weathering of
ultramafic rocks (e.g.
olivine, dunite)

Surfaces or ground layers in
landscaping

0.22–0.30 kg/kg 0.8–1.1 kg/kg 2–3 Moosdorf, Renforth, and
Hartmann (2014)

Enhanced weathering of
mafic rocks (e.g. basalt,
dolerite)

0.08 kg/kg 0.3 kg/kg 2–3 Renforth (2012)

Photosynthesis in urban context

Natural photosynthesis Trees (urban context) 1.6–2.8 t/ha/a 5.7–10.3 t/ha/a 9 Chen (2015), Velasco et al.
(2014), Nowak et al. (2013)

‘Miyawaki’ micro forests
(including soils)

Uptake: 1.4 t/ha/a
Storage: 160 t/ha

Uptake: 5.1 t/ha/a
Storage: 598 t/ha

8 Manuel (2020)

Bamboos (including above and
below ground biomass)

16–24 t/ha/a 59–88 t/ha/a 9 Shanmughavel and Francis
(1996), Castañeda-Mendoza
et al. (2005)

Lawns 0.08–0.30 t/ha/a 3.01–1.09 t/ha/a 9 Raciti et al. (2011), Smith et al.
(2018)

Enhanced photosynthesis Photobioreactors integrated
into buildings

No data No data 4–6 McLaren (2012)

Artificial photosynthesis Technical installations
integrated into buildings

No data No data 1–3 McLaren (2012)

Carbon uptake into soils

Soil carbon uptake
(general)

Landscape architecture, green
infrastructure

0.03–1.3 t/ha/a 0.11–4.77 t/ha/a 9 Smith (2016)

Soil carbon uptake
(general) enhanced with
biochar

Landscape architecture, green
infrastructure

0.73–2.6 t/ha/a 2.70–9.54 t/ha/a 9 Smith (2016)

Soil carbon uptake in urban
areas

Landscape architecture, green
infrastructure

0.82–3 t/ha/a 3.01–11.01 t/ha/a 9 Raciti et al. (2011), Vasenev and
Kuzyakov (2018)

Green roofs Herbaceous plants on top of
water-proof layers

0.08–1.93 kg/m2 0.3–7.1 kg/m2 9 Heusinger and Weber (2017),
Luo et al. (2015)

Living buildingmaterials

Living trees Loadbearing structures,
surfaces

Comparable to timber (appr. 50% of dry mass) 3–5 Ludwig et al. (2019)

Living fungi Surfaces, bio-bricks No data found 3–4 Pownall (2019)
aIndoor structures, depending on the coating, and outdoor structures, based on the exposure to rain, 100 years assessment time.
bIn the literature reviewed, assessment time frames of between 20 and 100 years were used.

Table 6. Summary: carbon captured on the site and stored off the site.

Approach Application in construction Potential for carbon sequestration TRL References

Bioenergy with carbon capture
and storage (BECCS)

Waste incineration
plants

0.7 tCO2/t of wet municipal solid waste 3–6 Pour, Webley, and Cook (2017), Caldecott,
Lomax, and Workman (2015), McLaren
(2012)

Direct air capture (DAC)
Office building Air-conditioning

(10,00,000m⊃3/h)
28–57 kgC/m2/a 104–209 kgCO2/m2/a 250 kg/ha 1–6 Dittmeyer et al. (2019), Caldecott, Lomax,

and Workman (2015), McLaren (2012)
Grocery store Air-conditioning

(50,000m⊃3/h)
73–87 kgC/m2/a 270–319 kgCO2/m2/a 14 kg/ha 1–6 Dittmeyer et al. (2019), Caldecott, Lomax,

and Workman (2015), McLaren (2012)
Residential building Air-conditioning

(140m⊃3/h)
2.8–3.4 kgC/m2/a 10–12 kgCO2/m2/a 0.2 kg/h a 1–6 Dittmeyer et al. (2019), Caldecott, Lomax,

and Workman (2015), McLaren (2012)
a Production rate of liquid hydrocarbon fuels.
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Table 7. Comparison of identified approaches for storing or sequestering carbon in the built environment based on the literature reviewed. Darker shading in the cells
indicates better ranking.

4. Comparison of the available options

4.1. Maturity, impact, applicability, and timing

Wecompared thematurity, impact, and applicability of the iden-
tified approaches. In addition, their timing of carbon uptake
and storage were examined. The results are summarized in
Table 7.

The estimation of maturity of various approaches is based on
their respective TRLs (Columna. of Table 7). From that viewpoint,
bio-based construction materials, the accumulation of carbon
into soils, carbonization of concrete, and natural photosynthesis
exhibit the highest maturity. On the other hand, artificial pho-
tosynthesis, DAC, and enhanced weathering, as well as living
structures appear to exhibit the lowest maturity.

The timing of carbon uptake and storage may be impor-
tant aspects, as there is an urgency to remove large quantities
of carbon from the atmosphere within the next few decades.
Considering this aspect (Columns b. and c. of Table 7), most of
the approaches uptake carbon and store it during the use phase
of the built environment. Fewer approaches uptake carbon at
the beginning of the life-cycle: bio-based materials, biochar,
CO2-cured concrete, and bio-based plastics (i.e. typologies of
Category 1).

As the carbon uptake or storage potential of different
approaches is documented in the literature found in a non-
comparable manner, it is difficult to precisely compare impacts.
Such a comparison would also require a clear definition of a
use case, against which the comparisons would be measured.
Moreover, speculation of the impact has a temporal aspect: the

current situation differs from that of the future, and predicting
the policy development or market fluctuations was not within
the scope of this study.

The applicability of the approaches is largely dependent
on the case. Most conventional approaches, such as bio-based
construction materials, are theoretically applicable everywhere,
if not as a loadbearing frame, then in supplementary structures
and surfaces. If the building site allows, utilization of ecosys-
tem services (vegetation and soils) is applicable to most cases.
Emerging technological solutions (DAC, artificial or enhanced
photosynthesis, BECCS) are currently less applicable to most
construction projects due to their costs and maintenance
requirements. The same applies to the emerging or marginal,
albeit very inspiring, solutions of living structures and building
skins.

