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The more comprehensive our knowledge, the more we recognize its complexity. This is 

particularly the case for our oceans. Marine research is a relatively young science, and due 

to the numerous interconnections between physical, chemical and biological processes in an 

inaccessible and technologically inhospitable environment, our knowledge has developed 

more or less exponentially in step with modern research in recent decades. Half a century 

ago, the information that we gathered about the seas was primarily descriptive in nature, 

whereas today we are increasingly coming to understand the interactions between the 

oceans and the effects of the Anthropocene.

In the process, we must acknowledge that human activities are having a more serious 

impact on the marine ecosystem than we would have predicted half a century ago. Nothing 

poses a greater risk to the oceans and therefore to our planet than anthropogenic climate 

change. Our modern society’s carbon dioxide emissions are causing acidification and 

warming of the seas, leading to major, practically irreversible changes. Never before in 

human history has our intervention in our ecosystem had such serious, indeed existential 

consequences as those currently resulting from our greenhouse gas emissions, and never 

before have we played God – omnipotent and absolute – on such a scale. If the warming of 

the Earth continues at the present rate, a collapse of nature and society is inevitable. 

However, in order to achieve the target of 1.5 degrees Celsius stipulated by science, we must 

once again resort to methods which are equally impactful and existential. The truth is that 

an immediate reduction of emissions to zero is no longer sufficient; the active removal of 

carbon dioxide and its secure storage on land or in the seas now appear to be necessary. We 

have only just begun to understand the devastating impacts of climate change on the marine 

environment, and yet here we are, intent once more on intervening in the ocean. And once 

again, the effects of this are difficult to predict. 

If we apply the technologies that are needed and called for to actively store carbon 

dioxide in the seas, we will once again be acting like a higher power – often, as before, 

without the requisite knowledge.

I very much hope that this World Ocean Review 8 will help to enhance understanding 

of the measures that will unfortunately be necessary and raise awareness of their impacts. 

Perhaps it will thus assist us to move towards the insight that “softer” biological methods are 

to be recommended, rather than those whose effects, yet again, are difficult to predict. 

Our knowledge has increased, but so too has the complexity of our impact on the ocean. 

We should have learned by now that our main objective should be to achieve net zero 

emissions, rather than primarily aiming for a reversal of processes. We have waited too long; 

we have accepted climate change for too long, or have not recognized that it is happening at 

all. Our responses now must be all the more circumspect for that.

 

Nikolaus Gelpke

Managing Director of maribus gGmbH, mareverlag publisher and Patron of IOI

Preface
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Prof. Dr. Martin Visbeck

GEOMAR Helmholtz Centre  

for Ocean Research, Kiel, Co- 

Spokesperson of Future Ocean

Prof. Dr. Nele Matz-Lück

Kiel University (CAU) 

Co-Spokesperson  

of Future Ocean

Prof. Dr. Ulrich Bathmann

Director, Leibniz Institute for Baltic Sea Research (IOW), Warnemünde, and 

Chair of the German Marine Research Consortium (KDM)

Can the ocean save us from the climate crisis? Surely not! But there are numerous options 

showing how processes in the oceans can help to enhance its capacity to absorb more 

 climate-harming carbon dioxide (CO2) from the atmosphere, giving us more time to develop 

alternatives for reducing our anthropogenic CO2 emissions. The eighth World Ocean Review 

highlights this potential. The authors describe measures which can be or are already being 

implemented, as well as those which should be assessed as options in terms of their benefits 

and possible risks. All the German marine research institutions and organizations are 

 involved in related projects, proving once again that collaboration among the various marine 

research disciplines is capable of making rapid, viable and sustainable contributions to 

 solving a global problem. 

WOR 8 provides an impressive overview of current research in 2023 and also identifies 

where there are knowledge gaps so that even more robust recommendations can be made to 

executive agencies. These research projects are funded by the German Research Foundation, 

the Max Planck Society, the Leibniz Association, the universities and directly or indirectly 

by the German government and the (North German) federal states. In addition, the German 

Marine Research Alliance (DAM) has initiated a major research mission with more than  

100 team members. 

As well as materials, research vessels and other infrastructure, the projects particularly 

need creative and committed individuals. There is a correspondingly large demand for junior 

scientists and technical and support staff who are willing to take on these challenges, be it 

as staff members at our KDM institutes or elsewhere. In our scientific research, we present 

our findings in such a way as to provide the necessary level of detail for an expert reader-

ship. And in the KDM institutes and DAM, we produce information materials in diverse 

formats (e.g. print, digital, personalized) so that our key findings are available in a clear, 

concise and accessible form for a cross-section of society. 

WOR 8 successfully complements this approach. There is a wealth of knowledge avail-

able. It is now time to take the action that is so urgently required. 

Prof. Dr. Ralph Schneider

Kiel University (CAU) 

Co-Spokesperson  

of Future Ocean

There is a prevailing consensus within the research community and broad sections of society 

that climate change will have increasingly dramatic consequences for humankind and the 

planet if we fail to reduce our annual global carbon dioxide emissions. The ocean plays a key 

role in this context, for it absorbs a substantial proportion of anthropogenic CO2 emissions 

from the atmosphere. But for how much longer, and what will the effect of this be? The 

connection between the ocean and the climate is obvious, while the changes taking place  

on Earth are being felt more intensely from year to year. 

A range of measures are therefore required in order to limit climate change and particu-

larly to reduce CO2 emissions to net zero. But how can this be done? In addition to achieving 

the required reduction, can any other effective measures be taken to boost the ocean 

system’s capacity to sequester more carbon from the atmosphere? This future-focused issue 

is preoccupying researchers in Kiel, Germany, and across the world. In Kiel, the researchers’ 

work transcends disciplinary boundaries and includes cooperation with natural and social 

scientists, the aim being to identify knowledge-based options for action that would enable 

sustainable management of the ocean and its resources. 

Is active intervention in the marine carbon cycle feasible, effective, efficient and 

affordable? Which measures are acceptable to society? These bargaining processes and 

transformational decisions must always be based on sound, accessible and detailed know-

ledge. And this is provided in a concise form in this WOR 8. It offers an overview of the role 

of the seas in regulating our climate, with a focus on the marine carbon cycle. This new 

edition also identifies the options for intervention that are available to us, to humankind – 

from nature-based solutions to the storage of CO2 in the deep sea or sea floor. 

The themes addressed in WOR 8 will continue to preoccupy us for many years to come. 

At the international level, they are embedded in the UN Decade of Ocean Science for 

Sustainable Development, which started in 2021 and focuses on the interface between 

ocean and climate and on the necessary social transformation processes. Here, the ocean – a 

source of food for millions of people, a transport route but also a haven of dreams – is a 

beacon of hope. But for how much longer? There is the prospect of solutions but they are 

still in their infancy. Yet if we do take countermeasures, this raises the question of knock-on 

effects, such as ocean diseases, about which surprisingly little is known. 

We would like to encourage people to remain positive, to work together and to embrace 

innovation for the sake of healthy marine ecosystems. The UN Decade of Ocean Science 

provides an important framework. And the World Ocean Review makes a valuable contribu-

tion, serving as a basis for a wide range of activities which include the climate negotiations.
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  > We have known for decades that the Earth’s atmosphere is warming and the climate is 

changing, and that this is caused by our emissions of greenhouse gases. Our mindsets, however, have 

remained unchanged and precious time has been wasted. Only now, with dramatic impacts becoming 

 increasingly obvious, are leaders starting to make serious efforts to find solutions. They are forced to recog- 

nize that merely reducing greenhouse gases is not enough to keep climate change within tolerable limits.

 

Urgently sought –  
ways out of the climate crisis1



1.1 > Smoke rises 

from the chimneys of 

a Chinese steelworks 

in Inner Mongolia. 

