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The background report addresses negative emissions in the life cycle analysis of buildings and measures
to achieve net zero greenhouse gas emissions over the entire life cycle of individual buildings (net zero
whole life carbon buildings, NZWLC buildings).

Buildings and their supply chains are responsible for 37% of global energy-related CO2 emissions. The
construction and real estate sector must drastically reduce its emissions to support the climate goals of the
Paris Agreement. Buildings are increasingly seen - in addition to the traditional perception of being a direct
and indirect source of GHG emissions - as carbon sinks, with materials such as wood and selected recy-
cled products offering potential for carbon removal. There is a need for international harmonisation of terms
and concepts to avoid greenwashing.

The background report defines key terms related to negative emissions in the life cycle of buildings. Three
main categories are described: (1) carbon dioxide removal, (2) emission reduction and (3) potentially
avoided emissions. Carbon dioxide removal refers to technologies that remove CO2 from the atmosphere
and store it permanently. Emission reductions refer to technical measures that lead to lower emissions
without removing CO2 from the atmosphere. Potentially avoided emissions are based on a model approach
to avoiding emissions through substitution. Examples include the use of recycled steel or feeding PV elec-
tricity into the grid.

The effects of temporary and permanent storage on the development of the global mean temperature are
discussed. Temporary storage can delay the rise in temperature by 8 to 20 years but has no significant
long-term impact. Permanent carbon storage, i.e. a period of at least 1,000 years is necessary to minimise
the rise in global average temperature. Based on this knowledge, accountable carbon removal certificates
shall rely on carbon removal measures with a permanent carbon storage.

Building materials can contribute to carbon removal (negative CO2 emissions), but their potential is limited.
Materials are divided into three classes: (a) mineral, (b) bio-based and (c) mineral-organic materials. Min-
eral materials such as concrete with recarbonated recycled aggregates allow for permanent storage of bio-
genic or atmospheric CO2. The amounts of CO:2 stored are usually small compared to the amounts of new
fossil and geogenic CO2 emitted in production. The storage potential of CO:2 in bio-based materials is rather
high, while storage is temporary only. Mineral-organic materials are more diverse in terms of storage poten-
tial and permanence.

The accounting practices for carbon removal (negative CO2 emissions) in life cycle assessment are dis-
cussed and requirements for net-zero WLC buildings are defined. Accounting for carbon storage in build-
ings is complex and requires clear methods. Time-dependent life cycle analyses take into account the ef-
fects of emissions over different time periods. Critics warn against using short time frames such as 100
years, as they ignore long-term effects. Net-zero WLC buildings must meet strict emission requirements.
Emissions must be minimised throughout the entire life cycle. Carbon removal must be legally guaranteed
and permanent.

Recommendations are given for building owners, public authorities, institutional investors. owners of build-
ing stocks and public policy makers. They cover in particular:

- the drastic reduction of life cycle emissions of buildings (with measures including the use of photo-
voltaic electricity production on buildings),
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the monitoring and active management of biogenic carbon stored in building stocks (including a
minimum biogenic carbon content in buildings and combined with regulations on the conservation
of the carbon stock in forests),

a regulation of the end-of-life treatment of bio-based and mineral-organic building materials to pre-
vent premature release of biogenic carbon, and

the establishment of a system for carbon removal certificates based on long-term carbon removal
technologies (at least 1'000 years).
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Abbreviations

Abbreviations Meaning

CCSs Carbon Capture and Storage

CF Carbon Footprint

BECCS Bioenergy Carbon Capture and Storage
CO; Carbon dioxide

DACCS Direct Air Carbon Capture and Storage
GHG Greenhouse Gas

HWP Harvested Wood Product

IEA International Energy Agency

LCA Life Cycle Assessment

LULUC Land Use and Land Use Change

MSWI Municipal Solid Waste Incineration plant
NET Negative Emission Technology

NZ Net Zero

NetZ-WLC Net Zero Whole Life Carbon

SSP Shared Socioeconomic Pathways

TOC Total Organic Carbon

WLC Whole Life Carbon
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Buildings and their supply chains are a major source of greenhouse gas emissions. According to the global
status report for buildings and construction published by UN Environment Programme buildings cause 37 %
of global energy related CO2-emissions (United Nations Environment Programme 2024). This includes direct
and indirect operational emissions caused by building sector and energy sector as well as emissions of
construction product industries as part of the industry sector, including concrete, steel, aluminium glass and
bricks.!. Like all other industries, construction and real estate industry including upstream and downstream
supply chains have to dramatically cut their emissions to support the achievement of the Paris goal regarding
greenhouse gas emissions and climate change.

In the recent past, buildings are getting into the focus to be used as carbon sinks and by that contribute to
carbon removal. Forced carbonation, sometimes also called “re-carbonation” and bio-based materials such
as wood, bamboo or straw are mentioned as potential resource of carbon removal in significant amounts.
Buildings are increasingly being labelled as energy positive, climate positive, carbon neutral or net zero whole
life carbon using a large variety of different methods and drawing a tiered or an encompassing system bound-
ary. This plurality of concepts, terms and labels calls for an international harmonisation and for clarification,
also to avoid greenwashing.

This background report systematically addresses the different relevant aspects regarding the life cycle as-
sessment of buildings and in particular regarding buildings which claim to achieve net zero greenhouse gas
emissions along the whole life cycle of the building, from resource extraction, manufacture of construction
products, erection of the building, its operation and maintenance, and its deconstruction and the end of life
treatment of the building materials. It answers the question which building materials have the potential to
qualify for carbon dioxide removal technologies and which among them qualify for balancing greenhouse gas
emissions caused by buildings. This background report serves as one source for the official deliverable
“Guidelines for selection and application of assessment methods to estimate and determine Paris-goal com-
patible NetZ-WLC status of buildings” of Subtask 2 “Paris-goal compatible assessment methods” of the IEA
EBC Annex 89 “Ways to implement net-zero whole life carbon buildings”.

The Buildings Breakthrough, successfully launched at COP28, aims to achieve "near-zero emissions and
resilient buildings to be the new normal by 2030". It supports accelerating decarbonization and enhancing
resilience in the sector through international collaboration. Given the sector’s fragmented nature, a coordi-
nated response from national governments is essential to steer the direction and pace of the transformation.”?
This international initiative is focussed on areas of the priority actions which are: "B1: Standards and Certifi-
cations", "B2: Demand Creation", "B3: Finance and Investment", "B4: Research and Deployment" and "B5:

' Additionally, cement, glass and brick production causes substantial amounts of CO, emissions related to carbonation.

2 https://globalabc.org/news/buildings-breakthrough-priority-international-actions-2024-2025-launched-buildings-and-climate, access in
May 2025
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Capacity and Skills". In B1 the main targets are to develop the definitions and assessments for near-zero
emission and resilient buildings (NZERB) and to identify pathways for implementation by (1) working to es-
tablish a model transparency framework; (2) working to establish a model measurement frameworks for
aligning whole life cycle carbon assessments and resilience assessments; (3) developing principles to align
current standards and certification schemes with near-zero emissions and resilient buildings (NZERBS).

The goal of achieving “near zero” greenhouse gas emissions refers to the complete life cycle of the buildings
under consideration. The definition of other system boundaries in the calculation and assessment of GHG
emissions is still part of current activities. A discussion on the topic of "net zero" GHG emissions in the life
cycle of buildings is still pending. Therefore, the options of including technical measures for negative CO2
emissions in the balance sheet of emissions have not yet been discussed in detail. But in the medium term,
this discussion is indispensable. The goal of "near zero" can only be a step towards "net zero". It is therefore
possible and sensible to start looking at ways to achieve net zero greenhouse gas emissions over the life
cycle. Precisely because Buildings Breakthrough was and is aimed at the governments of the countries of
the world, it is recommended here to define compensatory measures - here measures for negative CO:2
emissions as early as possible.

The IEA has defined its own level of performance "zero-carbon-ready building" (IEA 2021). “A zero-carbon-
ready building is highly energy efficient and uses either renewable energy directly or from an energy supply
that will be fully decarbonised by 2050 in the NZE (such as electricity or district heat). A zero-carbon-ready
building will become a zero-carbon building by 2050, without further changes to the building or its equipment.”
Further information is given in the information box below (IEA 2021, p. 144).

Zero-carbon-ready buildings should adjust to user needs and maximise the efficient and smart use of
energy, materials and space to facilitate the decarbonisation of other sectors. Key considerations include:
= Scope. Zero-carbon-ready building energy codes should cover building operations (scope 1 and
2) as well as emissions from the manufacturing of building construction materials and components

(scope 3 or embodied carbon emissions).

» Energy use. Zero-carbon-ready energy codes should recognise the important part that passive
design features, building envelope improvements and high energy performance equipment play
in lowering energy demand, reducing both the operating cost of buildings and the costs of decar-
bonising the energy supply.

= Energy supply. Whenever possible, new and existing zero-carbon-ready buildings should inte-
grate locally available renewable resources, e.g. solar thermal, solar PV, PV thermal and geother-
mal, to reduce the need for utility-scale energy supply. Thermal or battery energy storage may be
needed to support local energy generation.

= Integration with power systems. Zero-carbon-ready building energy codes need buildings to be-
come a flexible resource for the energy system, using connectivity and automation to manage
building electricity demand and the operation of energy storage devices, including EVs.

» Buildings and construction value chain. Zero-carbon-ready building energy codes should also tar-
get net-zero emissions from material use in buildings. Material efficiency strategies can cut cement
and steel demand in the buildings sector by more than a third relative to baseline trends, and
embodied emissions can be further reduced by more robust uptake of bio-sourced and innovative
construction materials.

According to IEA (2021), mandatory zero-carbon-ready building energy codes should be in place globally by
2030, for both new buildings and the retrofit of existing buildings. In order to pursue the goal of net zero GHG
emissions in the life cycle of buildings, the IEA also raises the question of how unavoidable emissions (e.g.,
in cement production) can be balanced.
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In a Swiss consensus finding research project on “Net-zero greenhouse gas emissions in the building area
(NN-THGG)” (Priore et al. 2024) the authors and the stakeholders involved agreed to define the term “net
zero greenhouse gas emissions ready” for buildings differently. According to them, a building is “net zero
greenhouse gas emissions ready” if the amount of biogenic carbon stored in it is potentially able to balance
its unavoidable whole life greenhouse gas emissions. However, the prevention of the rerelease of the bio-
genic carbon contained in such a building has still to be ensured legally across a sufficiently long timeframe.