5. Discussion

5.1. Summary of the findings

Although several negative emission technologies are being
developed, their maturing seems to require considerable amou-
nts of time and funds. Therefore, as McGlashan et al. (2012)
conclude, it would be unrealistic to assume that they would
notably impact GHG levels in less than 20 years. Thus, mitigation
efforts should be prioritized. Similarly, the main approach in the
built environment should also be the reduction of GHGs. Simul-
taneously, carbon pools should be built to support global efforts
aimed at removing carbon from the atmosphere.
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Table 8. Ranking of the carbon storage or sequestration potential of different construction applications. Darker shading in the cells indicates better ranking.

Based on our review, we have compiled a ranking of the
practical approaches for currently available carbon removal and
storage technologies in the built environment (Table 8). The
ranking is based on the conclusions and comparisons arrived
at in this article, and our experience as practising architects. It
should be readwith the understanding that regional differences
should always be considered when there are plans to adopt
these approaches.

Approaches that are mature and have sufficient impacts on
climatemitigation include the use of organic constructionmate-
rials, especially timber and bamboo, even when compared with
all possible identified approaches for storing carbon in the built
environment. These construction products are widely applica-
ble, but their use holds potential for upscaling. Focusing on
the building sector results shows a positive influence on overall
carbon balance for wood and bamboo material use in build-
ings and cascade use by increasing the recovery of solid wood
or bamboo products. However, it is of the utmost importance
that the service life of bio-based products is extended beyond
the time required for their source environment to restore their
natural carbon equilibrium. Moreover, it is equally important to
prevent bio-based products from releasing their carbon con-
tent back into the atmosphere at their end-of-life. In addition,
the use levels of forests must be maintained at optimal lev-
els to ensure that their carbon stock capacity is ensured and

enhanced. Therefore, more urban trees and ecosystem services
are needed.

Our review indicates that there are mature technologies that
are not yet used to their optimal potential. These include the
‘Miyawaki’ micro forests as well as urban soils, that both seem
to exhibit a strong potential for very cost-efficiently sequester-
ing carbon. This potential could be further accelerated by using
biochar.

The currently carbon-intensive production of cement-based
materials may be slightly compensated for by carbonation, but
the avoidance of CO2 emissions in the production phase should
be prioritized. Themineralization of CO2 into concrete holds sig-
nificant potential for the future. Although the technology route
from CCS to concrete is still immature, it could offer possible
ways to safely store CO2 into deposits within the built envi-
ronment. As emission trading schemes and sustainable invest-
ing evolve, this may also encourage the development of new
business models.

Negative emission technologies, such as DAC and BECCS,
do not yet directly link to the built environment. First and
foremost, more attention needs to be paid to development
in order to achieve a higher level of maturity before the con-
cept can be transferred to the construction sector. Moreover,
BECCS is linked to the global biomass potential, especially con-
cerning large-scale biomass supply chains. The biomass needs
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of competing sectors may reduce the actual biomass poten-
tial for BECCS (McGlashan et al. 2012). DAC does not require
biomass for the process; therefore, unlike BECCS, it does not
compete with other bio-based sectors (Gutknecht et al. 2018).
One of the main advantages of DAC is the use of atmo-
spheric CO2. Hence, this technology is not linked to any emis-
sion source and does not compete with large-scale carbon
capture (Napp et al. 2017). Rather, DAC is considered as an
alternative and the main potential carbon source from which
to produce synthetic fuels (Gutknecht et al. 2018). The limit-
ing factor for these technologies could ultimately be geolog-
ical storage. In the end, DAC and BECCS require the effec-
tive development of CO2 storage technologies to be consid-
ered as carbon removal technology (Caldecott, Lomax, and
Workman 2015).

Carbon- or bio-based plastics are an alternative form of car-
bon storage, which is already being used in certain applications
in buildings. However, since the quantity of thematerial in build-
ings is marginal, the storage potential remains low.

5.2. Recommendations

Our study has also revealed the need to further process the
results, eventually allowing them to be directly applicable in
practice. Therefore, we propose a set of recommendations
for researchers, designers, clients, product manufacturers, and
policymakers.

(1) Researchers
(a) Verify and localize the values of the approaches for

different countries, regions, or cities
(b) Provide the values in units that are directly applicable

to city-planning (e.g. tCO2/ha) and building design (e.g.
kgCO2/m2)

(c) Provide these values for developers of major BIM and
LCA software

(2) Designers
(a) Start evaluating the carbon storages and pools in

projects
(b) Provide estimations of site- and building level carbon

storages for clients
(c) Request information from product manufacturers

(3) Clients
(a) Create demand for carbon pools and storages in the

built environment
(b) Setminimum requirements for carbon uptake and stor-

age in green public procurement of buildings and
infrastructure works

(c) Introduce carbon uptake and storage as a parameter in
architectural competitions

(4) Product manufacturers
(a) Include carbon storage data and scenarios in the Envi-

ronmental Product Declarations of construction prod-
ucts where possible

(b) Study options for selling emission compensations
through long-term or permanent carbon storages in
products

(5) Policymakers

(a) Support the long-term storage of carbon into the built
environment through policy development and norma-
tive requirements

(b) Channel funding for accelerating the development of
promising approaches (based on Tables 7 and 8)

(c) Empower activism by offering citizens, NGO’s, property
developers and funders with practical instructions on
ways to store carbon in the built environment.

Based on our review, the potential of the built environment
as a carbon storage appears yet to be discovered and taken
into systematic use. Therefore, it would be essential to rapidly
utilize mature technologies for storing carbon in our buildings
and infrastructure. These long-living assets should be taken into
use in the global efforts to mitigate the anthropogenic climate
change. At the same time, it should be ensured that increas-
ing carbon stocks in the built environment would not cause
collateral emissions or decreases of other carbon pools.