Meanwhile, ore is 

smelted illegally 

by workers at a 

nearby camp. China 

is the world’s largest 

emitter of carbon 

dioxide (accounting 

for around 30 per cent 

of global emissions 

in 2022), partly be-

cause coal is still the 

country’s main energy 

source. 
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Our future is  at  stake

 

We have known for decades that the Earth’s climate is 

 warming, and that this is caused by our greenhouse gas 

emissions. However, the magnitude of the global climatic 

changes that have already occurred and the critical situa

tion now facing life on Earth have rarely been described 

with such urgency as in the Sixth Assessment Report of 

the Intergovernmental Panel on Climate Change (IPCC). 

On behalf of the IPCC, more than 750 climate scientists 

from around the world regularly review the current state  

of knowledge of global climate change. They analyse the 

 findings of research on the causes and effects of climate 

change, collate information on the extent to which people 

and nature have the capacity to adapt to the new climatic 

conditions, and describe measures that may be effective in 

mitigating climate risks and limiting global warming. 

The core message from the three volumes of the IPCC’s 

Sixth Assessment Report is very clear: with its persistently 

high levels of greenhouse gas emissions, humankind is 

gambling away the prospects of a liveable future for present 

and future generations. 

Code red for  people  and nature

   > Climate change is now a dai ly real i ty.  At least half  the world’s popula-

t ion is  already suffer ing the direct  effects of global warming. Wells are drying up, heat levels are 

becoming unbearable,  storms and f lood waters are sweeping away goods and property,  and already 

ravaged ecosystems are increasingly fai l ing to del iver their  services.  The cl imate and nature make no 

compromises.  For humanity,  therefore,  everything is at  stake,  for  the change that we ourselves have 

set in motion is proving to be a potential ly lethal  r isk mult ipl ier.

Rapid warming and its effects  

on the Earth’s cl imate

According to data from the IPCC, the global surface 

 temperature during the period from 2010 to 2022 was 

approximately 1.15 degrees Celsius higher than the 

 reference figure for 1850 to 1900. There were much larger 

increases over land than over the ocean: mean tempera

tures over the continents rose by 1.65 degrees Celsius, 

while air masses over the ocean warmed by 0.93 degrees 

Celsius. Wellinformed readers may wonder at these 

 statistics, as the figure for global warming mentioned  

by other organizations and wellknown news outlets since 

2020 is 1.2 degrees Celsius. In light of this, it seems 

 rea sonable to ask: is the IPCC working with obsolete data?  

By no means. 

Global climate reports such as those produced by  

the IPCC or the analyses published regularly by the  

World Meteorological Organization (WMO) focus on long

term changes in climate parameters. In order to deter

mine global surface temperature, therefore, they do not 

simply analyse the temperature data for a specific year, as 

these figures may be influenced by shortterm natural 

temperature fluctuations. Instead, the IPCC authors use 

monitoring data from the previous 20 years as baseline 

figures. They are thus able to detect the real longterm 

trend. 

And the fact is that global warming is accelerating: in 

the past 50 years (1970 to 2020), global surface tempera

ture has increased faster than in any other 50year period 

over the last 2000 years. A detailed look at the last four 

decades (1980 to 2020) reveals that each one of these four 

decades has been successively warmer than the decade 

that pre ceded it. 

This development means that many of the Earth’s 

 climate system components are changing at a speed not 

experienced by our planet for many hundreds or even 

thousands of years. However, the magnitude of these 

changes is not uniform everywhere. Some regions are 

more severely affected than others. What’s more, with 

every additional tenth of a degree of warming, the changes 

under way are amplified. This means that the magnitude 

and extreme speed of the changes, but also the associated 

risks, will increase with each additional increment of 

 warming, no matter how small. This applies particularly  

to ocean warming, acidification and deoxygenation; the 

continued rise in hot extremes over land and in the  oceans; 

the melting of the ice sheets; sealevel rise; and shifts in 

the Earth’s water cycle.  

The oceans and seas –  

more warming, acidification and oxygen depletion

CURRENT STATUS: The oceans and seas are our planet’s 

 largest storehouse for heat. This storehouse is being 

recharged continuously by climate change and the asso

ciated warming of the atmosphere. Over the last 60 years, 

around 90 per cent of the excess heat retained in the 

Earth’s atmosphere due to the greenhouse effect has been 

absorbed by the oceans and seas and stored in their 

depths. As a result, ocean heat content has increased 

significantly and water temperatures are rising more 

rapidly than at any time since the last glacial period. Sea 

surface temperature alone has risen by an average of  

0.93 degrees Celsius in the period from 1850 to 1900 to 

2022. Researchers describe the increase in ocean tempera

tures as the clearest indicator of humaninduced climate 

change – firstly, because the ocean absorbs the largest 

 proportion of the excess heat, and secondly, because its 

surface temperatures are subject to less yeartoyear fluc

tuation than the atmosphere, for example. The warming 

trend is therefore easier to detect.

As the ocean has warmed, stratification of the water 

masses in the upper 200 metres of the water column has 

increased. Concurrently, due to increased evapotranspira

tion from the sea surface, the surface water at evapo

transpiration sites, which already has a higher salt con

tent, has become even more saline. 

By contrast, in areas of the sea with heavy precipita

tion or high meltwater inflow, freshwater influx has in  

creased, further reducing the already low levels of near

surface salinity here. 

Both these trends – increased stratification of the 

water masses, and changes in salinity – have, since the 

1950s, reduced the densitydependent mixing of surface 
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1.2 > In some marine regions of the North Pacific (shown 

here in dark red), the water temperature in May 2015 was 

up to 3 degrees Celsius higher than average. The marine 

heatwave – now known as “the Blob” – which caused this 

rise in temperature lasted for more than 250 days and killed 

thousands of fish, seabirds and marine mammals. 

water with the underlying water masses, thereby 

amplifying ocean deoxygenation. Oxygen depletion is par

ticularly noticeable in the oxygen minimum zones which 

are forming in the Western Pacific, the Indian Ocean and 

off the west coast of Southern Africa below the surface 

layer, i.e. in water depths between 100 and 200 metres.  

In these zones, the seawater contains less than 70 micro

moles of oxygen per kilogram (μmol/kg), which means 

that marine fauna such as sharks and tuna, which rely on 

a plentiful supply of oxygen, have no chance of survival 

here. 

The oceans and seas do not just absorb heat, how

ever; they also take up around a quarter of the carbon  

dioxide generated by human activity. But unlike oxygen, 

carbon dioxide does not simply dissolve in seawater: it 

undergoes a chemical chain reaction which increases the 

water’s acidity. This process of ocean acidification has 

highly detrimental effects on the habitat conditions of 

many marine organisms. Experts refer to a reduction in pH 

as the measure of the ocean’s acidity. According to the 

IPCC, in the last 40 years, ocean surface pH has decreased 

in almost all areas of the sea – to such an extent that 

 oceanic acidity is now at its highest level for at least 

26,000 years. What’s more, ocean acidification appears to 

be taking place with recordbreaking speed at present. 

Making matters worse, acidification is no longer affecting 

surface water alone; in the last 30 years, it has been 

detected with increasing frequency in the deeper ocean as 

well. 

OUTLOOK: The temperature of the oceans and seas  

will continue to increase even if humankind succeeds in 

limiting global warming to 1.5 degrees Celsius. This  

can be explained by the inertia of the ocean system: key 

processes take place so slowly that the effects of any 

 initiated changes are felt over hundreds, if not thousands 

of years and take just as long to reverse. Even so, we have 

the solution in our hands: the rate of ocean warming  

from 2050 will depend entirely on whether we can curb 

climate change. And it is the future water temperature 

which will determine how much oxygen the oceans will 

still contain. The warmer the sea, the less oxygen can be 

dissolved. 