Chapter 2 contains the definition and characterisation of key terms used in the context of negative emissions
and buildings LCA. Chapter 3 explains the difference and effects of temporary versus permanent (or suffi-
ciently longterm storage of biogenic carbon. Chapter 4 deals with the topic of carbon removal (negative CO:
emission) certificates and their eligibility for balancing greenhouse gas emissions. A synopsis on negative
emission technologies and their characteristics related to construction materials is provided in Chapter 5.
Different approaches used for accounting negative emissions in building’s LCA are described in Chapter 6.
Chapter 7 contains the definition of net zero whole life carbon buildings. The report ends with discussion,
conclusions and recommendations in Chapter 8.
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In life cycle assessment (LCA) and in carbon footprinting (CF), environmental impact and greenhouse gas
emission contributions with a negative sign may occur due to different reasons (see also Tanzer & Ramirez
2019). In this chapter the following three main terms and concepts occurring in LCA are described and de-
fined:

1. Carbon Dioxide Removal (Negative CO2 emissions generated for instance by BECCS, DACCS or
afforestation, Subchapter 2.2);

2. Greenhouse gas emission reduction (e.g. change to low carbon cement in concrete mixture, natural
stone cladding instead of aluminium cladding; Subchapter 2.3);

3. Potentially avoided greenhouse gas emissions (e.g. fed in PV electricity substituting fossil based
electricity, recycled steel substituting primary steel; Subchapter 2.4).

The chapter ends with a synthesis (Subchapter 2.5).

Carbon Dioxide Removal is indispensable to reach net zero greenhouse gas emissions. Firstly, fossil CO2
emissions, the predominant part of greenhouse gas emissions shall be reduced and avoided to the extent
possible (see Figure 1). Secondly, CO2 emissions difficult to avoid shall be balanced with CO2 removal.
Carbon Dioxide Removal (CDR) refers to technologies, practices, and approaches that remove and durably
store carbon dioxide (CO2) from the atmosphere (IPCC AR6 WGIII 2022).

CO2 removal is generated with various methods, sometimes called negative emission technologies (NET).
They remove COz: either directly from the atmosphere or they capture biogenic CO2 and sequester and
store it over decades, centuries, millenia or longer (see Table 1) in either materials or underground.

Most of these technologies cause greenhouse gas emissions themselves (upstream and downstream).
Those emissions shall be part of the overall life cycle impact assessment and carbon footprint assessment.
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According to the current status, the following CO2 removal (negative emission) technologies are distin-
guished (Rueda et al. 2021; IPCC AR6 WGIII 2022, see also Figure 2):

- Afforestation and reforestation, improved forest management;
- Soil carbon sequestration;

- Biochar (in soils and sediments);

- Bioenergy with carbon capture and storage (BECCS);
- Direct CO2 removal from the atmosphere and storage (Direct Air Carbon Capture and Storage,

DACCS);

- Enhanced rock weathering;

- Peatland and wetland restoration;

- Blue carbon management;

- Ocean alkalinity enhancement;
- Ocean fertilisation.
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on Smith et al. 2016).

The storage time scale of the methods listed and mentioned above varies between decades up to 10’000
years and more (see Table 1).

In this background report the following three principles (adapted from IPCC AR6 WGIII 2022; Smith et al.
2024) apply to make carbon dioxide removals (CDR) eligible to balance greenhouse gas emissions

(caused by buildings):

1. Principle 1: The CO:2 captured must come from the atmosphere (either directly or via biomass), not
from fossil nor geogenic sources.
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2. Principle 2: The subsequent storage must be durable, such that CO: is not reemitted to the atmos-
phere before at least 1’000 years.

3. Principle 3: The removal must be a result of human intervention, additional to the Earth’s natural
processes feeding natural sinks.

The permanence criterion is crucial to ensure that the effect of CDR on the global mean temperature is also
permanent. The CDR technologies listed differ significantly in terms of the permanence of storage/seques-
tration. While BECCS, DACCS, enhanced rock weathering and Ocean alkalinity enhancement are attested
a storage time scale of 10°000 years and more, this time scale is one order of magnitude lower for biochar
and ocean fertilisation and two orders of magnitude lower for afforestation, carbon sequestration in soils,
peatland and wetland restauration and blue carbon management (IPCC AR6 WGIII 2022). The technolo-
gies also differ in terms of risk of reversal (University of Oxford 2024, see Table 1).

Table 1: Carbon dioxide removal (Negative emission) technologies and their characterization regarding permanence
and uncertainty (IPCC AR6 WGIII 2022; Rueda et al. 2021; University of Oxford 2024)

Afforestation and reforestation Decades to centuries  higher
Carbon sequestration in soils Decades to centuries  higher
Biochar, incorporated into (agricultural) soils Centuries to millenia  higher
Bioenergy with carbon capture and storage (BECCS) 10’000+ years lower
Direct air carbon capture and storage (DACCS) 10’000+ years lower
Enhanced rock weathering 10’000+ years lower
Peatland and wetland restauration Decades to centuries  higher
Blue carbon management Decades to centuries  higher
Ocean alkalinity enhancement 10’000+ years -
Ocean fertilization Centuries to millenia  higher

According to climate scientists CO: directly or indirectly withdrawn from the atmosphere must not be
reemitted for at least one thousand years (Brunner et al. 2024). This is more than 30 times longer than the
35 years requested in carbon removal certification of the European Parliament (2024).

Figure 3 (operation of a bioenergy plant with carbon capture and storage in a permanent repository
(BECCS) and Figure 4 (full life cycle of a construction material with biogenic carbon, including permanent
storage after end of life) show examples of carbon dioxide removal methods which are eligible for account-
ing negative CO2 emissions. The two examples are not intended to be compared in terms of functions pro-
vided or initial investment required nor do they cover the same life cycle stages.
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moval rate of biogenic COz2; lower part: cumulative operational emissions/removal of biogenic CO2. For the sake of sim-
plicity any emissions of biogenic greenhouse gases caused during harvesting, biofuel production and burning are disre-

garded.
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Figure 4 CDR generating negative CO2 emissions by use of biobased construction materials including legally assured
permanent storage after end of life. Permanent means at least one thousand years (Brunner 2022; Brunner et al. 2024;
Frischknecht et al. 2022). Upper part: emission/removal rate of biogenic COz; lower part: cumulative emissions/removal
of biogenic COz2. For the sake of simplicity any emissions of biogenic greenhouse gases caused during harvesting, ma-
terial production, use, and deconstruction are disregarded.

Technical measures and investments may result in lower greenhouse gas emissions compared to the prior
situation (see Figure 5). Such technical measures and investments may occur either in the process itself
(scope 1) or in its supply chain (scope 2 and scope 3)3. Examples are:

- Installation of and investment in carbon capture and storage technologies in a cement kiln to pro-
duce “low carbon” cement (scope 1);

- Switch from fossil to renewable energy sources in the production of steel in an electric arc furnace
(scope 2);

- Concrete producer switches from a traditional cement to a “low carbon” cement (scope 3).

Such emission reduction could appear with a negative sign in LCA results, although no COz2 is removed
from the atmosphere. It is not a carbon removal method nor a negative emission technology. It requires the
definition of a forward looking, counterfactual baseline. This baseline is usually defined as the previously
existing technology being kept in operation. The difference in emissions of operating the previously existing
(current) and the new technology during years or decades give rise to a reduction of emission sometimes
displayed as negative impacts in LCA.

3 See WBCSD (2004) for the definition of scopes 1, 2 and 3.
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Figure 5 Emission reduction in manufacturing achieved by investing in a new low fossil CO2 emission technology. The
dotted line indicates the counterfactual emissions if the old technology were used instead of the new one. Upper part:
operational emission rate of fossil COz; lower part: cumulative operational emissions of fossil CO2. For the sake of sim-
plicity any emissions of fossil CO2; caused by the investment in the new technology are disregarded.

Potentially avoided emissions are the result of a modelling approach (“avoided burden” approach with prod-
uct system expansion) mostly used in consequential life cycle inventory modelling (Ekvall & Weidema 2004;
Weidema 2001). In these simplified consequential models, co-products, co-services or material for recycling
are assumed to substitute dedicated alternative production and thus avoid its emissions. Examples are:

Co-product manufacturing (module D1 according to FprEN 15978 2025): Sawmills produce sawn
wood and wood chips. The latter is used as a fuel and may replace fossil fuels such as natural gas

or light fuel oil.
By product valorisation (module D1): Blast furnace slag is produced as a by-product in primary steel

production and may replace clinker in cement production.
End of life recycling (module D1): Recycled steel may replace sourcing and production of primary

steel.
Building integrated or attached PV electricity production (module D2): Exported electricity may re-

place electricity production with other power plant technologies. The PV system may be installed on
a new building or on an existing building (refurbishment measure, see Figure 6)

Such potentially avoided emissions are not based on a carbon removal method nor on a negative emission
technology. As described above they require the definition of a forward looking, counterfactual baseline which

is represented by an alternative production.
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In environmental product declarations of construction products and buildings, potentially avoided emissions
(and environmental impacts) are reported under module D “loads and benefits beyond the system boundary”.
Module D1 and D2 benefits are quantified based on counterfactual scenarios.

- Module D2: What would have been the emissions and environmental impacts of the electricity mix
of a utility during the next decades of building operation, if no PV electricity were exported to the grid
(see Figure 6)?

- Module D1: And what would have been the emissions and environmental impacts of producing a
material from primary resources in the future (20 to 60 years from now) if wasted materials were not

recycled after end of life (see Figure 7)?
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Figure 6 Potentially avoided emissions attributed to the building by feeding part of its photovoltaic electricity production
into the grid. The dotted line shows the assumed emissions of the electric utility if no electricity were fed into the grid.
Upper part: utility’s operational emission rate of fossil COz2; lower part: utility’s cumulative emissions of fossil COx.
Emissions of fossil CO2 caused by the investment in the PV system are attributed to each kWh PV electricity produced.
Temporal variation in PV electricity production and feed-in is disregarded for the sake of simplicity and clarity.
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Figure 7 Potentially avoided emissions generated by recycling and refining construction material waste into new prod-
ucts. The dotted line shows the assumed emissions of mining and refining if no material were recycled. Upper part:
building’s life cycle emission rate of fossil CO2; lower part: building’s cumulative life cycle emissions of fossil COz2, in-

cluding potential benefits.