Finally, we underline the importance of adopting an active
role in climate-conscious building design. Approaching carbon
neutrality requires that an iterative design process is applied, in
which the emissions are reduced and the stocks simultaneously
increased.
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Butkutė, B., I. Liaudanskiene, Z. Jankauskiene, E. Gruzdeviene, J. Ceseviciene,
and K. Amaleviciute. 2015. “Features of Carbon Stock in the Biomass of
Industrial Hemp and Stinging Nettle.” In Renewable Energy in the Service of
Mankind. Vol. I, edited by A. Sayigh, 17–25. Cham: Springer International
Publishing.

Caldecott, B., G. Lomax, and M. Workman. 2015. Stranded Carbon Assets and
Negative Emissions Technologies.

http://orcid.org/0000-0003-3101-458X
http://orcid.org/0000-0001-9325-9844


14 M. KUITTINEN ET AL.

Cao, Z., R. Myers, R. Lupton, H. Duan, R. Sacchi, N. Zhou, R. Miller, J. Cullen, G.
Quansheng, and G. Liu. 2020. “The Sponge Effect and Carbon Emission
Mitigation Potentials of the Global Cement Cycle.” Nature Communica-
tions 11 (29): 3777.

CarbonCure. 2019. CarbonCure ReadyMix Technology Plant Integration. Dart-
mouth: CarbonCure.

Carroll, D. 1970. RockWeathering. Boston, MA: Springer US.
Castañeda-Mendoza, A., J. Vargas-Hernández, A. Gómez-Guerrero, J. I.

Valdez-Hernández, and H. Vaquera-Huerta. 2005. “Carbon Accumulation
in the Aboveground Biomass of a Bambusa Oldhamii Plantation.” Agro-
ciencia 39 (1): 107–116.

Chen, W. 2015. “The Role of Urban Green Infrastructure in Offsetting Carbon
Emissions in 35 Major Chinese Cities: A Nationwide Estimate.” Cities 44:
112–120.

Chi, J. M., R. Huang, and C. C. Yang. 2002. “Effects of Carbonation on
Mechanical Properties and Durability of Concrete Using Accelerated
Testing Method.” Journal of Marine Science and Technology 10 (1):
14–20.

Cho, H.-K., H.-S. Lee, X.-Y. Wang, M. A. Ismail, and W.-J. Park. 2015. “Eval-
uation of CO2 Emission-Absorption of Fly-Ash-Blended Concrete Struc-
tures Using Cement-Hydratation-Based Carbonation Model.” Materials
and Structures 48 (12): 3949–3963.

Churkina, G., A. Organschi, C. P. O. Reyer, A. Ruff, K. Vinke, Z. Liu, B. K. Reck,
T. E. Graedel, and H. J. Schnellhuber. 2020. “Buildings as a Global Carbon
Sink.” Nature Sustainability 3: 269–276.

Collins, F. 2010. “Inclusion of Carbonation During the Life Cycle of Built and
Recycled Concrete: Influence on Their Carbon Footprint.” The Interna-
tional Journal of Life Cycle Assessment 15 (6): 549–556.

Cui, S., J. Borgemenke, Z. Liu, and Y. Li. 2019. “Recent Advances of “Soft”
Bio-Polycarbonate Plastics from Carbon Dioxide and Renewable Bio-
Feedstocks via Straightforward and Innovative Routes.” Journal of CO2

Utilization 34: 40–52.
Dénes, O., I. Florea, and D. Manea. 2019. “Utilization of Sheep Wool as a

Building Material.” ProcediaManufacturing 32: 236–241.
Dittmeyer, R., M. Klumpp, P. Kant, and G. Ozin. 2019. “Crowd Oil Not Crude

Oil.” Nature Communications 10: 1818.
Duarte, C., J. Wu, X. Xiao, A. Bruhn, and D. Krause-Jensen. 2017. “Can Sea-

weed Farming Play a Role in Climate ChangeMitigation andAdaptation?”
Frontiers in Marine Science 4 (100): 1–8.

Edmondson, J., Z. Davies, N. McHugh, K. Gaston, and J. Leake. 2012. “Organic
Carbon Hidden in Urban Ecosystems.” Scientific Reports 2 (963): 1–7.

Ekovilla. 2018. Ympäristöseloste, puhallusvilla [Environmental Product Dec-
laration, Blown Cellulose Insulation]. Espoo: VTT Technical Research
Centre.

Element Energy Ltd, Process Systems Enterprise Ltd, Carbon Counts Ltd,
Imperial College, and University of Sheffield. 2014. Demonstrating CO2

Capture in the UK Cement, Chemicals, Iron and Steel and Oil Refining
Sectors by 2025: A Techno-Economic Study. Cambridge: Element Energy
Ltd.

European Committee for Standardization. 2011. EN 15643-2: Sustainability
of Construction Works. Assessment of Buildings. Part 2: Framework for the
Assessment of Environmental Performance. Brussels: CEN.

European Committee for Standardization. 2013. ISO 16290:2013 Space Sys-
tems– Definitionof the TechnologyReadiness Levels (TRLs) andTheir Criteria
of Assessment. Brussels: CEN.

European Committee for Standardization. 2014. EN 16449: Wood andWood-
Based Products – Calculation of the Biogenic Carbon Content of Wood and
Conversion to Carbon Dioxide. Brussels: CEN.

FAO (Food and Agriculture Organization of the United Nations). 2004.Global
Forest Resources Assessment Update 2005: Terms and Definitions (Final Ver-
sion). Rome: FAO.

Fasihi, M., O. Efimova, and C. Breyer. 2019. “Techno-Economic Assessment
of CO2 Direct Air Capture Plants.” Journal of Cleaner Production 224:
957–980.

Frischknecht, R., M. Balouktsi, T. Lützkendorf, A. Aumann, H. Birgisdottir, E. G.
Ruse, A. Hollbers, et al. 2019. “Environmental Benchmarks for Buildings:
Needs, Challenges and Solutions.” The International Journal of Life Cycle
Assessment 24: 2272–2280.

Gale, B. 2011. The Potential of Living Willow Structures in the Landscape. Syra-
cuse, NY: College of Environmental Science and Forestry.

Galinato, S., J. Yoder, and D. Granatstein. 2011. “The Economic Value of
Biochar in Crop Production and Carbon Sequestration.” Energy Policy 39
(10): 6344–6350.