An increase in hot extremes in all 

regions of the world

CURRENT STATUS: Meteorologists have observed an 

increase in the frequency and intensity of hot extremes 

since the 1950s, as well as an increase in heatwave inten

sity and duration over land. What is new is that these 

 weather extremes are now reaching record temperatures 

which would have been impossible without human 

induced climate change. The extreme heatwave which 

struck northwest areas of the USA and Canada in late 

June 2021 is an example: in some localities, temperatures 

rose to 49.6 degrees Celsius, with highs at some weather 

stations breaking historically observed heat records by as 

much as 4.6 degrees Celsius. The research now confirms 

that temperatures during this heatwave would have been 

around two degrees Celsius lower without human  

induced climate change. In a world with global warming 

of two degrees Celsius, however, maximum temperatures  

during this heatwave would have exceeded 50 degrees 

Celsius. Global warming further increases not only the 

scale but also the likelihood of another similar heatwave in 

the North American west. The probability of such a heat

wave in June 2021 was estimated at around one in 1000 

years, but in a world with two degrees Celsius of global 

 warming, this type of extreme event would occur every 

five to ten years.

The frequency, intensity and duration of marine heat

waves are also increasing. Marine heatwaves have appro

ximately doubled in frequency since the 1980s and cause 

major damage to marine biological communities. Here too, 

researchers can now clearly identify human influence  

as a factor. Without climate change, the marine heatwave 

which devastated life in the Northeast Pacific in the years 

from 2013 to 2015 and has gone down in history as “the 

Blob” would, in all probability, not have occurred. Among 

other things, the heatwave caused mass dieoffs of the 

common murre (Uria aalge), with as many as one million 

of these seabirds dying of starvation because the unusual

ly warm water temperatures greatly reduced populations 

of their prey species compared with normal levels. As a 

result, there was a thousandfold increase in the common 

murre’s mortality rate. 



1.3 > Weakened by 

the heat: members of 

the public seek refuge 

in the air-conditioned 

rooms of a convention 

centre in Portland in 

the US state of Ore-

gon. The rooms were 

opened to the public 

during an extreme 

 heatwave in early 

summer 2021, pro-

viding an opportunity 

to rest and cool down. 
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OUTLOOK: The intensity and duration of heatwaves over 

land will continue to increase even if humankind succeeds 

in limiting global warming to 1.5 degrees Celsius. Marine 

heatwaves will also occur more frequently. If the world 

warms by an average of 1.8 degrees Celsius by the year 

2100, there will be a two to ninefold increase in the 

number of marine heatwaves over the next 60 to 80 years. 

If the global mean temperature rises by around 4.4 degrees 

Celsius relative to preindustrial levels, there will be a 

three to 15fold increase in the frequency of marine heat

waves in the final two decades of this century relative to 

1995 to 2014, with the greatest changes predicted for 

 tropical waters and the Arctic Ocean. 

Global mountain glacier retreat

CURRENT STATUS: The world’s glaciers currently contain 

less ice than at any time in the last 2000 years. Global 

retreat of mountain glaciers has been accelerating since 

the 1990s because air temperatures are increasing at 

 higher altitudes as well. Due to the temperature increase, 

less snow survives on the glacier’s surface until the end of 

summer, which means that there is less snow available for 

conversion into ice in subsequent years. Surface melting of 

mountain glaciers is also increasing. Their meltwater has 

contributed around 6.72 centimetres of mean sealevel 

rise in the last 120 years. 

OUTLOOK: A further decrease is projected in snow cover 

and glacial ice mass in the world’s mountain ranges in the 

coming decades, along with permafrost thawing in many 

high mountain regions. As there will be more heavy rain

fall instead of continuous snowfall at the same time, 

researchers are predicting a growing risk of floods and 

landslides for many mountain regions. The loss of glacier 

ice will also adversely affect the vital water resources of 

millions of people who live along rivers that are fed from 

glacial meltwater. 

A clear decline in Arctic sea ice 

CURRENT STATUS: On average, the Arctic has been 

 warming at least twice as fast as anywhere else on Earth 

in recent years. As a result, the Arctic minimum sea ice 

extent – when the ice shrinks to its minimum size at the 

end of summer – has decreased by around 40 per cent 

 since the satellite record began in 1979. The remaining ice 

is also noticeably thinner than before, which means that  

it drifts across the Arctic Ocean more rapidly and rarely 

survives for more than two years before melting. 

OUTLOOK: Arctic sea ice will melt at an accelerated rate 

in summer, while less ice will form in winter. Both these 

developments mean that the Arctic Ocean will be icefree 

at the end of summer at least once by 2050, apart from 

small residual areas of ice, totalling less than a million 

square kilometres, in sheltered bays and fjords. 

Continued ice-mass loss for the Greenland 

and Antarctic Ice Sheets

CURRENT STATUS: From 1992 to 2020, an estimated 

4890 gigatonnes of ice were lost from the Greenland Ice 

Sheet; the resulting meltwater added 1.35 centimetres to 

global sealevel rise. The Antarctic Ice Sheet lost 2670 

gigatonnes of ice during the same period, with West Ant

arctica suffering the most significant ice loss. Both here 

and on the Antarctic Peninsula, glacier flow velocity has 

clearly increased in the last two decades. This means that 

relative to 2000, the glaciers are transporting far more ice 

from land into the sea today. 

OUTLOOK: With further warming, the world’s two major 

ice sheets will lose more ice and their contributions to 

 global sealevel rise will increase. If the world warms by 

more than two degrees Celsius, the West Antarctic Ice 

Sheet will very likely collapse and its ice masses will slide 

into the sea. However, the timing, speed and magnitude of 

this potential collapse are very difficult to predict with any 

degree of certainty. 

Accelerated sea-level rise 

CURRENT STATUS: Between 1901 and 2018, global 

mean sea level rose by 20 centimetres; moreover, the rate 

of global mean sealevel rise has increased continuously 

since the 1960s. In other words, sealevel rise is accele

rating. Between 2006 and 2018, sea levels were already 

rising by 3.7 millimetres per year, and according to the 

WMO, the figure for 2013 to 2022 reached 4.62 milli

metres. This means that global mean sea level has risen 

faster than at any time in at least the last 3000 years. 

However, levels may have risen even more sharply in 

some localities and regions. This can be due to the simul

taneous occurrence of coastal subsidence or because the 

action of wind and ocean currents has caused a localized 

buildup of water along the coast. 

OUTLOOK: The development of the global sea level is 

determined by two factors: seawater temperature (the 

warmer the water, the more it expands and takes up more 

space); and changes in water storage by terrestrial water 

systems (ice masses, groundwater, rivers, lakes). If more 

terrestrial water enters the ocean, sea levels will rise. A 

further aspect of relevance to every local stretch of coast

line is whether the coastal area itself has undergone any 

changes in elevation; this can occur, for example, if large 

quantities of groundwater are extracted, resulting in 

underground subsidence, or if geological processes cause 

the land surface to rise or sink. Localized sealevel changes 

may therefore be significantly higher or, indeed, lower 

than the global trend.

According to the IPCC’s projections, global mean sea 

level will continue to rise even if humankind succeeds in 

reducing its greenhouse gas emissions to zero within a 

short time frame. Possible scenarios range between an 

additional 18 centimetres and 23 centimetres by 2050.  

A 38 to 77 centimetre rise is expected by the end of the 

 century. 

Changes in the water cycle

CURRENT STATUS: Global warming is increasing evapo

transpiration from both land and sea worldwide. This in 

turn increases the amount of water vapour in the atmos

phere, making it more likely that rain droplets will form. A 

further effect of evapotranspiration is loss of soil moisture, 

which is vital for plant growth. These two physical pro

cesses cause permanent changes in the weather and 

 climate: an increase in the frequency and intensity of 
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 heavy precipitation events has been observed since the 

1950s, at least in those regions of the world with con

tinuous weather records. Concurrently, climate change 

heightens the risk of drought in some regions due to a  

lack of precipita tion, especially during the driest months, 

 although there may be heavy rainfall at other times of the 

year in such torrential amounts that it causes surface 

runoff, with very little water penetrating the soil. Reduced 

snow cover is also a significant problem. Winter snowfall 

has become a less common occurrence since the 1950s, 

with the result that snow cover is no longer forming in 

many localities. In the past, meltwater from snow pro

vided a water supply for people and nature in spring, but 

is now largely unavailable in many areas, particularly in 

mountain regions and the tundra. 