The three categories “Carbon dioxide removal (negative CO2 emissions)”, “(third party) emission reduc-
tions” and “potentially avoided emissions” are usually presented in life cycle assessments as emission con-
tributions with a negative sign. They however represent distinctly different (potential) effects (see Table 2).

Carbon dioxide removal (Negative CO2 emissions) describe and quantify the removal of CO2 from the at-
mosphere and its permanent storage. They do not represent emission reductions and no counterfactual
scenario is needed to quantify it. The carbon of carbon dioxide removal is either biogenic (if captured from
flue gases with carbon capture and storage (CCS) or fixed in materials based on renewable raw materials)
or atmospheric (if captured with direct air carbon capture and storage, DACCS). And the carbon (dioxide) is
stored permanently either in biogenic or in mineral materials or in geological stocks.
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In contrast, capturing CO2 from fossil and geogenic sources in the flue gas with CCS as for example in ce-
ment kilns is not a carbon dioxide removal method. The CCS applied on fossil and geogenic COz: is an
emission reduction measure (see Subchapter 2.3).

(Third party) emission reductions do not represent a removal of CO2 from the atmosphere but a real emis-
sion reduction. The emission reduction is achieved by a change in technology, energy efficiency improve-
ment, change of energy carrier and the like. A counterfactual, future-oriented scenario is needed to quantify
the amount of emission reduction in future, which then often is expressed in negative amounts. The carbon
of reduced CO:z emissions is always fossil, geogenic or long-term stored biogenic.

Like emission reductions, potentially avoided emissions do not represent a removal of CO2 from the atmos-
phere. They represent a model based potential emission reduction eventually realised by third parties (be-
yond the system boundary of the building). A counterfactual “what if’-scenario is needed to quantify poten-
tially avoided emissions. The carbon of potentially avoided CO2z emissions is fossil, geogenic or long-term
stored biogenic.

Table 2: Characteristics of CO2 removal (negative CO2 emissions), (third party) emission reduction and potentially
avoided emissions
1): or atmospheric; 2): including geogenic and long-term stored biogenic (e.g. carbon in native forests)

Characteristic (o0} (third party) emission  Potentially avoided
removal reduction emissions

Removal of CO; from atmosphere  Yes No No

Emission reduction None Within system boundary = Beyond system boundary

Need for counterfactual scenario No Yes Yes

Type of Carbon Biogenic 1) Fossil 2) Fossil 2)

Storage Longterm None None

3 Temporary versus permanent storage of
biogenic carbon

3.1 Introduction

After introducing the time scales of decay of CO2 emitted to the atmosphere in Subchapter 3.2, the results
of research about the effect of temporary carbon storage on the evolution of global mean temperature un-
der different shared socioeconomic pathway scenarios of IPCC are summarised in Subchapter 3.3. In Sub-
chapter 3.4 the concept of tonne-years is introduced.

3.2 Lifetime of CO: in the atmosphere

A significant fraction of CO2 emitted remains in the atmosphere for long time. After 100 years about 40 % of
a pulse emission of COz is still present in the atmosphere (IPCC 2013). The remaining 60 % were taken up
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by land uptake and ocean invasion. It drops to about 25 % after 1’000 years (ocean invasion) and to not
less than 15 % after 10’000 years (reaction with CaCO3). This persistence of CO:z in the atmosphere shows
the need for technically remove it from the atmosphere to reduce its warming effect.

100 T T T T T T T T ” T
Land uptakeg, EO L § : Reacfglon 5
Ocean invasion | | with CaCo,
] e L e e T Peseees iy N s & I rscned
: : : : : : : : : ‘| — 100 PgC
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60 | - EE— . . e S S G i S L ........] — 5000 PgC |-
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Years after CO, pulse
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Figure 8 A percentage of emitted CO2 remaining in the atmosphere in response to an idealized instantaneous CO2
pulse emitted to the atmosphere in year 0 as calculated by a range of coupled climate-carbon cycle models. Text at the
top of the panels indicates the dominant processes that remove the excess of CO2 emitted in the atmosphere on the
successive timescales (IPCC 2013).

Model calculations by leading climate researchers (Matthews et al. 2022) clearly show that temporarily stor-
ing biogenic carbon during 30 years delays the rise in temperature by about 8 to not more than 20 years
(depending on the emission scenario) while subtly lowering the temperature peak in the most stringent
emission reduction scenario (SSP 1-1.9). Matthews et al. (2022) have modelled various scenarios to esti-
mate the effect of temporarily storing different amounts of biogenic or atmospheric carbon, either by a per-
turbation to prescribed CO2 emissions in the model or as a regrowth of forests to mid-19th century distribu-
tions, under two different climate scenarios (with a relatively weak reduction target, shared socio-economic
pathway SSP2-4.5, or with a Paris-compatible (max. 1.5°C) reduction target, SSP1-1.9) (see Figure 9).

With a relatively weak reduction in greenhouse gas emissions, the rise in temperature can be delayed by a
few years at most by temporarily storing biogenic carbon, but not reduced (see dashed lines in Figure 9,
c.). In any case, the long-term temperature increase is slightly more than 2.8°C (see Figure 9, e.). In the
case of a very strong reduction, which requires a rapid and complete decarbonisation of the energy sector,
the maximum temperature increase (peak warming) can be reduced by around one tenth of a degree by
temporarily storing biogenic carbon (1.45°C instead of 1.55°C, see solid lines in Figure 9, c. and e.). The
mitigating effect of temporary storage disappears after the stored COz: is emitted again and the long-term
increase in global mean temperature is also practically identical in this climate scenario with and without
temporary storage from the year 2100 onwards (see solid lines in Figure 9, c.).
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It is argued that the benefits of slightly delaying and subtly reducing (SSP 1-1.9 scenario only) the peak
temperature cannot be quantified with reduced/discounted Global Warming Potentials (see Subchapter 6.2)
of delayed rerelease of biogenic/atmospheric CO-.

Q2
o v s 2
S g E B
@ o
S & S
2 3
€ 2 )
© . E
Q ol
e :
= £ o
£ <8
2000 2040 2080 2000 2040 2080
Year Year
[
—_ 0 —— SSP1-1.9 (All storage temporary) ,,—.,‘2":”—
O o | SSP1-1.9 (50% storage temporary) LT
N - - - SSP2-4.5 (All storage temporary) it
0] 2 . -
@] P
= — No Removal st
£ o —— Low Removal 2z
; a7 — Moderate Removal p 4,4_9/,  SSP2-45
S — High Removal 6,’:{,' delayed
E ”9“4 warming
8. ) of”
5 7| /—\
2
©
S SSP1-1.9 :
= decreased
O] S - peak warming VTS
decreased long-term warming "
only if storage is permanent
I T | | T |
2000 2020 2040 2060 2080 2100
Year
d. Cumulative removal e. Maximum Temperature Increase
@Q «Q
— ol ol
- 5} ~MAiviV RS
8 — o~ [ -
M =
O — 0 | w
Qo 5 - -
s
T 2 - -
3o ©
E2 o )
(] ] E — —
¢ 1B :
© - ahl S

SSP1-1.9 SSP2-4.5

Figure 9 Reactions of world climate /mean global temperature on exogeneous scenario of temporally withdraw CO2
from the atmosphere, based on two global emissions scenario (shared socio-economic pathways SSP1-1.9 and SSP2-
4.5) and four removal scenario (no, low, medium and high removal), (Matthews et al. 2022).

Matthews et al. (2023) conclude the following:
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“Our results show that successful carbon sequestration via NbCS [nature-based climate solutions] can
have climate benefit, even in the case that the carbon storage is temporary such that the stored carbon is
returned to the atmosphere later this century. However, the most important climate benefit—a decrease in
the level of peak warming—is only realized in a scenario where fossil fuel CO, emissions are decreased
rapidly to net-zero, resulting in global temperatures that peak and decline during the time period that NbCS-
stored carbon remains sequestered in nature. This implies that realizing a tangible climate benefit from
NbCS will require net-zero fossil fuel CO, emissions to be achieved on the same timescale as the success-
ful implementation of NbCS. In the absence of this level of stringency in future mitigation efforts, temporary
NbCS-based carbon storage would not affect peak warming and would serve only to delay the occurrence
of a given warming level, with no other long-term climate benefit.”

“... the climate effect of nature-based carbon sequestration is only equivalent to a fossil fuel CO2 emissions
reduction if: (1) the carbon is permanently sequestered in nature; and (2) the additional non-CO: effects of
NbCS are small relative to the climate benefit of carbon sequestration.”

Removing CO2 from the atmosphere reduces COz-induced global warming for the duration of carbon re-
moval. The temporary sequestration of biogenic carbon has a positive effect on climate change in the
sense of a slight reduction (between 0.04 and 0.17°C) of the temperature maximum, if this measure is im-
plemented in addition to the massive reduction of fossil CO2 emissions to an absolute minimum and is ac-
companied by permanent negative emissions of several gigatonnes per year.

CO2 removed from the atmosphere and biogenic CO2 must be permanently stored (=sequestered) in order
to minimise the long-term increase in global mean temperature. According to current knowledge, stor-
age/sequestration over a period of at least 1000 years should fulfil the criterion of permanence (Brunner et
al. 2024). In other words, for biogenic or atmospheric carbon that is stored in buildings today, it must be
ensured that it does not re-enter the atmosphere for at least 1000 years.*

In order to completely eliminate the warming effect of emitting one tonne of CO2, more than one tonne of
CO2 must be removed from the atmosphere (Zickfeld et al. 2021; Zickfeld et al. 2023). The use of green-
house potentials of less than 1 kg CO2-eq per kg CO: for the release of temporarily stored biogenic CO2 as
done in dynamic LCAs with a fixed time horizon of 100 years and time dependent discount factors on GWP
(see Subchapter 6.2) is discouraged by leading climate physicists.5 Based on this the experts of IEA EBC
Annex 72 formulated the rule not to apply physical discounting in assessing greenhouse gas emissions
(Lutzkendorf et al. 2023).