Gao, H., X. Chen, J. Wei, Y. Zhang, L. Zhang, J. Chang, and M. L. Thompson.
2016. “Decomposition Dynamics and Changes in Chemical Composition
of Wheat Straw Residue Under Anaerobic and Aerobic Conditions.” PLoS
ONE 11 (7): e0158172.

Garcia, B., V. Beaumont, E. Perfetti, V. Rouchn, D. Blanchet, P. Oger, G. Dro-
math, A. Huc, and F. Haeseler. 2010. “Experiments and Geochemical Mod-
elling of CO2 Sequestration by Olivine: Potential, Quantification.” Applied
Geochemistry 25 (9): 1383–1396.

German Institute for Standardization. 2017. DIN EN 16757: Sustainability of
Construction Works – Environmental Product Declarations – Product Cate-
gory Rules for Concrete and Concrete Elements.

Geyer, R., J. Jambeck, and K. Law. 2017. “Production, Use, and Fate of All
Plastics Ever Made.” Science Advances 3 (7): e1700782.

Giesekam, J., D. Tingley, and I. Cotton. 2018. “Aligning Carbon Targets for
Construction with (Inter)national Climate Change Mitigation Commit-
ments.” Energy & Buildings 2018 (165): 106–117.

Gignac, R., andM. Damon. 2015. “Allocating a 2C Cumulative Carbon Budget
to Countries.” Environmental Research Letters 10 (7): 075004.

Gonzalez, A. 2014. “Energy and Carbon Embodied in Straw and Clay Wall
Blocks Produced Locally in the Andean Patagonia.” Energy and Buildings
70 (8): 15–22.

Gu, L., Y. Zhou, T. Mei, G. Zhou, and L. Xu. 2019. “Carbon Footprint Analysis
of Bamboo Scrimber Flooring – Implications for Carbon Sequestration of
Bamboo Forests and Its Products.” Forests 10 (1): 51.

Gupta, S., and H.-W. Kua. 2017. “Factors Determining the Potential of
Biochar as a Carbon Capturing and Sequestering Construction Mate-
rial: Critical Review.” Journal of Materials in Civil Engineering 29 (9).
doi:10.1061/(ASCE)MT.1943-5533.0001924.

Gurudayal, J. Bullock, D. F. Srankó, C. M. Towle, Y. Lum,M. Hettick, M. C. Scott,
A. Javey, and J. W. Ager. 2017. “Efficient Solar-Driven Electrochemical CO2

Reduction to Hydrocarbons and Oxygenates.” Energy & Environmental
Science 2017 (10): 2222–2230.

Gutknecht, V., S. O. Snæbjörnsdóttir, B. Sigfusson, E. S. Aradóttir, and L.
Charles. 2018. “Creating a Carbon Dioxide Removal Solution by Combin-
ing Rapid Mineralization of CO2 with Direct Air Capture.” Energy Procedia
146: 129–134.

Hafner, A. 2017. “How BuildingwithWood Can Be Linked to Sales of Building
Plots: Results from an Exemplary Site Development in Munich, Germany.”
Sustainability 9 (6): 947.

Hafner, A., and S. Rüter. 2018. “Method for Assessing the National Impli-
cations of Environmental Impacts from Timber Buildings – an Exem-
plary Study for Residential Buildings in Germany.”Wood Fibre Science 50:
139–154.

Hafner, A., and S. Schäfer. 2017. “Comparative LCA Study of Different Timber
andMineral Buildings andCalculationMethod for Substitution Factors on
Building Level.” Journal of Cleaner Production 167: 630–642.

Hafner, A., and S. Schäfer. 2018. “Environmental Aspects ofMaterial Efficiency
Versus Carbon Storage in Timber Buildings.” European Journal of Wood
andWood Products 76 (3): 1045–1059.

Han, N., H. Du, G. Zhou, X. Xu, R. Cui, and C. Gu. 2013. “Spatiotemporal Het-
erogeneity of Moso Bamboo Aboveground Carbon Storage with Land-
sat Thematic Mapper Images: A Case Study from Anji County, China.”
International Journal of Remote Sensing 34 (14): 4917–4932.

Hartmann, J., A. J. West, P. Renforth, P. Köhler, C. L. De La Rocha, D. A.
Wolf-Gladrow, H. H. Dürr, and J. Scheffran. 2013. “Enhanced Chemical
Weathering as a Geoengineering Strategy to Reduce Atmospheric Car-
bonDioxide, Supply Nutrients, andMitigateOceanAcidification.” Reviews
of Geophysics 51 (2): 113–149.

Haselbach, L., and A. Thomas. 2014. “Carbon Sequestration in Concrete
Sidewalk Samples.” Construction and BuildingMaterials 54: 47–52.

Haszeldine, S., A. Cavanagh, V. Scott, S. Sohi, O. Masek, and P. Renforth. 2019.
Greenhouse Gas Removal Technologies: Approaches and Implementation
Pathways in Scotland. https://www.climatexchange.org.uk/media/3749/
greenhouse-gas-removal-technologies.pdf.

Heeren, N., C. L. Mutel, B. Steubing, Y. Ostermeyer, H. Wallbaum, and S.
Hellweg. 2015. “Environmental Impact of Buildings – What Matters?”
Environmental Science and Technology 49 (16): 9832–9841.

https://doi.org/10.1061/(ASCE)MT.1943-5533.0001924
https://www.climatexchange.org.uk/media/3749/greenhouse-gas-removal-technologies.pdf


ARCHITECTURAL SCIENCE REVIEW 15

Heinrich, M., S. von Mammen, D. Hofstadler, M. Wahby, P. Zahadat, T.
Skrzypczak, M. Soorati, et al. 2019. “Constructing Living Buildings: A
Review of Relevant Technologies for a Novel Application of Biohybrid
Robotics.” Journal of the Royal Society Interface 16 (156): 20190238.

Herczeg, M., D. McKinnon, L. Milios, I. Bakas, E. Klaassens, K. Svatikova, and O.
Widerberg. 2014. Resource Efficiency in the Building Sector. Final Report to
DG Environment. Rotterdam: ECORYS.