OUTLOOK: Heavy precipitation is projected to intensify 

and be more frequent in many localities. As a result, the 

highwater and flood risk will also increase. There will 

also be a higher risk of drought, with more regions affected 

by drought more frequently and for longer periods in 

 future. Snow cover will continue to decrease, mainly in 

the northern hemisphere, with earlier temperaturerelated 

onset of spring snowmelt and potentially smaller volumes 

of water in rivers and streams.

More typhoons and hurricanes

CURRENT STATUS: The global proportion of tropical 

cyclone occurrence in Category 3 to 5 on the SaffirSimp

son Hurri cane Wind Scale (wind speeds from 178 kilo

metres per hour) has increased in the last four decades, as 

has the frequency with which a fairly weak storm rapidly 

develops to hurricane strength. In the West Atlantic, tropi

cal cyclones are now moving more slowly landward from 

the open sea; when they make landfall, they linger for 

 longer, often resulting in increased damage. In the North 

Pacific, extratropical cyclones have shifted their tracks 

 northward and now make landfall at different locations 

relative to 40 years ago.

OUTLOOK: Researchers are predicting very little change 

in the number of cyclones overall. In the tropical regions, 

however, the proportion of very strong – and therefore 

destructive – storms will continue to increase. 

When extremes col l ide

 

As well as warming up the world, climate change is expos 

ing people and nature much more frequently to weather 

and climate extremes. They include heatwaves, heavy 

rainfall, severe storms, droughts and floods, as well as 

storm surge due to sealevel rise, which can cause exten

sive flooding in coastal areas. The frequency with which 

two or three weather extremes occur concurrently is also 

increasing. In the last 100 years, for example, more heat

waves have been observed in regions already affected by 

drought. 

When such extremes collide, the climate impacts on 

people and nature are amplified. For example, a heatwave 

Climate change in f igures –

the WMO’s seven Global Climate Indicators  

The increase in global mean surface temperature is the parameter general-

ly used by the media and policy-makers to convey the magnitude of the 

changes occurring across the climate system. On its own, however, this 

single parameter is insufficient to provide a detailed picture of the overall 

state of the Earth’s climate and any changes that may have  occurred. In 

2018, the World Meteorological Organization (WMO) therefore identified 

seven key indicators which it has used since then to des cribe the global 

changes in the climate system to the general public and decision-makers. 

These indicators are: 

(1) global mean surface temperature, 

(2) ocean heat content, 

(3) global mean sea-level change, 

(4) Arctic and Antarctic sea-ice extent, 

(5) changes in the mass balance of the Greenland and Antarctic Ice Sheets, 

(6) global mean ocean pH (ocean  acidification) and 

(7) mean atmospheric carbon dioxide concentrations. 

Each of these indicators is scientifically assessed at least once a year, 

with monitoring data collected using a standardized global methodology. 

Together, they capture changes in the Earth’s atmosphere and energy 

balance and provide an initial insight into the current state of the global 

climate. All seven indicators can be described in simple numerical terms. 

The latest figures for the seven indicators are published by the WMO in 

its State of the Climate report, which is produced annually. In 2021/2022, 

four of the seven indicators set new records. This means that in 2021 and 

2022, atmospheric carbon dioxide concentrations, sea-level rise, ocean 

acidification and ocean heat content were higher than at any time since 

weather and climate records began.

1.4 > This iceberg has broken off the Greenland Ice Sheet. 

Since 1996, the Greenland Ice Sheet has lost more ice due 

to surface melting and iceberg calving than can be formed 

through the compression of fresh snow. 



1.5 > Many climate 

system components 

react swiftly to global 

warming – and the 

higher the tempe-

rature increase, the 

greater the changes. 

Other climate impacts 

have a slower onset 

but become locked 

in and cannot be 

reversed in the short 

term once they have 

begun. Sea-level rise 

is the most striking 

example.  

1.6 > Climate change 

is not uniform in all 

parts of the world. 

 Instead, there are 

regional differences 

which will become 

more apparent as 

global warming con-

tinues. For  example, 

precipitation will 

increase in high 

latitudes, the tropics 

and monsoon regions 

and decrease in the 

subtropics. 

Climate change and reg iona l impac t s
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combined with drought causes far more extensive damage 

than would result from just one of these extreme events. 

This applies not only to heatwavedrought compounds but 

also to cases in which coastal regions are affected by 

severe storms involving both storm surge (marine flood 

ing) and heavy rainfall (flooding on land, river floods). In 

combination, a storm, storm surge and heavy rainfall 

 cause flooding on a much wider scale than would be 

 induced by just one of these weather extremes. 

The risk that extreme events will occur concurrently 

and that their respective impacts will be amplified is 

increasing as a result of climate change. Lowlying coastal 

regions which are regularly affected by cyclones are espe

cially at risk.

The impacts –  

extensive damage to people and nature

 

The physical climate parameters determine the broad 

 framework within which life on Earth can exist. Any 

 change in these parameters affects the survival conditions 

not only for people and nature, but also for our built envi

ronment. Buildings, roads, power grids, bridges and other 

key infrastructures are, after all, designed to withstand spe

cific environmental conditions. Global warming of 1.15 de 

grees Celsius has already led to widescale loss and damage 

for people and nature, and every additional tenth of a degree 

of warming will further increase the risk of harm. 

The IPCC’s conclusions on the observed and future 

impacts of climate change on the various forms of life on 

Earth can be summarized as follows:

Reorganization of natural biological communities

Global warming is causing drastic and everincreasing 

changes in the natural world. These changes affect species 

composition in natural biological communities on land and 

in lakes, rivers and seas, weakening their functionality and 

resilience. Slow onset changes (sealevel rise, ocean acidi

fication) are as problematical as the increased frequency 

and intensity of extreme events.

In all regions of the world, rising temperatures and 

weather extremes such as droughts, heatwaves, storms, 

heavy rainfall and floods are creating climatic conditions 

that animal and plant species have not experienced for 

thousands of years. In many cases, the recordbreaking 

temperatures measured already exceed living organisms’ 

tolerance limits. Furthermore, weather extremes are now 

occurring so frequently that ecosystems have little or no 

Within 2000 years
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1.8 > A coral colony 

before bleaching 

(right) and afterwards 

(left). If the water is 

too warm, the corals 

expel the symbiotic 

algae that supply 

them with food, con-

sequently losing their 

colour. If these con-

ditions persist, coral 

starvation occurs. 

 

1.7 > The increasing 

frequency and inten-

sity of extreme events 

pose a genuine threat 

to plants and animals. 

The more frequently 

an individual species 

or entire ecosystem 

is affected by an 

extreme event and the 

less time organisms 

have to recover from 

the shock, the greater 

the risk that they will 

die out locally. 
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time to recover from one heat shock before the next one 

follows. 

For example, the time needed for tropical coral reefs to 

recover from temperatureinduced coral bleaching is at 

least ten years. However, in Australia, the Great Barrier 

Reef has experienced a total of six mass bleaching events 

since 2000, four of which occurred between 2016 and 

2022. It is important to note that the coral bleaching event 

during the Australian summer of 2021/2022 was the first 

to occur under La Niña conditions, when cooler water tem

peratures would normally be expected off the east coast of 

Australia. And yet 91 per cent of corals on the Great Bar rier 

Reef showed signs of significant heat stress.