In another paper, Matthews et al. (2023) discuss the effect of temporary storage on global mean tempera-
ture using the concept of tonne-years. Its figure 2, partly reproduced in Figure 10 shows the effect of tem-
porary storage of biogenic carbon in four different cases. Although modelled to show the effects of land car-
bon storage, they are well transferable to the effect of biogenic carbon in the building stock. It is essential

4 Such permanence may be ensured by storing biogenic carbon from an individual building for more than 1000 years or to ensure that
the entire stock of biogenic carbon in the built environment of a community, city or country remains constant (or — even better — in-
creases) for at least 1000 years.

5 See also report on climate scientists’ workshop “Ways to Implement Net-Zero Whole Life Carbon Buildings”, held on 26 June 2025,
at ETH Zirich.
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though to take into consideration the interface between carbon storage in land and forestry on one hand
and in buildings using bio-based building products on the other.

In Case 1 the amount of biobased materials used in buildings is increased every year, in Case 2 it remains
constant, in Case 3 it is reduced at a rather low rate and in Case 4 it is reduced rather quickly. According to
the results of Matthews et al. (2023) the temperature benefit (reduction in global mean temperature) contin-
ues to increase when increasing the stock of biobased materials and thus the stock of biogenic carbon in
buildings (Case 1). In contrast, if for some reason one stops using biobased materials in buildings and the
stock of biobased materials is emptied (when replacing the buildings), the initial temperature benefit is com-
pletely lost (Case 3 and 4).

Finally, introducing a legal requirement of a mandatory minimum amount of biobased material in buildings,
expressed as biogenic carbon content in “kg C per m?2”, will in a first phase increase the rate of tonne-year
accumulation and then pass to a constant rate of tonne-year accumulation (Case 2). This will result in an
increasing temperature benefit in the first phase turning to a constant temperature benefit in the second
phase. If a sustainable management of the building stock is achieved where the amount of its biobased
material is maintained by replacing demolished buildings with new buildings containing the same amount of
biogenic carbon®, the temperature benefit is maintained (case 2).

a.
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—— Permanent (amount of stored carbon increased throught simulation)
—— Permanent (increased until 2050, then maintained in storage)

— - Temporary (increased until 2050, then re-emitted) Case 1:
— - Temporary (increased until 2037, then re-emitted) - =
— Baseline (no additional carbon storage) Increasmg rate of tonne-year

accumulation leads to increasing
temperature benefit
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Constant rate of tonne-year
accumulation leads to sustained
temperature benefit
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leads to zero temperature benefit

0.14

0.04

-0.14

Temperature difference from baseline (°C)

-0.24

Later temperature peak (SSP1-2.6)
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Figure 10 The climate effect of tonne-years of land carbon storage, (Matthews et al. 2023). Increasing rate of

tonne-year accoumulation (Case 1): increase of the stock of biogenic carbon; Constant rate of tonne-year accumulation
(Case 2): constant stock of biogenic carbon; Decreasing rate of tonne-year accumulation (Case 3): reduction of the

5 Based e.g. on a «non-deterioration clause».
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stock of biogenic carbon; Constant tonne-years (no additional tonne-years added, Case 4): reduction of the stock of
biogenic carbon to 2020 volume.

Irrespective of these considerations temporarily storing biogenic carbon buys time to develop technical so-
lutions for the capture and permanent sequestration of biogenic CO2 and bring them to market maturity.
Given the urgency of the situation, this gain in time is important and a great opportunity. However, it is still
uncertain whether the time gained will be utilised as described.
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In April 2024 the European Parliament adopted the provisional agreement on the Carbon Removals and
Carbon Farming (CRCF) Regulation (European Parliament 2024), which created the first EU-wide volun-
tary framework for certifying carbon removals, carbon farming and carbon storage in products across Eu-
rope. In this regulation, various carbon removal mechanisms are distinguished. They differ in the time pe-
riod during which the biogenic or atmospheric COz is removed directly or indirectly from the atmosphere
and stored, ranging between several years and several centuries:

1. ‘permanent carbon removal’ means any practice or process that, under normal circumstances and
using appropriate management practices, captures and stores atmospheric or biogenic carbon for
several centuries, including permanently chemically bound carbon in products, and which is not
combined with Enhanced Hydrocarbon Recovery;

2. ‘permanently chemically bound carbon in products’ means that the carbon does not enter the at-
mosphere under normal use, including any normal activity taking place after the end of life of the
product,

3. ‘carbon storage in products’ means any practice or process that captures and stores atmospheric
or biogenic carbon for at least 35 years in long-lasting products and which allows on-site monitor-
ing of the carbon stored and certified throughout the monitoring period;

4. ‘carbon farming’ means any practice or process, carried out over an activity period of at least five
years, related to terrestrial or coastal management and resulting in capture and temporary storage
of atmospheric and biogenic carbon into biogenic carbon pools or the reduction of soil emissions.

It is planned to issue certificate units for these types of (temporary or rather permanent) carbon removals.
The certificates specify the temporary or permanent nature of the CO2 removal activity.

Emission certificates offered on the market today are generally based on emission reductions (sometimes
also called “avoidance credits”), often determined in comparison with a counterfactual reference develop-
ment. This type of certificate can serve to reduce emissions, but not to (permanently) remove CO2 from the
atmosphere.Requirements for the eligibility of these traditional CO2 avoidance credits are currently under
development.

For carbon removal (real negative CO2 emissions), further requirements must be placed on eligible CO2
removal certificates. Carbon removal certificates are eligible for balancing WLC greenhouse gas emissions
of buildings, if they fulfil the following requirements:

Certificates of carbon removal (negative CO2 emissions) acquired from third parties must be issued on the
basis of measures to remove CO:2 from the atmosphere combined with sequestration with a relatively high
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permanence (scientifically: more than 1000 years, see Chapter 37). Examples are Direct Air Carbon Cap-
ture and Storage (DACCS), Biogenic Energy Carbon Capture and Storage (BECCS) or enhanced carbona-
tion.

Carbon removal certificates issued by third parties on the basis of measures with relatively low (decades to
centuries) or uncertain or highly variable permanence, such as afforestation projects, biochar applications,
carbon stored in products or carbon farming, are not eligible. The same applies for carbon removal by natu-
ral processes (e.g. natural carbonation of concrete after end of life).

7 Although the European Union plans to issue certificates of permanent carbon removal if stored for several centuries at most (see
Subchapter 4.1), the authors follow the recommendation of leading climate scientists of more than 1000 years.
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Today and in the foreseeable future, building materials are being used that could potentially contribute to
negative CO2 emissions. The carbon removal potential of these materials is low compared to current emis-
sions as Arehart et al. (2021) pointed out. The authors state that “current figures for carbon storage in
buildings is only a fraction of global carbon emissions: even the more optimistic scenarios add carbon at
less than 6% of the rate of current emissions (and in many scenarios, less than 1%, ...). So, whilst there
may be a real and quantifiable benefit, the additional adoption of HWPs [harvested wood products] cannot
make a major contribution until global GHG emissions are reduced significantly.” Furthermore the stock of
biogenic carbon in forests and the stock of biogenic carbon in the built environment are interlinked and call
for an optimal management of both (Maierhofer et al. 2024b). Nevertheless it is worthwhile to look at the
carbon removal potential of building materials.

The materials can be grouped into three classes, namely those,

1. that result from forced mineral carbonation processes (e.g. concrete with a proportion of recycled, car-
bonated concrete granulate or cement made from accelerated carbonated raw materials such as magne-
sium silicate);

2. which are made from renewable raw materials (bio-based materials such as wood, wood-based materi-
als, bamboo, hemp insulation or straw bales);

3. made from a mixture of mineral and renewable raw materials (e.g. concrete mixed with biochar, hemp-
crete).

The three aforementioned types of materials are described and characterised in the following sub-chapters.
The following topics are covered:

a. Manufacture: Description of the way in which atmospheric carbon is fixed in the building material;
b. End of life treatment: Fate of the stored biogenic/atmospheric carbon;

C. Normative aspects;

d. Uncertainties and need for research;

e. Recommendations on modelling, boundary conditions and requirements.
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Recycled concrete granulate comes from the demolition of buildings and infrastructure structures. It is pro-
duced in processing plants in the grain sizes required in building construction and civil engineering and
used in the production of recycled concrete. The recycled concrete granulate is suitable for forced/acceler-
ated carbonation due to its favourable surface-to-volume ratio. Other raw materials and wastes which are
suitable for carbonation are ground granulated blast furnace slag, steel and magnesium slag, cement kiln
dust or waste incineration bottom ash (Li et al. 2022). Carbonated mineral building materials are already
available on the market.

The production of cement emits large quantities of CO2. One third of this is attributable to the provision of
thermal energy from mostly fossil (secondary) fuels. The remaining emissions are caused by chemical pro-
cesses (calcination), which also occur when renewable fuels are used. This chemical process is (partially)
reversible and can be accelerated by technical means.

In forced carbonation, the recycled concrete granulate is gassed for several hours with CO2, which is either
biogenic (e.g. separated during the purification of raw biogas or from a BECCS plant) or taken directly from
the atmosphere (DACCS)8. The biogenic or atmospheric COz2 binds during the reaction with the calcined
cement to form calcium carbonate (CaCOs). In this way, part of the CO2 emitted during the production of
cement is bound again. Today's plants can bind around 10 kg of CO2 (i.e. around 2.7 kg of carbon) per m3
of concrete or 5.7 kg of CO:2 per tonne of recycled concrete granulate in this way (Braune 2022). According
to an LCA carried out in Switzerland (see reference before) the net CO2 removal efficiency is more than

90 %.

Concrete with forced carbonated concrete granulate is deconstructed, crushed and processed for the next
use in the same way as conventional concrete. According to the current state of knowledge, just over a
third is sent to landfill and the rest is recycled (Klingler & Savi 2021). The chemically bound biogenic carbon
remains in the concrete (granulate) during dismantling, processing and production of recycled concrete or
the use of recycled concrete granulate as a cofferdam material (base layer for roads).

CO2 emissions resulting from calcination and atmospheric CO2 removal through (re-)carbonation are part of
the fossil greenhouse gas emissions in accordance with the European standard EN 15804+A2 (2019), sec-
tion C.2.3.