Heusinger, J., and S. Weber. 2017. “Extensive Green Roof CO2 Exchange and
its Seasonal Variation Quantified by Eddy Covariance Measurements.”
Science of the Total Environment 607-608: 623–632.

Hirsch, J., L. Juan, R. Recourt, M. Spanner, P. Geiger, M. Haran, S. McGreal,
et al. 2019. Stranding Risk & Carbon. Science-Based Decarbonising of the EU
Commercial Real Estate Sector. Wörgl: CRREM.

Huang, H., R. Guo, T. Wang, X. Hu, S. Garcia, M. Fang, Z. Luo, and M. Maroto-
Valer. 2019a. “Carbonation Curing for Wollastonite-Portland Cementi-
tious Materials: CO2 Sequestration Potential and Feasibility Assessment.”
Journal of Cleaner Production 211: 830–841.

Huang, H., T. Wang, B. Kolosz, J. Andresen, S. Garcia, M. Fang, and M.
Maroto-Valer. 2019b. “Life-Cycle Assessment of Emerging CO2 Mineral
Carbonation-Cured Concrete Blocks: Comparative Analysis of CO2 Reduc-
tion Potential and Optimization of Environmental Impacts.” Journal of
Cleaner Production 241: 118359.

IPCC. 2005. IPCC Special Report on Carbon Dioxide Capture and Storage. New
York: Cambridge University Press.

IPCC. 2006. 2006 IPCCGuidelines forNationalGreenhouseGas Inventories. IGES.
IPCC. 2018. Global Warming of 1.5C. An IPCC Special Report on the Impacts

of Global Warming of 1.5°C above Pre-Industrial Levels and Related
Global Greenhouse Gas Emission Pathways, in the Context of Strength-
ening the Global Response to the Threat of Climate Change. WMO and
UNEP.

IPCC. 2019. Climate Change and Land: An IPCC Special Report on Climate
Change, Desertification, LandDegradation, Sustainable LandManagement,
Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems. Shukla,
P. R.; Skea, J.; Calvo Buendia, E.; Masson-Delmotte, V.; Pörtner, H.-O.;
Roberts, D. C.; Zhai, P.; Slade, R.; Connors, S.; van Diemen, R.; Ferrat, M.;
Haughey, E.; Luz, S.; Neogi, S.; Pathak, M.; Petzold, J.; Portugal Pereira, J.;
Vyas, P.; Huntle.

Jacobsen, S., and P. Jahren. 2001. Bindingof CO2 byCarbonationofNorwegian
OPC Concrete.

Jami, T., D. Rawtani, and Y. Agraval. 2016. “Hemp Concrete: Carbon Negative
Technology.” EmergingMaterials Research 5 (2): 240–247.

Jones, M., T. Bhat, T. Huynh, E. Kandare, R. Yuen, C. Wang, and S. John. 2018.
“Waste-Derived Low-Cost Mycelium Composite Construction Materials
with Improved Fire Safety.” Fire andMaterials 42 (17): 816–825.

Kalt, G. 2018. “Carbon Dynamics and GHG Implications of Increasing Wood
Construction: Long-Term Scenarios for Residential Buildings in Austria.”
CarbonManagement 9 (3): 265–275.

Kidalova, L., E. Terpakova, and N. Stevulova. 2011. “MgO Cement as Suitable
Conventional Binders Replacement in Hemp Concrete.” Pollack Periodica
6 (3): 115–122.

Kim, E., C.-H. Wu, M. Adams, and P. Zhang. 2016. “Exceptionally High Rates
of Biological Hydrogen Production by Biomimetic In Vitro Synthetic
Enzymatic Pathways.” Chemistry – A European Journal 22 (45): 16047–
16051.

König, H. 2016. “Carbon Storage and CO2 Substitution in New Buildings.” In
Sustainable Built Environment Conference, Hamburg.

Kuittinen, M., T. Häkkinen, and S. Vares. 2019. Plastics in Buildings: A Study
of Finnish Blocks of Flats and Daycare Centres. Helsinki: Ministry of the
Environment.

Kuittinen,M., and S.Winter. 2015. “Carbon Footprint of Transitional Shelters.”
International Journal of Disaster Risk Science 6 (3): 226–237.

Lackner, K. S. 2009. “Capture of Carbon Dioxide from Ambient Air.” The
European Physical Journal Special Topics 176 (1): 93–106.

Lagerblad, B. 2005. Carbon Dioxide Uptake During Concrete Life-Cycle – State
of the Art. Stockholm: Swedish Cement and Concrete Research Institute.

Laleicke, P. F., A. Cimino-Hurt, D. Gardner, and A. Sinha. 2015. “Comparative
Carbon Footprint Analysis of Bamboo and Steel Scaffolding.” Journal of
Green Building 10 (1): 114–126.

Lefebvre, D., P. Goglio, A. Williams, D. A. C. Manning, A. C. de Azevedo,
M. Bergmann, J. Meersmans, and P. Smith. 2019. “Assessing the Poten-
tial of Soil Carbonation and Enhanced Weathering Through Life Cycle
Assesment: A Case Study for Sao Paulo State, Brazil.” Journal of Cleaner
Production 233: 468–481.

Leksungnoen, N. 2017. “Physiological Traits Contributing to Carbon Stor-
age Variation in Monstery Bamboo and Pai Liang in Northeastern
Thailand.” Songklanakarin Journal of Science and Technology 39 (2):
215–223.

Leung, D. Y. C., G. Caramanna, and M. M. Maroto-Valer. 2014. “An Overview
of Current Status of Carbon Dioxide Capture and Storage Technologies.”
Renewable and Sustainable Energy Reviews 39: 426–443.

Levasseur, A., B. Miguel, P. Lesage, M. Margni, D. Pennington, R. Clift, and
R. Samson. 2012. “Valuing Temporary Carbon Storage.” Nature Climate
Change 2: 6–8.

Ludwig, F., W. Middleton, F. Gallenmüller, P. Rogers, and T. Speck. 2019.
“Living Bridges Using Aerial Roots of Ficus Elastica – An Interdisciplinary
Perspective.” Scientific Reports 9 (1): 12226.