Approximately 14 per cent of the world’s corals – 

equal to 11,700 square kilometres of reef – has been lost 

since 2009, mainly as a result of marine heatwaves. 

However, scientists are also documenting mass mortality 

of trees, e.g. in boreal forests and mixed forests in western 

regions of North America. Stressed by drought and heat, 

they succumb to diseases or pests, fall victim to forest fires 

or dry out. 

In light of recent studies on the impacts of climate 

change, combined with a better understanding of natural 

processes, the IPCC also concludes that the extent and 

magnitude of climate change impacts on nature are far 

 greater than previously assumed. Most of the climate 

induced changes that we are already seeing today are 

occurring more rapidly than was predicted 20 years ago. 

They also cause far more damage and affect much larger 

areas.

For example, as a result of climate change, many biotic 

communities’ biological clocks are changing, disrupting 

the synchronization of once finely coordinated events or 

processes. In the ocean, algal blooms are now occurring 

earlier, before the fish larvae which feed on them start to 

hatch. By the time the juvenile fish have developed to the 

stage where they are able to forage for food, the algal 

blooms have long gone. On land, hibernating animals are 

waking too early from their winter sleep, only to search in 

vain for food. Trees and flowers are coming into bloom 

before any pollinators appear, and when hungry chicks 

open their beaks for food, parent birds struggle to find 

enough insects with which to feed them. 

In order to escape the rising temperatures, flora and 

fauna around the world are abandoning their established 

habitats or dying out locally. Around half of the many 

thousands of species assessed appear to be reacting in this 

way. Marine species are shifting polewards or into greater 

depths in search of the ambient temperatures to which 

they are habituated. The current rate of their habitat shift 

averages around 59 kilometres per decade. However, 

 ocean warming is not the only stress factor affecting flora 

and fauna. Habitat conditions are also worsening due to 

increasing ocean acidification and oxygen depletion. Col

lectively, all three factors have resulted in a reorganization 

of life in the ocean, particularly near the surface, in the last 

50 years. 

Terrestrial organisms are also shifting polewards or 

migrating to higher elevations. Organisms which are only 

able to move slowly, if at all, run the risk of extinction, at 

least at local scale. This applies to terrestrial and marine 

biological communities alike. The prospects of survival are 

particularly bleak for organisms which live in geographical 

ly restricted habitats such as ponds and lakes, meaning that 

they have no chance of migrating, and for species which 

are adapted to cold habitat conditions in polar and moun

tain regions. Very few suitable refuge areas will be availa

ble globally for these coldclimate specialists in future.

Making matters worse, the impacts of climate change 

on nature and species diversity are compounded by other 

humaninduced stress factors – first and foremost the 

widescale destruction of natural habitats through de 



Mass extinction 

A mass extinction is 

defined by scientists 

as an event in which 

more than 75 per cent 

of species of flora and 

fauna die out, usually 

within a time span of 

less than two mill ion 

years, and their roles 

in the ecosystem 

are not fil led soon 

afterwards by new 

or different species. 

There is evidence 

that this has already 

occurred five times in 

the last 540 mill ion 

years; however, these 

individual events took 

place over timespans 

up to several mill ion 

years. 
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forestation, drainage of wetlands, coastal construction and 

development, overfishing of the seas, and resource extrac

tion. Environmental pollution also plays a major role, as do 

uncontrolled soil sealing and the spread of invasive  species. 

Wherever these stress factors overlap, their effects are 

mutually reinforcing, weakening the resilience of natural 

ecosystems. For many biological communities, climate 

change is thus a risk multiplier – and as warming con

tinues, it will become a lethal threat for many. One fact 

stands out: with each tenth of a degree of warming, the 

impacts and climate risks for terrestrial and marine eco

systems will increase.

The world’s oceans, for example, face the prospect of  

a mass extinction due to the combined effects of climate 

change and human overexploitation of the marine environ

ment. This would be the sixth mass extinction in Earth’s 

recent history. New research shows that if atmospheric 

and ocean temperatures continue to rise, the loss of marine 

species due to heat stress and oxygen depletion over the 

next 75 years will equal the losses from overfishing, pollu

tion and habitat destruction. In sum, global warming of up 

to 4.9 degrees Celsius by the end of this century would 

cause so many marine species to die out that this would 

qualify for definition as mass extinction. 

The extinction rate would be particularly high in the 

polar regions, where coldclimate specialists are struggling 

to adapt due to the speed of the changes. However, the 

greatest decline in diversity would be observed in the cur

rently still speciesrich tropics, where biological commu

nities have already reached their maximum temperature 

tolerance limit. But the research also shows that if global 

warming can be held below two degrees Celsius, the risk 

of a mass extinction decreases significantly.

Climate change – a r isk mult ipl ier

The upheavals in the natural world have farreaching 

implications for humankind. One by one, ecosystems  

are denying us their vital services. Cereals, fruit trees  

and other crops are no longer being adequately pollinated; 

grazing for livestock – cattle, sheep and goats – is proving 

increasingly difficult to find; more and more often, coastal 

fisherfolk are pulling in empty nets, particularly in the 

warm, tropical regions, because fish populations are mig

rating to cooler waters. There is less air and water purifica

tion, less effective protection of coasts from erosion, and 

popular holiday destinations are losing their main attrac

tions – forests, snowcapped mountains and coral reefs.  

In parallel, many people who enjoy woodland walks or 

relaxing by the sea are finding that their mental health is 

suffering. In short, the more the eco systems change, the 

more we lose our vital natural  resources. 

Water – too much or too little

Climate change also directly affects human communities 

and our built environment. For example, more frequent 

heavy rainfall increases the risk of river floods in some 

regions of the world. The potential damage induced by this 

type of natural disaster is estimated to be four to five times 

greater in a world with four degrees Celsius of warming 

than if global warming were limited to 1.5 degrees Cel

sius. However, even with warming of 1.5 degrees Celsius, 

more people will lose their lives and property to floods 

than at present. In Colombia, Brazil and Argentina, for 

 example, the number of people affected by river floods 

would increase by 100 to 200 per cent, with an increase of 

300 per cent in Ecuador and even 400 per cent in Peru.

Rising spring and winter temperatures, in turn, cause 

earlier snowmelt at high altitudes, resulting in changes in 

average water levels in mountain streams and rivers. For 

human communities, this development means that the 

rivers may carry a large volume of water during periods 

when it is scarcely needed, while later in the year, water 

levels are too low to allow extraction of the required quan

tities. 

Already, more than half the global population lives 

under conditions of severe water scarcity, at least partly 

induced by climate change, for at least one month of the 

year; this may be due to extreme aridity, but also to floods, 

storms and heavy rainfall events whose impacts also put 

the drinking water supply at risk in many localities. The 

effects are felt particularly by cities, municipalities and 

 villages whose residents rely on meltwater from the 

 shrinking mountain glaciers, as well as by people living in 

areas without a central water supply. If rivers burst their 

banks here or if a natural spring dries up due to drought, 

many thousands of people are often left without access to 

clean water. 

Alongside agriculture, which is the world’s largest 

consumer of freshwater, the energy sector is also affected 

by water scarcity: since the 1980s, the amount of power 

generated in hydroelectric plants has decreased by four to 

five per cent worldwide due to falling water levels and 

 re duced flow rates. Indeed, in some localities, hydropower 

plants are threatened with closure due to water scarcity. 