High temperatures are required to re-release the carbon bound in the calcium carbonate. The recycled con-
crete granulate would therefore have to be fired like clinker to release it. It is very unlikely that this process

8 The CO2 could also be captured at the stack of the cement kiln. In that case carbonation of concrete granulate is rather an emission
reduction than a carbon removal.
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takes place under natural conditions or that recycled concrete granulate is intentionally thermally treated in
waste incineration plants. The COx2 forcibly bound in carbonated building materials can therefore be re-
garded as permanently sequestered (IPCC AR6 WGIII 2022; University of Oxford 2024).

At the time of writing, a significant uncertainty lies in the still sparse life cycle assessment data currently
available for the production of carbonated recycled concrete granulate. However, it is to be expected that
the manufacturers of accelerated carbonated building materials will draw up life cycle assessment studies
in the near future.

The removal of biogenic carbon from the atmosphere is recognised as a negative CO2 emission when it is
removed from the atmosphere or when it is separated from the raw biogas (purification).

No biogenic CO2 originating from the building material is released when the component or building is dis-
posed of at the end of its service life.

The costs of extracting CO2 from the atmosphere or separating it from raw biogas, storing the extracted
COg, transporting it to the treatment plants (usually concrete and gravel plants) and the subsequent forced
carbonation of the recycled concrete granulate must be quantified and modelled in a classic, detailed life
cycle assessment.

Bio-based building materials continue to have the essential characteristics of renewable raw materials. Re-
newable raw materials based on plants used in bio-based materials bind carbon from the atmosphere as
part of photosynthesis, i.e. during growth. The amount stored depends on the mass, density, age and
lifespan of the plants. The most important renewable raw material is timber in the Northern Hemisphere
(Goswein et al. 2021)° and Bamboo in the Southern Hemisphere (Goswein et al. 2022). There is also a ra-
ther large potential of straw used as insulation material in the Northern Hemisphere (Goswein et al. 2022).
Timber and timber-based materials are used as primary load-bearing structures, but also as cladding and
in interior fittings. Pomponi et al. (2020) showed the limited supply availability of timber for construction.

Building materials based on renewable raw materials can have a widely varying depth of manufacture. The
range of wood-based materials in particular is wide, from beams, battens or boards made from rough-sawn
solid wood to glued laminated beams, soft fibreboards and coarse chipboards. The actual proportion of re-
newable raw materials in the wood-based materials varies accordingly. The amount of stored biogenic car-
bon varies between the type of bio-based material and ranges between 0.4 and 0.46 kg C per kg (KBOB et
al. 2022). Other sources publish values between 0.42 and 0.5 kg C per kg wood (IPCC 2019).

® They provide an overview on the availability of biomass for construction in Europe:
hemp shives: 5.6 mio. t; straw: 2 mio. t.; cork: 4.2 mio. t. and softwood: 23 mio. m® per year.
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Building materials made from other renewable raw materials such as straw or sheep's wool are usually
waste or by-products from production chains in agriculture or animal husbandry. In most cases, this raises
the question of the appropriate allocation of agricultural expenditure and emissions to the raw materials
used in the construction materials. One example of this is the straw and wheat grains from the cultivation of
wheat.

According to the latest studies on the deconstruction and disposal of building materials in Switzerland
(Klingler & Savi 2021), just under 16.5 % of wood and wood-based materials in Switzerland are disposed of
in a waste incineration plant and just under 0.5 % in a type E landfill. The remaining 83 % is utilised as ma-
terial (36.5 %) and energy (46.5 %). This means that almost two thirds of the biogenic carbon is currently
released, either in waste incineration plants or in waste wood cogeneration (heat and electricity) plants.

In an international case study within the IEA EBC Annex 72, a wooden reference building was assessed by
16 organisations in Europe, America and Australia (Ouellet-Plamondon et al. 2023). Different shares of the
end of life waste incineration of wood and wood-based products (ranging from from 0 % to 100 %) and dif-
ferent perceptions of the permanence of biogenic carbon in landfills were major sources of variability in the
whole life greenhouse gas emissions of this building calculated by the different institutes.

In some countries bio-based materials are allowed to be disposed of in landfills (e.g., Canada, Australia
and New Zealand). The decomposition rate of wood in landfills differs between these countries (CA: 11 %,
AU: 10 %, NZ: 0.1 %) as reported in Ouellet-Plamondon et al. (2023).

The energy generated by burning waste wood can be used to potentially reduce greenhouse gas emissions
elsewhere. These are potentially avoided emissions beyond the system boundary (of buildings) that are
reported in Module D. They are not negative emissions generated with carbon dioxide removal methods
(as described and discussed in Subchapters 2.2 and 2.4).

The European standard EN 15804+A2 (2019) requires an even balance of biogenic CO2 emissions, regard-
less of the disposal method (recycling, incineration, landfill). According to this standard, even permanent
storage may not be taken into account when determining biogenic greenhouse gas emissions (Section
5.4.3 of the aforementioned standard). In the Swiss CO2 Ordinance Article 5, paragraph 2 (Swiss Federal
Council 2022), projects and programmes in which storage lasts at least 30 years are certified as having a
permanent sink effect. The European Commission proposes 35 years storage time to generate eligible
negative CO2 emissions. All contradict the scientific findings that biogenic carbon sequestered over a pe-
riod of at least 1000 years has a reducing effect on the rise in the average global earth temperature. The
same effect is achieved with carbon storage chains when the 30 or 35 years storage of COz: is followed by
another 30 to 35 years storage of the same amount of CO2 until reaching at least 1000 years (see Chapter
3, in particular Figure 10 and also Habert 2025).

Building materials based on renewable raw materials can be used in buildings as temporary or permanent
storage (if the re-release of biogenic carbon is prevented after the end of life of the building). When build-
ings are constructed, it is not known how these building materials will be deconstructed and recycled or dis-
posed of. It is therefore uncertain whether the CO: extracted from the atmosphere will be released or
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whether the biogenic carbon will be stored for a further product life cycle (of unknown duration) through re-
use or recycling. In some countries policies are in place for how biobased materials are treated at end-of-
life for buildings. In the European Union as well as in the UK for instance, biobased materials are sent for
incineration to avoid the use of fossil fuels for energy generation. In countries without such policies, the un-
certainties about future end of life treatment cannot be reduced by research, but are in the nature of things,
because the long-term tightness and loss rates of underground carbon dioxide storage facilities are not yet
well known.

One fundamental issue is the dichotomy of individual building versus building stock. On one side there is a
demand for considerations about biogenic material potentially (partly) balancing the whole life greenhouse
gas emissions of an individual building. This includes a rather inherent uncertainty about the fate of the bio-
genic carbon stored in an individual building. On the other side, accumulation of biogenic material and its
potential contribution to negative CO2 emissions as permanent storage could better be quantified and mon-
itored at the building stock level (given these data are being collected, see Steinberger-Maierhofer et al.
2025). The question of coherence between individual building and building stock accounting and the clear
distribution of roles (burdens and benefits) between the multiple actors involved has to be clarified.

According to the EN 15804+A2 standard (2019), the biogenic carbon balance should be balanced over the
entire life cycle of a building material. The removal of biogenic CO2 during the growth of renewable raw ma-
terials and the emissions of biogenic CO: during disposal or recycling must be balanced and thus result in
net-to-zero biogenic CO2 emissions (-1/+1 approach). According to FprEN 15978:2025 the effects of tem-
porary carbon storage, delayed emissions and permanent biogenic carbon storage shall not be included in
the calculation of total greenhouse gas emissions. It may though be reported separately, in accordance
with national or European regulation.

In the greenhouse gas balance of a building, one may deviate from the above under the following condition.
If there is a legally binding assurance that the biogenic carbon contained in the building materials will be
separated and permanently disposed of when the building component is replaced or dismantled only the
CO2 removal, but not the CO2 emission, may be recognised. If the building material is recycled or reused,
this legally binding assurance must be transferred to the purchaser of the material, to ensure the carbon
storage chain. Accidental release of biogenic CO2 caused by fires should be prevented with fire-protection
measures.

Two types of materials fall under the category of mineral-organic building materials. On the one hand, typi-
cal mineral building materials such as concrete or bricks are mixed with materials made from renewable

1 Options are long lasting contracts, entries in the land register or advance decommissioning fees and measure to remove an equiva-
lent amount of CO, from the atmosphere. It may require a sequence of contracts, if bio-based construction materials are reused or
recycled.
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raw materials. These can be little-processed by-products from agriculture such as straw (typically from the
cultivation of wheat) or mineralised products such as biochar.!

On the other hand, organic materials are consolidated with cement or other mineral binders. This category
includes, for example, gypsum fibre and wood cement boards or hempcrete.

The materials in this category are essentially produced by mixing organic and mineral raw materials. A key
feature of production is therefore the lack of a chemical reaction/mineralisation of the biogenic carbon in the
construction material. The biogenic carbon is not present in oxidised (mineralised) form (such as CO:2 or
CaCQOg3), but in the form of organic compounds such as CsH20 (lignite).

The organic carbon content of materials in this category is usually (well) above the limit of total organic car-
bon (TOC) of 2% by mass for inert building materials that may be deposited in a type B landfill. They are
usually disposed of in a municipal solid waste incineration (MSWI) plant or landfilled in a type E landfill
(non-combustible waste from composite materials). According to Klingler and Savi (2021), 97.5 % of min-
eral-organic composites are incinerated in Switzerland and 2.5 % are landfilled, while the majority of gyp-
sum materials are landfilled.

The materials in this category fall under the group of materials for which the -1/+1 balancing of biogenic
CO:2 of standard EN 15804+A2 (2019) is to be applied, including their reuse and use in refurbishment.

The greatest uncertainty exists in the behaviour of biogenic carbon in the sorting of construction waste and
the processing of raw materials. The various materials in the ‘mineral-organic’ category differ in terms of
disposal and the fate of the organic carbon.

When concrete mixed with biochar is disposed of or when concrete granulate is produced from this mate-
rial, the biogenic carbon remains in the concrete matrix (in the concrete granulate) or in the fine fraction,
which is also used for the production of new building materials. Mass flow analyses of biochar concrete re-
cycling are yet missingand should be conducted. The behaviour and material fate of the biochar in the land-
filled concrete rubble is to be determined and quantified using eluate tests.

In the case of materials such as hempcrete or wood cement boards, attempts are being made to separate
lime/cement and hemp/wood. The cement is currently landfilled and the hemp hurds are composted (Ta-
landier et al. 2016a, b). In some countries the hemp hurds might also be incinerated. The carbon present in
the organic material which is currently composted will sooner or later be released again as biogenic COs-.