Ludwig, F., H. Schwetfeger, and O. Storz. 2012. “Living Systems: Designing
Growth in Baubotanik.” Architectural Design 82 (2): 82–87.

Luo, H., X. Liu, B. Anderson, K. Zhang, X. Li, B. Huang, M. Li, et al. 2015. “Car-
bon Sequestration Potential of Green Roofs Using Mixed-Sewage-Sludge
Substrate in Chengdu World Modern Garden City.” Ecological Indicators
49: 247–259.

Ma, S., F. He, D. Tian, D. Zou, Y. Zhengbing, Y. Yulong, T. Zhou, K. Huang, H.
Shen, and J. Fang. 2018. “Variations and Determinants of Carbon Content
in Plants: A Global Synthesis.” Biogeosciences 15 (3): 693–702.

Manuel, C. 2020. TheMiyawakiMethod– Data&Concept. http://urban-forests.
com/wp-content/uploads/2020/05/Urban-Forests-report-The-Miyawaki-
method-%E2%80%93-Data-concepts.pdf.

Material Economics. 2019. Industrial Transformation 2050 – Pathways to Net-
Zero Emissions from EU Heavy Industry. Cambridge: University of Cam-
bridge Institute for Sustainability Leadership.

Mattila, T., J. Grönroos, J. Judl, andM.-R. Korhonen. 2012. “Is Biochar or Straw
Bale Construction Better Carbon Storage from a Life Cycle Perspective?”
Process Safety and Environmental Protection 90 (6): 452–458.

McGlashan, N., N. Shaha, B. Caldecott, and M. Workmana. 2012. “High-Level
Techno-Economic Assessment of Negative Emissions Technologies.” Pro-
cess Safety and Environmental Protection 90 (6): 501–510.

McLaren, D. 2012. “A Comparative Global Assessment of Potential Negative
Emissions Technologies.” Process Safety and Environmental Protection 90
(6): 489–500.

Miyawaki, A. 1998. “Restoration of Urban Green Environments Based on the
Theories of Vegetation Ecology.” Ecological Engineering 11: 157–165.

Monteiro, I., F. A. Branco, J. de Brito, and R. Neves. 2012. “Statistical Anal-
ysis of the Carbonation Coefficient in Open Air Concrete Structures.”
Construction and BuildingMaterials 29: 263–269.

Moosdorf, N., P. Renforth, and J. Hartmann. 2014. “Carbon Dioxide Efficiency
of Terrestrial Enhanced Weathering.” Environmental Science & Technology
48 (9): 4809–4816.

Murcia Valderrama, M., R.-J. van Putten, and G.-J. Gruter. 2019. “The Potential
of Oxalic – and Glycolic Acid Based Polyesters (Review). Towards CO2 as
a Feedstock (Carbon Capture and Utilization – CCU).” European Polymer
Journal 119: 445–468.

Napp, T., T. Hills, S. M. Soltani, J. Bosch, and C. Mazur. 2017. A Survey of Key
Technological Innovations for the Low-Carbon Economy. G. Institute.

Nilsson, L.-O. 2011. A New Model for CO2-Absorption of Concrete Structures.
CO2-Cycle in Cement and Concrete Part 7: Models for CO-Absorption. L. L. U.
Building Materials.

Nowak, D., E. Greenfield, R. Hoehn, and E. Lapoint. 2013. “Carbon Storage
and Sequestration by Trees in Urban and Community Areas of the United
States.” Environmental Pollution 178: 229–236.

Ottburg, F., D. Lammertsma, J. Bloem, W. Dimmers, H. Jansman, and R.
Wegman. 2018. Tiny Forest Zaanstad: Citizen Science and Determining Bio-
diversity in Tiny Forest Zaanstad. Wageningen: Wageningen University &
Research.

Pade, C., andM. Guimaraes. 2007. “The CO2 Uptake of Concrete in a 100 Year
Perspective.” Cement and Concrete Research 37 (9): 1384–1356.

http://urban-forests.com/wp-content/uploads/2020/05/Urban-Forests-report-The-Miyawaki-method-%E2%80%93-Data-concepts.pdf


16 M. KUITTINEN ET AL.

Perissi, I., S. Falsini, U. Bardi, D. Natalini, M. Green, A. Jones, and J. Solé. 2018.
“Potential EuropeanEmissions TrajectoriesWithin theGlobal CarbonBud-
get.” Sustainability 10 (4225): 1–13.

Pervaiz, M., and M. Sain. 2003. “Carbon Storage Potential in Natural Fiber
Composites.” Resources, Conservation and Recycling 39 (4): 325–340.

Possan, E., E. F. Felix, andW. D. A. Thomaz. 2016. “CO2 Uptake by Carbonation
of Concrete During Life Cycle of Building Structures.” Journal of Building
Pathology and Rehabilitation 1: 7.

Pour, N., P. Webley, and P. J. Cook. 2017. “A Sustainability Framework
for Bioenergy with Carbon Capture and Storage (BECCS) Technologies.”
Energy Procedia 114: 6044–6056.

Pownall, A. 2019. “Pavilion Grown from Mycelium Acts as Pop-Up Perfor-
mance Space at Dutch Design Week.” Dezeen.com, October 29. Accessed
April 6, 2020. https://www.dezeen.com/2019/10/29/growing-pavilion-
mycelium-dutch-design-week/.

Pretot, S., F. Collet, and C. Garnier. 2014. “Life Cycle Assessment of a Hemp
Concrete Wall: Impact of Thickness and Coating.” Building and Environ-
ment 72: 223–231.

Purakayastha, T., S. K. Chauhan, S. Sasmal, and S. Pathak. 2015. “Biochar Car-
bon Sequestration in Soil – a Myth or Reality?” International Journal of
Bio-Resource and Stress Management 6 (5): 623–630.

Raciti, S., P. Groffman, J. Jenkins, R. Pouyat, T. Fahey, S. Pickett, and M. Cade-
nasso. 2011. “Accumulation of Carbon and Nitrogen in Residential Soils
with Different Land-Use Histories.” Ecosystems 14 (2): 287–297.