Conditions at Lake Powell, the second largest artificial 

reservoir in the USA, illustrate the gravity of the situation 

until the winter of 2022/2023. The Lake is located on the 

border between Utah and Arizona. It is fed by the Colo

rado River and together with the Lake Mead reservoir 

 further downstream, supplies around 40 million people 

with drinking water. Farms along the length of the river 

also extract water to irrigate their fields and crops. After 

22 years of drought in the western USA and persistently 

excessive water extraction from the Colorado River, the 

reservoir was filled to just 24 per cent of its capacity at the 

end of March 2022. Between 2019 and 2022 alone, the 

water level dropped by more than 30 metres, coming close 

to the critical threshold below which the lake’s hydroelec

tric dam is unable to generate power. The federal agency 

responsible for the reservoir therefore decided to release 

less water than usual from the lake during the rest of  

the year and to open the dam gates of another reservoir 

further upstream in order to provide an additional water 

inflow into Lake Powell. The drought in the American 

West has stretched over 22 years (2000 to 2022/2023) 

and is now classed as the driest period in 800 years.  

Food – hard times for arable farming, livestock 

 husbandry and aquaculture

Wherever there is too much rainfall, or it rains at the 

wrong time of the year, arable and livestock farming 

 becomes more challenging. According to the IPCC, far

mers and foresters, fishers and aquaculturists around the 

world are already adversely affected by climate change to 

such an extent that they are no longer able to produce 

 sufficient staple crops and timber to meet the global 

population’s needs. 

With higher temperatures and increased aridity, cere

als and fodder crops wilt in the fields and diseases spread. 

Due to ocean acidification, rising water temperatures and 

multiple algal blooms (eutrophication), fish farmers are 

finding it increasingly difficult to bring mussels and other 

shellfish to maturity. Global warming also increases the 

complexities – and therefore the costs – of transporting, 

storing and selling perishable foods such as fruit and vege

tables safely so that once purchased, they stay fresh for a 

few days at home. Climate change thus affects not only 

the producers but the entire supply chain up to and 

in cluding the consumer, posing a threat to food security 

throughout the world.

The losses are particularly severe when regions are 

affected by extreme events such as droughts, floods and 

heatwaves. The frequency of these sudden harvest or 

 production losses on land and in the sea has steadily 

 increased since the 1950s and often has a domino effect. 

For farming families, crop failure means the loss of their 

food supply and livelihoods. Concurrently, the availability 

of basic foodstuffs is reduced, pushing up prices and 

making staple foods unaffordable, especially for low

income families. The resulting hunger and malnutrition 

have particularly negative effects on child health. These 

developments can be observed in Asia, Central America, 

the subSaharan regions, the Arctic, the small island states 

and elsewhere – and once again, it is the smallholder far

mers and artisanal fisherfolk who are impacted most 

severely by climate change. 

The situation will worsen as warming continues – in 

part because higher temperatures mean that more water is 

lost through evapotranspiration from foliage and soil. 

Water demand from agriculture will therefore increase. 

This situation will be compounded by the substantially 

reduced availability of water during the growing season in 

many regions, multiplying the risks. To take just three 

 examples: 

• With global warming of two degrees Celsius by 2100, 

the probability of extreme droughts occurring across 



1.9 > When extreme 

heat is compounded 

by high humidity, 

the human body can 

quickly overheat – a 

potentially life-threa-

tening situation. This 

figure from the IPCC 

shows the various 

regions of the world 

where people will  

be exposed to the  

risk of overheating  

(hyperthermia) in 

future and for how 

many days a year. 

The core message: 

the sooner climate 

change is curbed, the 

fewer people will be 

exposed to this threat 

to life.
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wide areas in Northern South America, the Mediterra

nean region, Western China and at high latitudes in 

Europe and North America will increase by 150 to 

200 per cent. 

• Whereas around 40 per cent of total croplands (appro

ximately 3.8 million square kilometres) experienced 

water scarcity in the period from 1981 to 2005, a new 

study shows that agricultural water scarcity will inten

sify in more than 80 per cent of global croplands by 

2050 – even if the world warms by just 1.6 degrees 

Celsius by 2050 relative to preindustrial levels. 

• During the same period, the impacts of climate change 

alone will mean that an estimated eight to 80 million 

people in South Asia, Central America and subSaha

ran Africa will no longer have access to adequate food 

and will therefore suffer from hunger. The precise 

figure will depend on the degree of warming and 

hence the magnitude of future climate change. 

  

Health – the limit of human tolerance

Climate change adversely affects both the physical and  

the mental health of people in all regions of the world. 

Severe mental health challenges are reported mainly by 

people who have been exposed to extreme weather events 

or by rescue workers deployed during such events, and by 

people who have suffered loss of livelihoods or even their 

homes, communities or culture as a result of climate  

change. Physical health is adversely affected primarily by 

extreme heat. Rising air temperatures and longer and more 

intense heatwaves have increased the occurrence of 

diseases and led to higher mortality worldwide, including 

in the middle latitudes. The elderly,  people with medical 

conditions and outdoor workers are parti cularly impacted. 

Additionally, for this latter group,  warming is often asso

ciated with loss of earnings if extreme heat makes outdoor 

labour in fields or on construction sites impossible. 

Extreme heat is particularly hazardous when it is 

 compounded by very high humidity. If the air is so humid 

that water and therefore also sweat cannot evaporate, the 

human body’s cooling mechanism begins to fail. As a result, 

the body steadily overheats, ultimately causing  circulatory 

collapse and – in extreme cases – fatal heat stroke. 

The human heat tolerance limit can be determined 

using the cooling limit temperature. This captures both 

ambient temperature and humidity. Until recently, it was 

assumed that a healthy individual cannot survive a cooling 

limit temperature of 35 degrees Celsius for more than 

around six hours. This limit is derived from the combina

tion of temperature and humidity and corresponds to 35 

degrees Celsius at 100 per cent humidity or 46 degrees 

Celsius when humidity is 50 per cent. 

When researchers at Pennsylvania State University in 

the USA tested this assumption for the first time in heat 

stress experiments, they found that the theoretical threshold 

was far too high. In climate chambers with a high level of 

humidity, an ambient temperature of 30 to 31 degrees Cel

sius was enough to induce dangerously elevated core tem

perature in healthy young human test subjects. Contrary to 

all expectations, a slight decrease in humidity did not in  

crease the test subjects’ heat tolerance. Instead, the critical 

cooling limit temperature under these conditions was just 

25 to 28 degrees Cel sius – almost ten degrees Celsius lower 

than scientists had previously assumed. The explanation 

offered by the research team is that despite the reduction in 

humidity, the test subjects’ sweat production did not in 

crease above a certain temperature.

In the face of continued climate change, these research 

findings give cause for concern. They show that the heat 

risk to human health has been underestimated and that 

with accelerated global warming, more regions will be 

periodically affected by a level of heat stress that will 

make it impossible to survive without additional  cooling. 

In the long term, the situation is likely to be particular

ly challenging for the many millions of people living  

in megacities in the tropics and subtropics. Firstly, air 

temperature and humidity here are consistently high for 

most of the year, and secondly, the heat island effect also 

comes into play. This is a term used to describe the obser

vation that conurbations reach higher daytime tempera

tures than less builtup outlying areas. Urban areas also 

cool down more slowly at night. It may be concluded from 

this that in megacities in the tropics and subtropics, it 

would only take a comparatively small amount of  

warming to push innercity air temperature to such a  

high level that many people’s heat tolerance limit is ex 

ceeded. 

There is much evidence to suggest that city dwellers 

are generally exposed to much higher temperatures than 

those reported for a wider region. For example, during the 

severe heatwave in India and Pakistan in May 2022, 

when daytime temperatures climbed as high as 51 degrees 

Celsius, temperatures remained high overnight, at 35 to 

39 degrees Celsius, in the Indian capital New Delhi and 

neighbouring towns, whereas the air cooled to a tolerable 

15 degrees Celsius in nearby fields and forests. Sub

sequent analyses by an international research team found 

that humaninduced climate change had made this record

breaking heatwave 30 times more likely. 



1.11 > The eye-

catching collage on 

the title page of the 

IPCC’s report Impacts, 

Adaptation and Vul-

nerability, published 

in February 2022. 

