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Planetary Carbon Recycling
Global Cooling with Temporary C-Sinks
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Carbon from biomass and carbon that is recovered and synthesized directly from the atmosphere and
oceans will become the future basis of the global economy. Carbon must be constantly recycled instead of
mined from fossil deposits. As long as biogenic and recycled carbon remains in forests, swamps, and mate-
rials such as houses, roads, batteries, cars, furniture, wind turbines, skis, and T-shirts, it will act as a tem-
porary carbon sink. Regardless of the lifespan of a carbon sink, as long as the carbon sinks are continuously
renewed, and the amount of carbon in circulation remains the same, the temporary carbon sinks have the
same global cooling effect as permanent geological carbon sinks.

If greenhouse gas emissions are not reduced by at least
90% by the middle of the century, the survival of civili-
zation will depend on high technology and shelter cities.
However, a reduction of 90% can only be achieved if no
more fossil carbon is extracted and burned. There is no
way around the fact that trade in fossil carbon (i.e., crude
oil, natural gas, lignite, hard coal, and peat) must be legally
restricted and ultimately banned. However, carbon itself is
indispensable. Carbon-based materials are and will always
remain the core element of the global economy. In the fu-
ture, however, carbon will no longer be extracted from de-
posits deep underground but will be harvested from the air
and the oceans.

Everyday objects and building materials, chemicals and
pharmaceuticals, textiles, food, and much more - no area
of life can do without carbon-based materials. The adopti-
on of a gradual ban on fossil carbon will lead to a simul-
taneous increase in demand for alternative carbon sources
and, thus, to an increase in their value. In the long term,
there are five principal sources of non-fossil carbon avai-

lable to us:
(1) Organic carbon from biomass,

(2) CO2 from combustion processes (especially waste
incineration and pyrolysis gases),

(3) CO2 from the production of cement or quicklime,
(4) CO2 removal from the atmosphere, and

(5) CO2 removal from the oceans.

Limits of carbon extraction from biomass

The production of organic carbon from biomass is com-
peting with crop production and the protection of ecosys-
tems. Taking into account food security and biodiversity,
the global biomass potential for meeting the demand for
industrial carbon is about 10 Gt COze per year, which is
about 20 - 30% of the expected demand for climate-neutral
carbon for materials, fuels, and carbon sinks. New biomass
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strategies such as the cultivation of seaweed and algae, the
expansion of plantations of fast-growing biomasses such
as bamboo or elephant grass, indoor farming, or the con-
sistent use of cover crops and agroforestry could further
increase the available biomass potential. Nevertheless,
scaling remains limited by several planetary boundaries,
mainly due to land use change, biodiversity loss, ground-
water depletion, and over-fertilization. In order to preserve
global biodiversity and natural resources, land used for ag-
ricultural and industrial forestry should not be expanded,
but rather reduced in favor of nature conservation areas
(see the UN initiative Nature Pledge and Nature Needs
Half).

In order to utilize carbon from biomass as efficiently as
possible, processing must achieve high rates of carbon re-
tention. When wood is used directly for construction or
furniture, when straw chaft is used directly as an additive
to clay bricks or when lignin is extracted for the plastics
industry and cellulose is used to make composite materials
(see carbon sink products, among others), 80 to 95% of the
carbon absorbed by plants is retained for the lifetime of the
products and can usually be recycled at the end of the pro-
duct cycle. If the biomass is pyrolyzed into biochar, more
than 50% of the carbon is lost in current processes, but a
particularly durable form of carbon and usable thermal
and electrical energy is produced. If pyrolysis is combined
with a process for capturing CO2 from the exhaust gases,
the carbon efficiency can even be increased to 80 - 95%
(see: Pyrogenic Carbon Capture and Storage).

Even if significantly more biomass were cultivated for
carbon utilization and the efficiency of carbon utilization
from biomass were increased through material application
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and CO2 capture, the global amount of available biomass
carbon would not be sufficient to completely replace fossil
carbon in material application, generate heat, and establish
geological sinks. The gap between the amount of carbon
required by industry and the amount theoretically availab-
le from biomass must be made up by technically removing
CO:2 from the atmosphere and the oceans. The technolo-
gies used for this are known as Direct Air Capture (DAC)
and Direct Ocean Capture (DOC).