Raciti, S., L. Hutyra, and A. Finci. 2012. “Depleted Soil Carbon and Nitro-
gen Pools Beneath Impervious Surfaces.” Environmental Pollution 164:
248–251.

Ramirez, A. D., D. Torres, P. Peña, and J. Duque-Rivera. 2014. “Life Cycle
Assessment of Greenhouse Gas Emissions Arising from the Production of
Glued and Pressed Wall Panels Derived from Guadua Angustifolia Kunth
(Bamboo) in Equador.” WIT Transactions on the Built Environment 142:
447–457.

Renforth, P. 2012. “The Potential of Enhanced Weathering in the UK.” Inter-
national Journal of Greenhouse Gas Control 10: 229–243.

Renforth, P., P. Pogge von Strandmann, and G. Henderson. 2015. “The Dis-
solution of Olivine Added to Soil: Implications for EnhancedWeathering.”
Applied Geochemistry 61 (2015): 109–118.

Roobroeck, D., R. Hood-Nowotny, D. Nakubulwa, J. Tumuhairwe, M. Mwan-
jalolo, I. Ndawula, and B. Vanlauwe. 2019. “Biophysical Potential of Crop
Residues for Biochar Carbon Sequestration, and Co-Benefits, in Uganda.”
Ecological Applications 29 (8): 1–10.

Rosen, J. 2020. “Turning Carbon into Concrete Could Win UCLA Team a
Climate Victory – and $7.5 Million.” Los Angeles Times, January 16.

Rüter, S. 2017. The Contribution of theMaterialWoodUse to Climate Protection
– theWoodCarbonMonitor Model.

Rüter, S., R. W. Matthews, M. Lundblad, A. Sato, and R. A. Hassan. 2019.
Chapter 12: Harvested Wood Products. 2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories, Vol. 4, 1–49.

Rüter, S., F. Werner, N. Forsell, C. Prins, E. Vial, and A.-L. Levet. 2016. Climate
Benefits of Material Substitution by Forest Biomass and Harvested Wood
Products: Perspective 2030. Braunschweig.

Sanna, A., M. Uibu, G. Caramanna, R. Kuusik, and M. Maroto-Valer. 2014. “A
ReviewofMineral Carbonation Technologies to Sequester CO2.”Chemical
Society Reviews 43 (2014): 8049–8080.

Schirone, B., A. Salis, and F. Vesella. 2011. “Effectiveness of the Miyawaki
Method in Mediterranean Forest Restoration Programs.” Landscape and
Ecological Engineering 7 (1): 81–92.

Schmidt, H.-P. 2013. “Novel Uses of Biochar.” USBI North American Biochar
Symposium, Amherst, MA.

Schuiling, R. D., andO. Tickell. 2010. “EnhancedWeathering ofOlivine to Cap-
ture CO2.” Journal of Applied Geochemistry 12 (4): 510–
519.

Schwarzova, I., N. Stevulova, and T. Melichar. 2017. “Lightweight Compos-
ites Based on Technical Hemp Hurds in Construction Industry.” Chemical
Engineering Transactions 57: 1369–1374.

Seppälä, J., T. Heinonen, T. Pukkala, A. Kilpeläinen, T. Mattila, T. Myllyviita, A.
Asikainen, and H. Peltola. 2019. “Effect of IncreasedWood Harvesting and
Utilization on Required Greenhouse Gas Displacement Factors of Wood-
Based Products and Fuels.” Journal of Environmental Management 2019
(247): 580–587.

Shanmughavel, P., and K. Francis. 1996. “Above Ground Biomass Produc-
tion and Nutrient Distribution in Growing Bamboo (Bambusa Bambos (L.)
Voss).” Biomass and Bioenergy 10 (5–6): 383–391.

Smith, P. 2016. “Soil Carbon Sequestration and Biochar as Negative Emission
Technologies.” Global Change Biology 22 (3): 1315–1324.

Smith, R., J. Williamson, D. Pataki, J. Ehleringer, and P. Dennison. 2018. “Soil
Carbon and Nitrogen Accumulation in Residential Lawns of the Salt Lake
Valley, Utah.” Oecologia 187 (4): 1107–1118.

Sodagar, B., R. Deepak, B. Jones, J. Wihan, and R. Fieldson. 2010. “The Carbon
Reduction Potential of Straw-Bale Housing.” Building Research & Informa-
tion 39 (1): 51–65.

Takano, A., M. Highes, and S. Winter. 2014. “A Multidisciplinary Approach
to Sustainable Building Material Selection: A Case Study in a Finnish
Context.” Building and Environment 82: 526–535.

Talaei, M., and M. Mahdavinejad. 2019. “Probable Cause of Damage to the
Panel ofMicroalgae Bioreactor Building Façade: Hypothetical Evaluation.”
Engineering Failure Analysis 101: 9–21.

Taylor, L. L., J. Quirk, R. M. S. Thorley, P. A. Kharecha, J. Hansen, A. Ridgwell,
M. R. Lomas, S. A. Banwart, and D. J. Beerling. 2016. “Enhanced Weather-
ing Strategies for Stabilizing Climate and Averting Ocean Acidification.”
Nature Climate Change 6: 402–406.

Teng, J., T. Xiang, Z. Huang, J. Wu, P. Jiang, C. Meng, Y. Li, and J. J. Fuhrmann.
2016. “Spatial Distribution and Variability of Carbon Storage in Different
Sympodial Bamboo Species in China.” Journal of Environmental Manage-
ment 168: 46–52.

Thomas, S., and A. Martin. 2012. “Carbon Content of Tree Tissues: A Synthe-
sis.” Forests 3 (2): 332–352.

Thonemann, N. 2020. “Environmental Impacts of CO2-Based Chemical Pro-
duction: A Systematic Literature Review and Meta-Analysis.” Applied
Energy 263: 114599.

Trammell, T., R. Pouyat, M. M. Carreira, and I. D. Yesilonis. 2017. “Drivers of
Soil and Tree Carbon Dynamics in Urban Residential Lawns: A Modeling
Approach.” Ecological Applications 27 (3): 991–1000.