Its key message: 

humanity knows what 

needs to be done to 

mitigate the impacts 

of climate change. 

What is lacking  

is resolute global 

action. 

 

1.10 > Aedes mosqui-

toes are also known 

as yellow fever or 

dengue mosquitoes 

as they are vectors of 

both these diseases. 

As a result of climate 

change, their range is 

expanding. Originally 

found only in the tro-

pics and subtropics, 

they are now sprea-

ding further north and 

south. 
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Climate change also increases the occurrence of  

many infectious diseases. Droughts, for example, heighten 

the risk that wells will dry up, while heavy precipitation 

can cause contamination or flooding of wells. In both 

cases, if communities then extract their drinking water 

from contaminated sources, their risk of contracting 

 bacterial infections such as cholera increases. Higher 

 temperatures enable Aedes mosquitoes to expand their 

habitat range north and southwards from the tropics. 

 These insects carry the dengue fever and yellow fever 

viruses, among others. The risk of contracting dengue 

fever is already increasing worldwide. Due to the more 

frequent occurrence of forest fires across larger areas, the 

risk of respiratory diseases is also increasing in affected 

regions.

Sea-level rise – land under water!

As a consequence of sealevel rise, the climate risks to 

 people, nature and built assets in the world’s coastal areas 

will increase at least tenfold by 2100, mainly due to the 

greater frequency of extreme floods. Sealevel rise poses  

a particular threat to the many millions of people living in 

lowlying coastal areas and on small islands. Higher  

tidal floods destroy the speciesrich ecosystems in the  

tidal range, cause salinization of groundwater reservoirs 

and inundate large areas of land, affecting coastal forests 

and croplands, as well as coastal districts of large metro

politan areas. Due in part to these areas’ uncontrolled 

growth, ongoing sealevel rise will put increasing numbers 

of people at risk over time. In Africa, for example, some 

108 to 116 million people will be living in high flood 

risk areas by 2030, compared with just 54 million in 

2000. 

Globally, the numbers affected are very much  

higher: according to figures from the IPCC, more than a 

billion people in coastal cities and conurbations world

wide will be living with a high flood risk in 2050. The 

threats they face include recurrent storm surge, as well   

as the prospect of permanent flooding of their villages and 

districts.

Climate change adaptation –  

the world is  unprepared

In order to mitigate the impacts and risks of  

climate change, people and nature must adapt to the new 

environmental conditions. For us humans, this primarily 

entails taking measures to protect our lives, goods and  

property against high temperatures, weather extremes 

and sealevel rise. This can be achieved if we relocate from 

atrisk regions or make local lifestyle changes – for  

example, by greening our settlements and cities in order  

to minimize the heat island effect, or by conserving water 

so that we have sufficient reserves available during 

droughts. 

The list of potential solutions is long. Nevertheless, 

the IPCC concludes that globally, there is a substantial  

gap between current adaptation planning and implemen

tation and the levels needed to provide effective and 

sustainable protection for everyone. What is certain, 

however, is that there is now a greater awareness of  

the growing risks. More than 170 countries and many 

cities are now including adaptation in their climate  

policies and planning processes. Private sector and civil 

society actors are also engaging for more adaptation. Pilot 

projects are being implemented in various sectors, 

 although in many cases, they simply aim to minimize the 

local storm, flood, heat or drought risk and therefore result 

in only minor changes with regional and timelimited 

impact. 

In order to mitigate the impending climate risks on  

a longterm basis, holistic policies and fundamental  
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Cl imate  just ice  – the heaviest  burden fa l l s  on the poor

Climate change confronts humankind with a growing justice problem, 

namely that the impacts of global warming and more frequent extreme 

events are felt mainly by low-income and marginalized population 

groups. For these groups, climate change often poses an existential 

 threat, for it multiplies – by several orders of magnitude – their already 

substantial economic, social and health challenges and concerns. The 

greater vulnerability of low-income and marginalized population groups 

to climate risks stems from three sources:

•  The poorest communities generally live in regions where they are 

particularly exposed to weather extremes and other natural hazards. 

Examples are slums by rivers (flood risk), i l legally constructed 

 housing on mountain slopes (risk of landslides after heavy rainfall) 

and settlements without mature trees to provide shade and cooling 

during periods of extreme heat.

•  Low-income families often lack access to the financial resources  

and infrastructures needed for resil ience to climate and weather 

extremes. These resources include energy and water security, access 

to sanitation and emergency shelters, a well-performing health sys-

tem, and a reliable supply of all the staple foods. Furthermore, low-

income groups very often work in occupations in which both their 

earnings and their food supply are heavily dependent on the climate, 

such as agriculture and fishing. 

•  Low-income and marginalized population groups are often excluded 

from decision-making at the political level and their needs are rarely, 

if ever, considered. The IPCC concludes, inter alia, that the adapta-

tion gap between the measures currently being implemented and the 

levels needed to respond to impacts is significantly greater in low-

income regions than in areas inhabited by higher-income groups. 

Worldwide, 3.3 to 3.6 bill ion people live in contexts that are highly vul-

nerable to climate change impacts. The implications of this are il lus-

trated by the mortality rates, among other things: over the last decade, 

human mortality from storms, floods and droughts was 15 times higher 

in highly vulnerable regions, compared to countries with very low vulne-

rability. Members of low-income groups are also exposed comparatively 

often to extreme heat as they tend to be employed in outdoor occupa-

tions such as farming, landscaping, construction and artisanal trades.

Adaptation and inclusion – building the resilience of vulnerable groups 

Based on these findings, the IPCC has developed an approach for climate 

resil ient development, which focuses primarily on the needs of the most 

vulnerable population groups. In essence, this approach adroitly com-

bines climate change adaptation and mitigation strategies in such a way 

that many other social challenges – such as poverty, hunger and discrimi-

nation against women – can be addressed at the same time. 

Its successful implementation, however, is contingent on various con- 

ditions which, in essence, necessitate a transformation of human society 

and a shift away from current values, economic systems and life goals. If 

efforts to preserve Earth as a liveable planet for people and nature are to 

be successful, humankind must take the following action without delay:

• conserve and sustainably use at least 30 to 50 per cent of Earth’s 

land and ocean areas: this means only removing the amount of a 

natural resource (fish, timber, etc.) that can regenerate itself;

• in decision-making, include all affected population groups in the 

debate from the outset: this requires transparent, democratically 

organized processes in which there is cooperation across all social 

divides, as well as efforts to achieve a fair balance between diverse 

interests, values and worldviews;

• base all decision-making on expert knowledge: alongside represen-

tatives of science and engineering, it is essential to give a hearing to 

representatives of local expertise and to local interest groups and 

indigenous communities;

• prioritize issues of justice and fairness: the precarious situation of 

low-income or marginalized population groups will change only if 

they are given a voice and this voice is heard and considered. In 

many regions, these stil l marginalized groups mainly include women, 

young people and members of indigenous communities; 

• provide adequate funding for climate change adaptation measures 

and for the transformation of the economy and society;

• cooperate on a transboundary and transnational basis.

Even in a world without climate change, effecting this transformation 

would be an immense challenge for society. If climate-related loss and 

damage are factored in, the situation becomes very much worse, for 

every additional tenth of a degree of warming further limits our scope 

for action. The IPCC (Intergovernmental Panel on Climate Change) sums 

up what is at stake: in a world that has warmed by more than two 

degrees Celsius, humankind will l ikely have no chance of creating a live-

able future for all the Earth’s citizens.

Obser ved human vulne rabi l i t y to c l imate changePopulat ion density

high

low

Relat ive vulnerabi l i t y

very high

high

medium

low

very low

Flood

Storm

Drought

Heat

Wild f ires

The s ize of the pie char t s 
show average mor ta l i ty per 
hazard event per region 
between 2010 and 2020. 
The s l ice of pie char t shows 
absolute number of deaths 
from a par t icular hazard.