The COz2 in the atmosphere and the COz2 contained in the
oceans are in balance and equilibrate each other with a
certain time lag. If a lot of COz2 is emitted, the COz2 in the
oceans also increases. If a lot of CO2 is removed from the
atmosphere by forests or DAC/DOC, COz2 flows back into
the atmosphere from the oceans to maintain the balance.
The build-up of C sinks, therefore, also leads to CO2 retur-
ning from the oceans back into the atmosphere; this pro-
cess is called reflux.

Nearly all fossil carbon emitted over the last 250 years can
still be found in the atmosphere, the oceans, biomass, and
soils. What was once mined as lignite or extracted as crude
oil and natural gas can now be harvested from the air and
oceans using emerging technologies. Since 1750, the dawn
of industrialization, mankind has emitted roughly 1500 Gt
of CO2 from fossil sources (link to statista.com). All this
CO2 represents an almost unlimited reservoir of carbon
that can be garnered for use in industrial applications or as
geological C sinks.

Over the next two decades, the air and oceans will become
the most important source of carbon for industrial applica-
tions. A new carbon age is beginning, with the out-phasing
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Figure 1: Global COz2 emissions since 1750 (https://ourworldindata.org/co2-and-greenhouse-gas-emissions).
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Figure 2: Model of a plant that uses solar energy to extract CO2 from the atmosphere and to synthesize methane using hydrogen
obtained electrolytically from desalinated seawater. Methane is the main raw material of the chemical industry as well as the starting
material for other fuels and artificial biochar. Concept and design by Obrist AG.

of fossil carbon while the use of recaptured and recycled
carbon soars. As soon as the industry can cost-effectively
switch to non-fossil carbon sources, there will no longer be
a shortage of carbon. From then on, carbon will be recy-
cled, and it will not harm the climate or the environment
anymore.

C-sinks from biomass or directly from the
air and oceans?

Although the agricultural and marine production of orga-
nic carbon in the form of plants and algae can be cost-effec-
tive, it is very land intensive. The resulting carbon is highly
complex chemically and presents low entropy, which is
wasted when only the basic carbon and not the complex
biomaterial is used for further processes. The processing
of biomass carbon into standardized chemical compounds
requires complex and, therefore, cost-intensive process
steps. DAC and DOGC, i.e. the removal of CO2 from the
air and oceans, require high investment costs, but they are
much less land-intensive and can be easily synthesized into
the chemical raw material CHa.

With today's technology, DAC is already around 25 times
more area-efficient than local forests and 10 times more
area-efficient than tropical forests. While 1 hectare of fo-
rest in Northern America can absorb around 20 tons of
CO2 per year, DAC can remove 500 tons of CO2 from the
atmosphere on the same area. This includes the area requi-
red to install the solar panels needed to generate electricity
and synthesize methane, with methane being the raw pro-
duct of the chemical and fuel industry. It is to be expected
that carbon from DAC and DOC can be provided more

cost-effectively than from biomass in the medium term.
The capture of CO2 from concentrated waste gases, for ex-
ample, from waste incineration or cement production, is
even more cost-effective.

To remove 10 Gt of CO2 from the atmosphere annually
with today's technology and process it into synthetic met-
hane using electrolytically produced hydrogen from des-
alinated seawater and pyrolyze the methane into carbon
black (i.e., artificial biochar) and fix it geologically, only
20% of the land surface of Saudi Arabia or 450,000 km? is
needed to avert the climate crises. This corresponds to 0.3
% of the global land area. To produce electricity worldwi-
de with solar panels, convert it into hydrogen from des-
alinated seawater, and transport it to every corner of the
globe, another 350,000 km? is needed. Of course, not all of
this should occur in Saudi Arabia, but rather could be wi-
dely distributed across the world, which massively reduces
transportation costs and provides enhanced energy and
resource self-sufficiency and resilience. It would take less
than 1% of the world's land area to supply the entire wor-
1d with electricity, fuel, heat, chemicals, plastics, fertilizers,
and carbon sinks using solar energy. The sun is a reactor
that provides free energy every day. Despite this, humanity
is in danger of extinction because it is not effectively ma-
naging solar energy.