A further uncertainty lies in the current, at the time of writing, lack of life cycle assessment data for the pro-
duction of biochar and in the allocation between hemp seeds and hemp straw (shives). The agricultural
costs of cultivating hemp were allocated to seeds and straw/shafts on the basis of specific prices and yields

" See Section 5.3.1 for the availability of some of these renewable resources for construction in Europe.
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per hectare (Talandier et al. 2016a). And the efforts and emissions of pyrolysis of wood are allocated be-
tween the co-products biochar, exported heat and exported electricity on the basis of specific prices and
yields.
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The potential of storing biogenic carbon in buildings was addressed in two studies for the Environmental
Construction Department of the Office for Buildings of the City of Zurich (Pittau & Habert 2021; Savi &
Klingler 2021).

The storage effect of greenhouse gas emissions is assessed using different approaches. They are catego-
rised here from a scientific perspective.

Fifteen years ago, an approach called “dynamic life cycle assessment” was applied on global warming po-
tentials (Levasseur et al. 2010), resulting in time dependent factors. This approach is repeatedly used when
balancing the greenhouse gas emissions of timber buildings (Hoxha et al. 2020), when using building mate-
rials based on renewable raw materials in buildings (Mennibus et al. 2019; Pittau et al. 2018; Pittau et al.
2019a; Pittau et al. 2019b; Pittau & Habert 2021) or to show the overestimation of cement carbonation at
end of life (Van Roijen et al. 2024). Time-dependent greenhouse gas potentials are now also used in
French legislation (Ministére de la Transition Ecologique 2021), where they are called “weighting coeffi-
cients”. The use of time-dependent (discounted) global warming potentials is a controversial topic (see e.g.
Ventura 2023) and is not recommended by the experts of IEA EBC Annex 89 and Annex 72 (Lutzkendorf et
al. 2023; Saade et al. 2023).

The Oko-Institut in Germany recently published a method called “CO2 storage balance” for determining the
greenhouse gas emissions of wood and wood-based materials. 2

Subchapter 6.2 describes and critically assesses the approach and methodology of the study by Pittau &
Habert (2021), which is based on the ‘dynamic’ approach. Subchapter 6.3 presents an accounting and as-
sessment method that is compatible with the 1.5°C target. Subchapter 6.4 contains a description of the ef-
fect of short and long term storage of biogenic carbon on global mean temperature.

The time dependent LCA was originally developed and published by Levasseur et al. (2010). The methods
are used by Pittau & Habert (2021). Their application is based on three essential principles (fixed time hori-
zon, choice of the time of CO2 removal, influence of the rotation period of renewable raw materials), which
are described and discussed in the three following sections. In a separate section, the results presented in
the cited study are described in relation to natural carbonation and compared with results from another
study.

"2 hitps://co2-speichersaldo.de/en/index.html, access on 19 August 2025
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The authors of the study discussed here with a time dependent approach set the time horizon at 100 years.
In doing so, they refer to the integration period of 100 years used in climate policy to determine the relative
effectiveness (radiative forcing) of greenhouse gases (global warming potential, GWP, integrated over 100
years). The greenhouse effect corresponds to the white area below the black curve in Figure 11.

Due to the chosen and fixed time horizon, the radiative forcing of emissions that occur later is (partially) not
taken into account (orange shaded area labelled “benefits” in Figure 11 using the example of a delayed
emission in the year 50). According to this approach, greenhouse gases that are emitted later in the life cy-
cle of buildings, for example in the disposal phase after 60 years, have a significantly lower climate-warm-
ing effect (white area under the dashed curve) than emissions during manufacture (and the production of
building materials) in year 1 (white area under the black curve).
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Figure 11 Instantaneous radiative forcing of the emission of 1 kg CO2 in year 1 and delayed in year 50, with a

(fixed) time horizon of 100 years (based on Levasseur et al. 2012)

However, the integration period of generally 100 years for determining the relative effectiveness of the
emission of 1 kg of a greenhouse gas, expressed with the ‘global warming potential’ (GWP), applies un-
changed for all emissions and regardless of the time of emission.

The integration period for determining the relative effectiveness of the emission of 1 kg of a greenhouse
gas (usually 100 years) therefore has no connection and nothing in common with the time horizon of the life
cycle assessment study (usually 50 as in EPBD or 60 years as in some European countries; 100 years in
Figure 11), which corresponds to the reference study period for building life cycle assessments.'3

'3 One could perform a time dependent carbon footprint assessment using GWP 100 with a fixed time horizon of 20, 50, 60, 100, 500
or 2000 years. Or one could perform a time dependent carbon footprint assessment using GWP 20, 50 or 100 using a fixed time hori-
zon of 2000 years. The assessments will all differ in results while the results of those assessments with a time horizon of 2000 years
would be very close to those of the static carbon footprint assessment.
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Time dependent LCA provides correct results of climate change effects during the reference study period
while not accounting the (often significant) climate change effects beyond this reference study period.

Static LCA provides correct results of climate change effects in the long term (1°000 years and beyond) as
long as climate system is kept constant during this period.'4

Climate researchers such as Cyril Brunner, ETHZ and H. Damon Matthews, Concordia University, Mont-
réal, Canada, both present at the Annex 89 climate scientists workshop® spoke out against this type of
‘time dependent balancing with a relatively short time horizon (100 years) and the associated consideration
of a reduced climate impact of future emissions.

In time dependent LCAs, the CO2 removal of harvested or newly planted renewable raw material in the
same place is taken into account. In the first case, CO2 removal takes place before harvesting. This models
the storage of the carbon actually contained in the raw material. In the second case, CO2 removal takes
place after harvesting. This modelling is based on the consideration that for sustainable forest manage-
ment, a new tree must be planted and grown for every tree felled.®

By fixing the time horizon at 100 years, the choice between these two options is of great importance lead-
ing to highly variable results (Maierhofer et al. 2024a).

If the CO2 removal by the regrowing biomass after harvesting is recognised as negative CO2 emissions
(CO2 removal after harvesting) and evaluated using the time dependent approach, the supposedly benefi-
cial effect is greater for fast-growing raw materials such as straw than for slow-growing ones such as wood
due to the decreasing global warming potential of CO2z over time (see Section 6.2.1). This leads to the rec-
ommendations formulated, for example, in Pittau et al. (2018) and Pittau & Habert (2021) in favour of fast-
growing raw materials.

In the partially time dependent method, the retention period of renewable raw materials in buildings (lifetime
or amortisation period of the components) and the rotation period of renewable raw materials (period be-
tween sowing and harvesting) are related to each other. CO2 removal is only taken into account for the pe-
riod of time during which the raw materials remain in the building or the product life cycle.

Theoretically, the use of renewable raw materials with a long rotation time, such as wood for products with
a short lifespan, would mean that the forests are not used sustainably, if their wood were to serve these
short cycle products. However, the sustainability of forest management does not depend on the lifespan of
the products made from the wood, but on the ratio between the amount of wood harvested and the amount
of wood that grows back or more precisely on the evolution of the carbon stock (above and under the
ground) of the forest (as well as on other aspects not related to material flow such as species richness).

4 CO, absorption relies heavily on ocean dynamic which might change if tipping points are crossed.

® Some argue that only harvest and growing of a new tree generates negative emissions.
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Carbonation, i.e. the rebinding of the geogenic CO2 released into the atmosphere during calcination (es-
sentially from limestone), occurs naturally on the one hand, but is also increasingly forced on the other. In
the study by Pittau & Habert (2021), natural carbonation is modelled and its contribution to CO2 removal is
quantified using various approaches, including the time dependent method. The contribution of carbonation
over 100 years in the (current and future) building stock of the city of Zurich is very low at less than 0.5 %
of total greenhouse gas emissions, regardless of the modelling approach chosen (classic or time depend-
ent).

The findings of Pittau & Habert (2021) are consistent with those of an estimate based on a residential build-
ing (Werner & Frischknecht 2018). For this residential building (Rauistrasse Zurich, Switzerland, solid con-
struction), the CO2 removal through natural carbonation over 60 years is between 0.5 % (realistic) and

1.5 % (optimistic) of the total greenhouse gas emissions from construction (i.e. excluding greenhouse gas
emissions during operation).

Time dependent LCA as defined in this Subchapter looks at a given time horizon and provide accurate
modelling of the climate evolution during this time horizon. It disregards climate change effects occurring
beyond this time horizon. In most LCA case studies a 100 years time horizon was chosen, which ignores
emissions and climate change effects beyond 100 years. If the timeframe s suffiently long, the time de-
pendent assessment renders similar results to those of a static assessment (Saade et al. 2023).

There is a risk of misuse when using results of such time dependent LCAs in (public or private) policy mak-
ing because their results could be misinterpreted as the effective climate effect over the many millenia cli-
mate science is considering climate change and related damages. Without a good understanding of the
limited time horizon consideration and thus without knowing the real and long-term consequences of their
actions, policy makers will shift the burden to future generations.

Recommendations based on time dependent LCAs with a relatively short time horizon (i.e. 100 years), in
particular favouring fast-growing raw materials such as straw over other renewable raw materials such as
timber, should not be made.

It is not the speed of growth that is decisive in terms of influencing the change in the global mean tempera-
ture, but the permanence of the storage of biogenic carbon.®

The use of time dependent balancing with a short time horizon such as 100 years and the use of time de-
pendent GWP is not recommended. Instead, a 1.5°C target-compliant balance is recommended (see Sub-
chapter 6.3).

For climate policy decisions covering the coming decades, which are crucial for reaching the national and
global net zero greenhouse gas emission goal, it is recommended to use a timeline of at least 500 years to

'8 |f land use favours more fast-growing species, these fast growing species are turned into materials and they are coupled with poli-
cies that incentivize longterm permanence, fast growing biobased materials would lead to a faster growing carbon pool compared to
slow-growing biobased materials on the same piece of land.
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display greenhouse gas emissions and removals when using time dependent LCA. This recognises short
term as well as long term effects of policy decisions.

This Subchapter deals with the conditions of eligibility of negative CO2 emissions and (biogenic) carbon
contained in building materials (Section 6.3.1) as well as with options for legally binding regulations that
ensure long-term storage (avoid re-emission) of (biogenic) carbon contained in building materials (Section
6.3.2). Finally the interrelationships between single buildings and a building stock are discussed in Section
6.3.3.