Tu, Z., M.-Z. Guo, C. S. Poon, andC. Shi. 2016. “Effects of Limestone Powder on
CaCO3 Precipitation in CO2 Cured Cement Pastes.” Cement and Concrete
Composites 72: 9–16.

United Nations. 2015. Paris Agreement to the United Nations Framework Con-
vention on Climate Change, Dec. 12, 2015. Paris: United Nations.

United Nations Environment Programme. 2019. Emissions Gap Report 2019.
Nairobi: UNEP.

Urbanist. 2017. “Baubotanik: German Botanical Architect Grows Buildings
Out of Trees.” WebUrbanist.com, January 3. Accessed April 6, 2020.
https://weburbanist.com/2017/01/03/baubotanik-german-botanical-arc
hitect-grows-buildings-out-of-trees/.

van der Lugt, P., J. Vogtländet, and H. Brezet. 2009. Bamboo, a Sustain-
able Solution for Western Europe Design Cases, LCAs and Land-Use. Beijing:
International Network for Bamboo and Rattan.

Vandkunsten Architects. 2013. “Architectural Seaweed.” Accessed March 31,
2020. https://vandkunsten.com/en/projects/seaweedhouse.

Vares, S., T. Häkkinen, and T. Vainio. 2017. Rakentamisen hiilivarasto [Car-
bon Storage of Construction]. VTT, Report to the Ministry of the
Environment.

Vasenev, V., and Y. Kuzyakov. 2018. “Urban Soils as Hot Spots of Anthro-
pogenic Carbon Accumulation: Review of Stocks, Mechanisms and Driv-
ing Factors.” Land Degradation & Development 29 (6): 1607–
1622.

Velasco, E., R. Perrusquia, E. Jiménez, F. Hernández, P. Camacho, S. Rodriguez,
A. Retama, and L. Molina. 2014. “Sources and Sinks of Carbon Dioxide
in a Neighborhood of Mexico City.” Atmospheric Environment 97: 226–
238.

Vogtländer, J., N. van der Velden, and P. van der Lugt. 2014. “Carbon Seques-
tration in LCA, a Proposal for aNewApproach Based on theGlobal Carbon
Cycle; Cases on Wood and on Bamboo.” The International Journal of Life
Cycle Assessment 19 (1): 13–23.

von der Assen, N., and A. Bardow. 2014. “Life Cycle Assessment of Polyols
for Polyurethane Production Using CO2 as Feedstock: Insights from an
Industrial Case Study.” Green Chemistry 16 (6): 3272–3280.

Wang, L., L. Chen, D. Tsang, H.-W. Kua, J. Yang, Y. Ok, S. Ding, D. Hou, and C.
Poon. 2019. “The Roles of Biochar asGreenAdmixture for Sediment-Based
Construction Products.” Cement and Concrete Composites 104: 103348.

https://www.dezeen.com/2019/10/29/growing-pavilion-mycelium-dutch-design-week/
https://weburbanist.com/2017/01/03/baubotanik-german-botanical-architect-grows-buildings-out-of-trees/
https://vandkunsten.com/en/projects/seaweedhouse


ARCHITECTURAL SCIENCE REVIEW 17

Wiechula, A. 1926. Wachsende Häuser aus lebenden Bäumen entstehend.
Berlin: Verlag Naturbau.

Williamson, P. 2016. “Emissions Reduction: Scrutinize CO2 Removal Meth-
ods.” Nature 530: 153–155.

Wolff, T., T. Brinkmann, M. Kerner, and S. Hindersin. 2015. “CO2 Enrichment
from Flue Gas for the Cultivation of Algae – a Field Test.” Greenhouse
Gases: Science and Technology 5 (5): 505–512.

WorldGreenBuildingCouncil. 2019.BringingEmbodiedCarbonUpfront:Coor-
dinated Action for the Building and Construction Sector to Tackle Embodied
Carbon. New York: World GBC.

Wurm, J., andM. Pauli. 2016. “SolarLeaf: TheWorld’s First Bioreactive Facade.”
Architectural Research Quarterly 20 (1): 73–79.

3XN_GXN. 2016.Affald somRessource:Potentialer forUpcycledeDanskeBygge-
materialer. 3XN_GXN.

Yuen, J., T. Fung, and A. Ziegler. 2017. “Carbon Stocks in Bamboo Ecosystems
Worldwide: Estimates andUncertainties.” Forest EcologyandManagement
393: 113–138.

Zhao, S., B. Huang, X. Shu, and P. Ye. 2014. “Laboratory Investigation of
Biochar-Modified Asphalt Mixture.” Transportation Research Record 2445
(1): 56–63.

Zribi, L., H. Chaar, A. Khaldi, and F. Mouillot. 2016. “Estimate of Biomass and
Carbon Pools in Disturbed and Undisturbed oak Forests in Tunisia.” Forest
Systems 25 (2): 4.


	1. Introduction: the needs and approaches for removing carbon from the atmosphere
	1.1. Carbon neutrality and the built environment
	1.2. Technologies for removing carbon from the atmosphere
	1.3. Objectives and structure of the study

	2. Methods
	2.1. Identification and description of approaches
	2.2. Estimation and ranking of the maturity and carbon storage potential

	3. Results
	3.1. Identified approaches for storing carbon into the built environment
	3.2. Carbon captured off and stored on the site
	3.2.1. Bio-based construction materials: wood
	3.2.2. Other bio-based construction materials
	3.2.3. Biochar
	3.2.4. Carbon captured and utilized for CO2-cured concrete
	3.2.5. Carbon captured and utilized for plastics

	3.3. Carbon captured and stored on site
	3.3.1. Carbonation of concrete and cement-based materials
	3.3.2. Enhanced weathering
	3.3.3. Natural, enhanced, and artificial photosynthesis on the site
	3.3.4. Soil organic carbon in the site
	3.3.5. Living building materials

	3.4. Carbon captured on the site and stored off the site
	3.4.1. Bioenergy with carbon capture and storage
	3.4.2. Direct air capture


	4. Comparison of the available options
	4.1. Maturity, impact, applicability, and timing

	5. Discussion
	5.1. Summary of the findings
	5.2. Recommendations

	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