Geological and temporary C-sinks

Persistence, i.e. the durability of carbon storage, is a decisi-
ve criterion in the evaluation of a carbon sink. A distincti-
on is made between geological sinks, in which the carbon
remains largely stable for over 1000 years, and temporary
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C sinks. Temporary C sinks have a lifespan of at least one
to several hundred years. Unlike geological sinks, the C
in temporary C sinks is not stored as a persistent biochar
fraction in soils or as carbonate in rocks, but in consumer
and raw materials or in living biomass such as trees. The
preservation of temporary C-sinks (e.g., the existence of
a wooden house or the lifespan of a sewage pipe) must
be monitored regularly. The carbon stored in temporary
C-sinks can decrease or increase steadily, exponentially, or
even abruptly (e.g., in forest fires). It is, therefore, crucial
that certificates of temporary C-sinks are only issued for
the years in which the existence and quantity of the C-sink
have been monitored (ex-post) and not for many years in
advance (ex-ante).

Given their permanent storage, geological C sinks can off-
set CO2 emissions and, thus, virtually cancel out their total
global warming effect. Temporary C sinks, on the other
hand, cannot be used to offset CO2 emissions once and
forever. During their verified lifetime, temporary carbon
sinks compensate for the climate impact of a greenhouse
gas emission of the same size. If, for example, a tempo-
rary C-sink of 100 tons of COze persists for 30 years, it
can compensate for the global warming effect of 100 tons
of CO2e for these same 30 years. After these 30 years, a
new 100-ton C-sink must be created in order to continue
to compensate for the global warming effect of the 100-ton
CO2 emissions.

For the period of the certified existence of a temporary C
sink, its climate impact is the same as the climate impact of
a geological C sink of the same size.

Competition between C-sink materials and
geological C-sinks

The industrial use of non-fossil carbon, whether in the form
of biochar, wood, lignin, or synthetic methane, can lead to
temporary storage in products such as plastics, composite
materials, asphalt, steel, buildings, etc. All these materials
represent a carbon sink for the duration of their life cycle.
Fossil carbon can be completely replaced by recycled at-
mospheric carbon. If, in addition to the industrial C-sink
materials, considerable quantities of geological C-sinks are
created for climate protection, the production of materi-
als from non-fossil carbon and the creation of geological
C-sinks would be in direct competition with each other.

Competition for sustainable carbon certainly stimulates
the scaling of production technologies, and higher demand
will also lead to more innovation and industrialization and,
thus, to falling prices. Nevertheless, it is predictable that
prices for geological carbon sinks will be much higher than
prices for temporary C-sink materials. Factoring in multi-
ple life cycles of industrially used C-sink materials, most of
the costs for the provision and transformation of non-fossil
carbon are likely covered by the value of the carbon to the

various industrial end users. The price of geological car-
bon sinks, however, would be defined almost exclusively by
the long-term climate service (plus some benefits in agri-
culture and livestock farming). If carbon is removed from
industrial cycles for the purpose of long-term (geological)
carbon sinks and is subsidized by governments or via high
prices paid by carbon removal buyers , competition arises
in the carbon sink economy, which drives up the price of
non-fossil carbon through increased demand.

Additional costs for geological carbon sinks arise from the
incorporation into a C-sink matrix (e.g., soil in the case of
biochar or minerals in the case of DACCS), as well as pos-
sible land use costs and carbon monitoring. The main cost
factor, however, is that the carbon in long-term sinks is not
continually utilized and is permanently excluded from the
circular carbon economy.

Carbon that is incorporated into materials can be repea-
tedly recycled, often going through cascades of use (e.g. fo-
rest wood that is felled after many years and becomes woo-
den beams in a roof truss, which later become bookshelves,
wine crates or biochar. Or COz is synthesized into CH4 to
make polyethylene (PE) for sewage pipes, which are later
remelted and made into construction film. Or CH4 is py-
rolyzed into synthetic biochar and used as nano-carbon in
composite materials). If the C-sink materials are finally de-
composed biologically (e.g., through the rotting of wood)
or chemically (e.g., in aircraft exhausts or waste incinerati-
on), the carbon in the material reverts back into CO2 again.
CO2 produced in waste incineration, a pyrolysis plant, or a
cement factory, can be separated from the exhaust gas at a
lower cost and returned to the industrial cycle by synthe-
sizing CHa. If the CO:z is released into the atmosphere, it
can be recovered either from there or from the oceans and
biomass, where it will be relocated over time. The industri-
al cycle of non-fossil carbon thus becomes a closed cycle.