Based on the scientific findings summarised in Chapter 3, the following can be postulated with regard to
balancing and assessment and in particular with regard to the conditions under which negative CO2 emis-
sions are eligible:

1. the building material contains (biogenic) carbon that has been removed from the atmosphere
(through photosynthesis or directly or indirectly through technical processes);

2. the carbon contained in the building material is either permanently bound or the permanence has
to be secured by a long-term'?, legally binding regulation well beyond the building’s service life;

3. The negative emission certificates related to the carbon stored in the building material are pur-
chased by or in the hands of the building owner. (Negative emissions shall not be counted for the
quantities of CO2 removed from the atmosphere for which emission allowances were sold to third
parties.)

Time-dependent assessment of the climate change impact of CO2 removal and emissions shall be re-
frained from. Each kg of COz2 is assessed with the global warming potential 100 years (GWP100) of 1 kg
CO2-eqg/kg CO2 (emission) or -1 kg CO2-eq/kg CO2 (removal).

If the permanence of storage is assured and carbon dioxide removal certificates are purchased, the eligible
COz2 removal should be determined on the basis of the biogenic carbon content in the building material and
conversion to CO2. Any losses during removal and storing should be accounted for.

Long-term storage of (biogenic) Carbon in buildings requires a legally binding regulation to avoid reemis-
sion within at least 1’000 years. The following options give an idea of how such a regulation could look like
without claiming to be exhaustive nor going into legal details'8:

1. Land registry entry: In addition to ownership structures, rights and encumbrances are also rec-
orded in the land registry. Rights and encumbrances remain with the property when it changes
hands, as they are linked to the property and the buildings erected on it. Therefore, a land registry

7 Long-term means at least 1°‘000 years (see Chapter 3).

'8 National laws regulating the safe and secure final disposal of radioactive waste demonstrate that society is able to properly manage
even longer-term environmental threats.
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entry (such as a removal agreement) has the potential to guarantee long-term legal validity. A land
register entry required by law should stipulate that materials containing biogenic carbon must either
be reused, recycled or permanently sequestered. In the case of recycling or reuse, the party pur-
chasing the building materials/elements must enter into a similar legal obligation.

2. Take-back guarantee and advance decommissioning fee: A federal law must require manufactur-
ers and importers to guarantee the take-back of building materials containing biogenic carbon and
introduce advance disposal fees to finance this. At the same time, the thermal utilisation of these
materials in plants without carbon capture and storage (CCS) shall be prohibited.

3. Managing Carbon pool in the building stock: The building permit for a future new or a replacement
building shall assure that the new building built has at least as much biogenic carbon as what was
present on the property before (demolition and) construction (“prohibition of reduction”).

4. End of pipe solution: Equipping waste incineration plants and waste wood cogeneration plants with
CCS throughout a country or in individual cities and municipalities, combined with a legal obligation
to dispose of combustible construction waste in such plants, represents a possible alternative for
ensuring permanence. Cities and municipalities can introduce a corresponding voluntary commit-
ment for their own properties.

There are certainly further options on the level of individual buildings, of building stocks or of countries
about how to ensure that the biogenic carbon present in buildings is not being reemitted within at least
1’000 years. In the next section a possible solution on building stock level is described.

The LCA of one single building or one single construction material fails to grasp the dynamics of building
stocks. The fundamental question for building owners, investors and public authorities is how the use of
biobased materials, that temporarily store biogenic carbon, can contribute to a permanent storage and
therefore permanent effect on the change in global mean temperature.

Such a permanent climate effect can be achieved either on each individual building or on building stock
level. Options on how to ensure legally binding regulation of permanent carbon removal on a individual
building are described in the previous Section 6.3.2. Permanent carbon storage and thus accountable car-
bon removal may also be achieved on a building stock level as is described below.

Permanent carbon storage on building stock level requires a steady state flow of biogenic carbon contained
in biobased materials in and out of a building stock during at least 1’000 years. Future accountable carbon
removal requires biogenic carbon inflows into the building stock higher than its outflows. Ideally the net in-
flow rate is constantly increased during the next decades.'® This approach is independent of the kind of
waste management (or recycling or reuse) of biobased materials that flow out of the building stock. it re-
quires more than 1’000 years monitoring of biogenic carbon flows in building stocks.

To ensure net inflow of biogenic carbon national laws and regulations need to contain legal provisions on
the minimum biogenic carbon inflow rate into new buildings and major renovations, expressed in kg C/m2.
This minimum inflow rate depends on the current level of biogenic carbon content in the national building
stock and the end of life treatment of outflowing bio-based materials and should be steadily increased in
future.

'® Like when water is poured into a well with a hole in the bottom. The well can still be full of water as long as the same amount of
water into the well as flows out of it. And the volume in the well increases if there is a net inflow of water.
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The stock of biogenic carbon in buildings shall not be increased at the expense of the carbon stock of for-
ests. Whether or not a strong inflow of biogenic carbon into building stocks leads to a depletion of the car-
bon stock in forests is currently hardly known nor assessed. There is one recent study from Gingrich et al.
(2025) addressing this issue.

NETs with temporary CO:2 storage have two possible applications within a climate strategy, which can also
be combined. On the one hand, temporary NETs can be used in the same way as permanent NETs, but
the loss of the stored CO2 must be recorded and accounted for like a CO2 emission. For example, in order
to constantly offset residual emissions with temporary NETs to net zero, NETs must be operated again to
the extent of the re-emitted COz2 during the loss of the storage. On the other hand, temporary NETs can be
used in addition to permanent NETs, while the latter first completely offset the remaining residual emissions
to net zero and later cause net negative emissions (on balance, more COz2 is removed from the atmosphere
than is emitted at the same time). Net zero is thus achieved earlier and the temperature maximum is damp-
ened.

Due to net positive emissions,
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Figure 12 Global CO2 emissions for three fictitious scenarios (a) and the resulting warming (b). All three scenar-

ios reach net-zero CO2 emissions after 2050 in the man-made balance (= formal), whereby the actual CO2 emissions
can be positive. Net-zero scenario with permanent NET (black), with temporary NET and a formally ignored loss of
stored COz after 50 years (red, dashed) and with temporary NET, where only 57.8% of the re-emissions from the loss
of stored CO2 are formally accounted for according to the time dependent accounting approach (blue, dotted). The
warming only includes the CO: effects, but ignores the effects of other greenhouse gas and air pollutant emissions that
prevail in reality; adapted from (Frischknecht & Pfaffli 2023).

The incorrect calculation of temporary NETs can have serious consequences for achieving climate targets.
To illustrate this, three scenarios were simulated using the Finite Amplitude Impulse Response simple cli-
mate model (FalR; Millar et al. 2017; Smith et al. 2018) and visualised in Figure 12. In all three scenarios,
global CO2 emissions are reduced linearly to net zero between 2020 and 2050. It is assumed that after
2050 in a formal balance, i.e. a man-made balance, the remaining residual emissions of 10 GtCOz/year are
offset with NET of 10 GtCOz/year to net zero in each case.

In the first scenario (black), permanent NETs are used and thus the actual CO2 emissions are identical to
the formally balanced emissions. This means that there is no additional warming once net-zero CO2 emis-
sions have been achieved.

In the second scenario (red, dashed), temporary NETs with a CO: storage period of 50 years are used, but
formally recognised as permanent NETs. As a result, the actual CO2 emissions after 50 years in 2100 are
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positive because the residual emissions of 10 GtCOz/year and the loss of stored CO2 (another

10 GtCOz/year) are incompletely offset by the negative emissions of 10 GtCO2/year achieved in this year.
In the formal balance sheet, the re-emissions are ignored, so that it still simulates a CO2 balance of net
zero. Due to the positive net emissions, the temperature rises again.

In the third scenario (blue, dotted), it is taken into account that the NETs used only have a temporary CO:2
storage capacity of 50 years, but based on the time dependent balancing approach (Ministére de la
Transition Ecologique 2021), only around 58 % of the re-emissions are recognised as such. This means
that from 2100 onwards, NETs will only be operated to the tune of around 5.8 MtCOz2/year. The actual CO:2
balance after 2100, on the other hand, is positive, which increases the temperature again.

To summarise, NETs with temporary CO2 storage have a positive effect on global temperature, but they
must be correctly accounted for. It would be valuable to quantify this benefit and assess it accordingly.
However, the benefit should not be offset as a ‘discount’ on re-emissions due to the loss of CO:2 storage, as
this would otherwise lead to an unconscious increase in global temperature.
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On the level of an individual building an appropriate assessment of the climate change effect of biogenic
Carbon stored in buildings is challenging and requires a firm legal and technical framework. An attempt is
made to formulate the preconditions and requirements to be met for a net zero whole life cycle Carbon
building. After intensive discussions among the experts, two major positions became apparent. They differ
in the treatment and consideration of electricity produced onsite and exported to the grid and are described
in Section 7.1.2 (majority of authors of this report) and in Section 7.1.3 (minority of authors of this report).

Buildings and some of its materials offer the opportunity to remove and permanently store biogenic or at-
mospheric carbon. They also offer the opportunity to reduce greenhouse gas emissions with the help of
onsite electricity generation which is partly exported to the grid. The exported electricity may potentially re-
duce greenhouse gas emissions beyond the system boundary of the building. According to FprEN
15978:2025 such potential emission reductions are reported in Module D2. They shall not be confused nor
mixed with negative emissions resulted by carbon removal measures (which includes permanent storage).

That is why a majority of the authors excludes potentially avoided emissions? in the assessment of
buildings with net zero greenhouse gas emissions, or ‘NZWLCC buildings’ for short and proposes that the
following should apply:

- The system boundary includes production, construction, maintenance including replacement, oper-
ation and end of life (whole life cycle).?!

- The reduction of greenhouse gas emissions remains the primary approach (ambitious national tar-
get and guidance values must be met) and is always preferable. Hence, their whole life cycle
greenhouse gas emissions per m2 should be ambitiously low.

- Contributions from carbon dioxide removal methods (negative emission technologies) with a high
degree of permanence (i.e., >1°000 years) are permitted to balance for “hard to avoid” greenhouse
gas emissions. Corresponding carbon removal certificates need to be purchased and kept.