The use of biogenic and synthetic carbon in industry cons-
titutes temporary carbon sinks that are constantly renewed
as the carbon is continuously recycled from exhaust gases
or via the air or seawater. The non-fossil carbon incorpo-
rated into materials can be certified and registered as tem-
porary carbon sinks.

Geological C sinks can be certified as C sinks for thous-
ands of years. But as long as not all options for material
utilization have been explored and exploited, geological C
sinks should be considered a waste of resources compared
to C sink materials, because the recovered carbon provides
no other benefits beyond the comparable climate service.
It's like a pot of gold buried in the garden or a roof beam
sunk 20 meters below the foundation of a house instead of
being used as a ridge in the trusses to hold up a solar roof.

The intergenerational contract

Temporary carbon sinks must be continually renewed to
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have the same climate effect as geological carbon sinks.
But who can guarantee that a material C-sink, for examp-
le, a wooden bridge or the biochar asphalt road, will be
replaced after 30 or 50 years, when the bridge is renewed
and the asphalt replaced, by a new wooden building, the
planting of a forest, or other material with carbon freshly
extracted from the atmosphere? No one can guarantee this
so far into the future. Contracts are legally binding for a
specified period of time which is usually a maximum of
35 years. If a company goes bankrupt, it is released from
responsibility earlier than the specified period.

Considering the legal uncertainty of geological C-sinks, it
may seem strange why the obvious solution, i.e., the cons-
tant renewal of temporary sinks, is refused simply because
there is no legal guarantee that someone will continue the
climate-protecting work in the future. Geological C-sinks
have no legal guarantee for eternity, either. Who will own
the ground in which the C-sink was placed in 50, or 100,
or even 1000 years' time? Will the new landowner come to
terms with the fact that at some point in the distant past, a
previous owner sold the climate service of the C-sink for
all eternity and that it was used by an unknown ancestor to
compensate for a single flight to Adelaide?

The Earth's climate is a consequence of long-term natural
planetary and extraplanetary events and has been increa-
singly shaped by human activity for the last several cen-
turies. Humanity has always developed in the context of
the climate, but as a civilization, it has always stood on the
shoulders of the previous generation, from the first tools
and fire to the origins of agriculture, from the religious
wars and industrialization to the computer age and artifi-
cial intelligence. The next generations are in the same but
updated historical context. They inherit all of humanity's
knowledge, craftsmanship, and technologies, as well as all
the problems such as environmental destruction and soci-
al injustice. What responsibility does the current generati-
on have for the next generations? Do we have to solve all
problems in advance, or can we also pass on some of the
responsibility along with the knowledge and technological
mastery? May we expect future generations to continue, in
their own interest, our work and projects?

The continuation of human civilization and the protection
of the planetary nature and climate must be part of an in-
tergenerational contract. If we build a climate protection
plan that only works if future generations continue it, we
are at least passing on a possible solution instead of leaving
scorched earth behind.

In the event that future generations no longer adhere to the
intergenerational climate contract and stop recycling car-
bon, the creation of a geological carbon sink today may at
least provide the moral reassurance of having paid oft one's
own climate debt. But as long as only a few wealthy people
can afford to create geological carbon sinks, this will not
solve the climate problem or the climate emergency of fu-

ture generations but will only serve to alleviate the climate
guilt of a few. It is much more important to develop ro-
bust systems that can be continued in the future and con-
tinuously improved. If future generations do not intend to
protect the climate, they will have to face the climate that
will arise. The responsibility of those living today is not to
solve problems for all eternity but to do our part to ensure
that future existential problems can be solved in a timely
manner with foreseeable solutions.