- Greenhouse gas emissions caused by energy and material expenditure and losses in the provision
of carbon removal must be taken into account.

- Potentially avoided emissions and emission reductions, for instance generated with the export of
electricity generated with building integrated or attached photovoltaic, do not remove CO2 from the
atmosphere and thus do not count as carbon removal.

20 The D2 as additional and separate information can be interpreted as ,contribution to decarbonatisation of the grid“.

21 Allocation based on physical causality is used to determine the share of greenhouse gas emissions attributed to the building (self-
consumed electricity, PV panel frame and cover glass in case of building integrated PV) on one hand and to the electric utility pur-
chasing the exported electricity on the other.
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If the negative CO2 emissions from the building materials and components used in the building are not suf-
ficient to balance the greenhouse gas emissions from construction and operation, a building owner can use
eligible third party negative emission certificates to achieve net-zero greenhouse gas emissions.

Buildings that require additional eligible certificates in order to achieve net-zero greenhouse gas emissions
in production, construction, maintenance, operation and end of life must be specially labelled.

The eligibility of COz2 certificates is given for measures to remove CO:2 from the atmosphere combined with
long-term sequestration (at least 1’000 years, Brunner et al. 2024).

Buildings that produce electricity serve not only a building function (such as housing or hosting activities),
but also an energy production function that must be accounted for. Buildings are contributing to the transition
toward a net-zero carbon society by producing energy for other users. Accounting for exported electricity in
addition to the self-consumed part of the produced energy allows a more global optimization of the overall
system, as the energy-producing system's benefit (exported electricity) is accounted for, which is particularly
important if the grid is carbon-intensive. Accounting for exported electricity also ensures consistent results at
the building and neighbourhood scale, as the level of self-consumption would be larger at the neighbourhood
or district than at the building scale.

A minority of the authors proposes alternative requirements for energy-producing buildings with net-zero
greenhouse gas emissions, including potentially avoided emissions:

- The system boundary includes production, construction, maintenance including replacement, oper-
ation, including exported electricity, and end of life.??

- The reduction of greenhouse gas emissions remains the primary approach (ambitious national tar-
get and guidance values must be met) and is always preferable. Hence, their whole life cycle
greenhouse gas emissions per m? should be ambitiously low.

- Contributions from carbon dioxide removal methods (negative emission technologies) with a high
degree of permanence (i.e., >1°000 years) are permitted to balance for “hard to avoid” greenhouse
gas emissions. Corresponding carbon removal certificates need to be purchased and kept.

- Greenhouse gas emissions resulting from energy and material expenditures and losses in the pro-
vision of carbon removal must be taken into account.

- Potentially avoided emissions and emission reductions are integrated (but are displayed separately
from carbon removal, e.g. from biogenic carbon), or the system should be expanded to incorporate
a potential supplementary electricity production.

If the negative and avoided emissions from the building materials and components used in the building are
not sufficient to offset and balance, respectively, the greenhouse gas emissions from construction and oper-
ation, a building owner can use eligible third-party negative emission certificates to achieve net-zero green-
house gas emissions including potentially avoided emissions.

Buildings that require additional eligible certificates in order to achieve net-zero greenhouse gas emissions
including potentially avoided emissions in production, construction, maintenance, operation, and end of life
must be specially labelled.

22 Greenhouse gas emissions of the entire PV system are attributed to the building.
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The eligibility of COz2 certificates is given for measures to remove CO:2 from the atmosphere combined with
long-term sequestration (at least 1’000 years, Brunner et al. 2024).

A building with net-zero whole life cycle greenhouse gas emissions has minimum greenhouse gas emis-
sions for production, construction, use, maintenance, repair, replacement, operation?® and end of life over
its entire life cycle (“close to zero”) and reduces the remaining greenhouse gas emissions from construction
and operation that are difficult to avoid to net zero through accountable carbon dioxide removals (negative
CO:2 emissions). Carbon dioxide removals (negative CO2 emissions) can be accounted for if the permanent
(>1°000 years) removal of atmospheric and biogenic CO: is legally secured and corresponding carbon re-
moval certificates are purchased and kept together with the negative emission construction materials used
in the building.

CO:z2 that is stored in building materials based on renewable raw materials and in mineral-organic building
materials in the form of biogenic carbon and for which there is a legally binding obligation for permanent
storage (>1°000 years) is deemed to be an accountable carbon dioxide removal (negative emission). The
eligibility also applies to atmospheric COz2, which is permanently bound by forced carbonation in mineral
building materials used in the building for which the corresponding carbon removal certificates are pur-
chased and kept.

A building with net-zero whole life cycle greenhouse gas emissions has minimum greenhouse gas emis-
sions for production, construction, maintenance including replacement, operation and end of life over its
entire life cycle (“close to zero”) and reduces the remaining greenhouse gas emissions from construction
and operation that are difficult to avoid to net zero through accountable carbon dioxide removals (negative
CO:2 emissions). Carbon dioxide removals (negative CO2z emissions) can be accounted for if the permanent
(>1°000 years) removal of biogenic COz is legally secured and corresponding carbon removal certificates
are purchased and kept together with the negative emission construction materials used in the building.

Besides the CO2 mentioned in Subchapter 7.2 carbon dioxide removal (negative emissions) certificates for
CO2 removal and permanent sequestration (>1°000 years) issued by third parties are eligible (see also
Subchapter 4.2).

2 Excluding operational energy use due to user related activities (Module B6.3) and building related users activity (Module B8).
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Buildings and their supply chains are today a major source of greenhouse gas emissions. At the same time
buildings are indispensable for social and economic development, for human life and work as they provide
the necessary shelter and comfort. To comply with the goals of the Paris agreement, a drastic emission
reduction in the area of buildings is urgently needed. And the remaining hard to avoid emissions shall be
balanced with CO2 removed from the atmosphere and safely and permanently stored. In this context net zero
whole life greenhouse gas emission buildings seem to be an attractive solution for the building and construc-
tion sector’s contribution. It may also be questioned whether or not it is appropriate to request net zero and
permanent carbon removal for individual buildings. Some argue that permanence of carbon fixed in building
materials can more easily be monitored and ensured on building stocks rather than individual buildings.

Leading climate scientists argue that only carbon removal for longer than 1’000 years results in reducing the
long-term increase of global mean temperature. This is much longer than the average lifetime of buildings of
between a few decades to a century (not considering the tiny share of iconic and historic buildings which
may last for centuries). This mismatch between required storage time and the lifetime of a building calls for
special measures to ensure effective carbon removal by buildings and cope with the uncertainties that are
intrinsic to such long timeframes.

In this report, the characteristics, role and potential of different types of construction materials in removing
and storing carbon from the atmosphere are described. While CO2 embedded in mineral materials by forced
carbonation will most likely not be rereleased for thousands of years, the biogenic carbon present in biobased
and in mineral-organic materials will likely be reemitted to the atmosphere too early. That is why long-term
carbon removal achieved with these materials shall be legally secured; different options exist, some of them
on individual buildings, some on building stocks or on national/regional level.

In some life cycle assessment studies of buildings (and also other investment and consumer goods) negative
emissions are reported. These negative emissions represent net potential benefits and loads beyond the
system boundary of a building. They are the result of a contrafactual scenario established for the export of
electricity produced on or at the building with PV systems or for the recycling of construction materials at the
end of life of the building. These negative emissions represent an emission reduction elsewhere (not on the
building) and shall not be mixed up with CO2 removal from the atmosphere, which is a real negative COz
emission. Nevertheless some authors consider it important to address and quantify these potentially avoided
impacts in the assessment of potential net zero greenhouse gas emission buildings. That is why two sets of
requirements for net zero WLC buildings are proposed in this report:

The approach supported by the majority of authors includes real and long-term carbon removal measures to
balance life cycle based greenhouse gas emissions whereas the other one includes potentially avoided
greenhouse gas emissions which reduce the amount of greenhouse gas emissions to be balanced by long-
term carbon removal measures.
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Based on the contents of this report and the discussions and agreements of the IEA EBC experts, the fol-
lowing recommendations were approved. They are grouped in recommendations to individual building own-
ers, additional recommendations for public entities, institutional investors and owners of building stocks, and
additional recommendations for public policy makers.

1. Life cycle related greenhouse gas emissions of buildings shall drastically be reduced.

2. PV systems in and on the building and on its plot of land shall be installed to reduce the operational
greenhouse gas emissions of the building and to support electric utilities in reducing the greenhouse
gas emission intensity of their electricity mix.

3. Carbon removal technologies with longterm carbon storage are eligible to balance the remaining,
hard to avoid greenhouse gas emissions of buildings.

4. The following carbon removal building materials, which offer long-term carbon storage are recom-
mended:

a. Forced carbonated recycled concrete granulate, if used in its loose form (i.e. not as a raw
material of new concrete).

b. Biobased and mineral-organic building materials with legally binding commitment not to rere-
lease its biogenic carbon to the atmosphere for at least 1’000 years.

5. Carbon removal certificates shall be purchased and kept together with the building materials men-
tioned above.

6. If needed, additional long-term carbon removal certificates, issued by BECCS and DACCS plants
may be purchased to balance remaining greenhouse gas emissions.

1. An inventory of biogenic carbon stored in the building stock shall be established.?*

2. Minimum biogenic carbon contents (stored in construction products) of new construction and major
renovation projects shall be introduced and the minimum content shall be increased over time. Car-
bon stocks in forests need to be monitored to avoid their reduction or depletion.

3. The biogenic carbon content of the building stock shall be monitored annually or biannually.

1. A regulation on minimum biogenic carbon contents (stored in construction products) of new con-
struction and major renovation projects shall be introduced with an increase of the minimum content
over time. If not already in place, a similar national regulation on maintaining the carbon stock in
forests shall be introduced at the same time.

% The scope and the range of assessed products differ considerably between the proposed inventory of biogenic carbon stored in
building stocks and the IPCC national inventory reports of Harvested Wood Products. Future work should explore on harmonization
potential and synergies bewteen these two perspectives.
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A regulation on an appropriate end of life treatment of biobased and mineral-organic building mate-
rials shall be introduced to prevent early rerelease of its biogenic carbon. x

A carbon removal certificate system shall be established and operated based on long-term carbon
removal technologies (>1°000 years). This may also cover carbon storage chains.
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