Ending the extraction of fossil carbon and simultaneous-
ly building a carbon recycling industry offers the oppor-
tunity to stabilize the global climate through active carbon
sinks in consumer and other materials. Of course, the last
two generations are primarily to blame for climate chan-
ge, and it is our duty to do whatever it takes to keep the
planet livable for future generations. But our civilization
is also passing on to future generations our technological
innovations and knowledge of how to limit climate chan-
ge without sacrificing the quality of life. The interest rate
for this inherited knowledge is measured by how well this
knowledge is used.

Depending on the production volume and lifecycle of the
annual industrial carbon materials, additional geological
carbon sinks may be required to stabilize the climate for a
certain period of time. However, it is to be expected that the
quantities for permanent C-Sinks will be relatively small
compared to the global industrial carbon volume since the
elimination of fossil carbon and the increased recapturing
and reuse of non-fossil carbon will lead to a new planetary
equilibrium. Increased reliance on DAC and DOC, and
this is the most important argument, will free up land re-
sources for new forests, wetlands, and steppes that do not
need to be cultivated with machines, that can store carbon
in living biomass, and have far greater value than under-
ground carbon sinks, given the additional ecosystem ser-
vices they provide.

In the not-too-distant future, the main market for negati-
ve emissions is likely to shift from a focus on permanent
geological carbon sinks to the far more ambitious focus
on harvesting non-fossil carbon from biomass, DAC, and
DOC. Not only will the use of renewable carbon provide
enormous economic opportunities distributed across the
world, but it will also provide a rapid and economically vi-
able pathway to reduce the need for continued mining of
fossil carbon.

Glossary
C-Sink

A C-sink is defined as the monitored and registered sto-
rage of carbon initially extracted as CO2 from the atmo-
sphere or the ocean. The C-sink must be stored outside
the atmosphere, i.e., in the soil, in geological storage, in
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water and sediments, or as part of a product in the anthro-
posphere. All carbon loss occurring during a certification
period (e.g., the burning of a forest or decomposition of
biomaterials) must be accounted for. The unit for carbon
stored in C-sinks is tons COze.

Every C-sink provides a global cooling service (GCS) that
counterbalances the climate warming effect of a corres-
ponding amount of a given GHG emission for as long as
the C-sink persists.

Global Cooling

Global cooling is the climate effect of a C-sink. It is given
for each individual year since the C-sink's establishment. It
correlates to the reduction of the annual radiative forcing
following a distinct CO2 removal from the atmosphere. It
is, thus, a measure of annual negative global warming, for
which the new terminology "annual global cooling" was
introduced. The removal of 1 t CO2 from the atmosphere
reduces the radiative forcing by 6.30x10~° watts per square
meter during the first year following the removal.

The annual global cooling effect of a C-sink may compen-
sate for the annual global warming effect of an emission of
the same size.

The unit is given in annual tons of CO2e (t aCOze).

Temporary C-Sink & Emission Compensation

A C-sink is considered temporary when its carbon is sto-
red for at least one year and less than a thousand years. The
carbon of temporary C sinks is mainly stored in usable and
raw materials such as houses, asphalt, and consumer pro-
ducts or in living biomass such as trees. The preservation of
temporary C-sinks (e.g., the existence of a wooden house
or the lifespan of a sewage pipe) must be monitored regu-
larly. The carbon stored in temporary C-sinks can decrease
or increase steadily, exponentially, or even abruptly (e.g., in
forest fires). It is, therefore, crucial that certificates of tem-
porary C-sinks are only issued for the years in which the
existence and quantity of the C-sink have been monitored
(ex-post) and not in advance for upcoming years (ex-ante).
Temporary C-sinks can be used to compensate annually
for the global warming effect of an emission. Temporary
C-sinks must not be used to offset CO2 emissions.

CO2 Offset & Geological C-Sinks

COz2 emissions have a global warming effect that steadily
decreases year by year, but still remains and accumulates
for millions of years. The only way to truly balance the
emission is by creating a C-sink that persists for an equally
long time of hundreds of thousands to millions of years.
Only geological C-sinks can guarantee such long persis-

tence with sufficient confidence. Examples of geological
C-Sinks are enhanced rock weathering, geological storage
of COz2, and the persistent aromatic carbon (PAC) fraction
of soil-applied biochar.
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