Extreme events

Vulnerability at the national level var ies. Examples of par t icular ly vulnerable groups in local contexts are :
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1243
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1263
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11
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2 Urban ethnic minor it ies : s t ruc tura l inequal ity, marginal izat ion, exclusion from planning and decis ion-making processes

Smallholder cof fee producers : l imited market access and s tabi l i t y, s ingle crop dependency, l imited inst itut ional suppor t

Indigenous Peoples in the Amazon: land degradat ion, deforestat ion, pover ty, lack of suppor t

Older people, especia l ly those poor and socia l ly isolated: health issues, disabi l i t y, l imited access to suppor t

Is land communit ies : l imited land, populat ion growth and coasta l ecosystem degradat ion

Children in rura l low-income communit ies : food insecur ity, sensit iv ity to undernutr it ion and disease

People uprooted by conf l ic t in the Near East and Sahel : prolonged temporary s tatus, l imited mobil i t y

Women and non-binary: l imited access to and control over resources, e.g. water, land, credit

Migrants : informal s tatus, l imited access to health services and shelter, exclusion from decis ion-making processes

Abor igina l and Torres Stra it Is lander Peoples : pover ty, food and housing insecur ity, dis locat ion from community

1

1.12 > People throughout the world are exposed to the impacts of climate change. There are, however, some particularly vulnerable groups with less 

 resilience to extreme events such as heat, drought, storms, floods and forest fires. 
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adjustments to our lifestyles are required, which must 

include how we work, how we produce our food and treat 

the natural environment, and how we plan and construct 

our cities and settlements. The IPCC concludes that at  

present, humanity is completely unprepared for all the 

challenges that lie ahead as a result of climate change – 

particularly if the world warms by more than 1.5 degrees 

Celsius. Scientists refer in this context to an adaptation 

gap. 

This gap is particularly large in regions where people 

are poor and highly exposed to climate risks. Furthermore, 

if the adaptation measures currently being planned are 

compared with the climate impacts predicted by scien

tists, it is already clear that this adaptation gap will widen 

steadily. 

 

The l imits to adaptation

Also new is the clarity with which the IPCC now describes 

the limits to human adaptation to climate change. In doing 

so, it differentiates between hard and soft limits. Hard 

limits are those where adaptive actions are no longer pos

sible. For example, if an atoll is inundated by waves due  

to sealevel rise, resulting in the complete salinization of 

all the drinking water reserves, the island dwellers’ only 

longterm option is to leave. The same applies to flora and 

fauna that have already reached their upper temperature 

limit. If their habitats continue to warm, they are forced to 

migrate.

Soft limits, by contrast, are ones where options for 

adaptive action may exist. However, this requires political 

commitment, sufficient financial resources, scientific 

knowledge and local knowhow. If all four factors are in 

place, it may be possible, for example, for farmers in 

droughtaffected regions to cultivate new species that are 

resistant to aridity and to install modern irrigation systems 

in order to reduce their demands upon lakes, rivers and 

groundwater resources. 

It is already clear, however, that many species of flora 

and fauna have already reached or are about to reach their 

hard adaptation limits. If they were to die out locally, this 

would destroy the livelihoods of the many millions of 

 farming, fishing and pastoralist families who depend on 

these species. With global warming of 1.5 degrees Celsius 

or more, the ongoing decrease in snowfall and glacier 

retreat will mean that communities whose water supply 

depends on meltwater no longer have access to adequate 

water resources. And with warming of two degrees Cel

sius or more, it will become far more difficult to make a 

success of arable farming in many of the world’s cereal

growing areas. 

As these few examples of adaptation limits show, the 

more quickly humankind acts to curb climate change, the 

more opportunities there will be to adapt to the new con

ditions and the more effective these options will be. 

Actions which will work with warming of 1.5 degrees Cel

sius may prove to be completely ineffective once warming 

reaches two degrees Celsius. For that reason, the effective

ness of all adaptation actions must be continuously moni

tored and the effects of the various measures regularly 

reviewed.

Climate,  people and nature can  

only be winners together

The IPCC’s Sixth Assessment Report also highlights the 

scientific community’s new understanding of the close 

interconnections and interactions between nature, people 

and the climate. For example, if humans impair species 

diversity by destroying natural habitats and exploiting 

their resources, they deprive themselves of their most 

important partner in the fight against climate change. Yet 

at the same time, humanity is forcing the climaterelated 

decline of natural ecosystems with its persistently high 

greenhouse gas emissions. 

Breaking out of this conflict spiral and reversing past 

mistakes must henceforth be the goal of all human action. 

Among other things, this means thinking holistically about 

people, nature and the climate – in our daily lives and in 

all our decisionmaking, whether at local, national or inter

national level. Only then will it be possible to identify 

solutions that benefit all three systems in the long term 

and guarantee a liveable future on Earth for present and 

future generations. 

1.13 > A vivid comparison: In the US city of Los Angeles, an 

adequate number of roadside trees to provide shade exists 

only in districts where residents have sufficient resources to 

pay for the trees’ upkeep (above). Trees are absent in poorer 

districts, partly because the city government does not invest 

in roadside trees. As a result, there is no cooling shade for 

local residents when temperatures soar. 



1.14 > Humans are 

causing climate 

change. This is clearly 

evidenced because the 

measured warming of 

the Earth (black line) 

can only be realis-

tically represented 

in climate models 

when they combine 

the natural with all 

human-influence fac-

tors (grey dotted line 

and shading). 

1.15 > Global warm- 

ing is a result of 

anthropogenic green-

house gas emissions. 

Aerosols released 

by human activities, 

mainly sulphur and 

nitrous oxides, have 

so far had a cooling 

effect by reflecting 

incoming sunlight 

back into space. 

Causes of global warming f rom 1850 to 2019
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Humankind alone is responsible 

for cl imate change and its consequences

 

Halting climate change and preventing its drastic conse-

quences is the duty of humans because they alone are 

responsible for the global warming that has occurred up to 

now. There is no longer any doubt that climate change is 

man-made. According to the Intergovernmental Panel on 

Climate Change, global warming over the past 120 to 170 

years can be clearly attributed to human-induced green-

house gas emissions. The primary contributors include car-

bon dioxide, methane, nitrous oxide (laughing gas) and chlo-

rofluorocarbons (CFCs), as well as 16 additional chemicals.

The enrichment of these greenhouse gases in the 

atmosphere is steadily reducing our planet’s ability to radi-

ate heat energy into space. The surplus heat in the Earth’s 

atmosphere first warms its air masses, then subsequently 

also the ocean. This process is based on the same physical 

principle that warms a garden greenhouse. The conse-

quences of increasing atmospheric greenhouse gas con-

centrations are therefore known as the greenhouse effect. 

It is important to understand that a significant portion of 

the total warming triggered by greenhouse gases is not yet 

being observed by humans or in nature because it is 

 masked by the cooling effects of aerosols like soot par-

ticles and sulphur dioxides, as well as by changes in the 

Solut ions  to  the greenhouse gas  problem?

  > Climate change is man-made and undeniably a consequence of the unchecked 

emission of greenhouse gases.  Stopping emissions is  thus the only way out of the cl imate cr is is . 

There is  presently an abundance of suggestions for how human societ ies can avoid a large port ion of 

their  emissions.  However,  i t  wil l  certainly not be possible to el iminate al l  emissions by the year 2050, 

even if  a great effort  is  made towards that end. Residual amounts wil l  thus have to be compensated 

for by the del iberate removal of carbon dioxide from the atmosphere.

reflectivity of the Earth’s surface. Without these cooling 

components the level of global warming would already be 

at 1.5 degrees Celsius today. 

The concentrations of greenhouse gases in the Earth’s 

atmosphere are being monitored around the world by 

research institutions such as the US American National 

Oceanic and Atmospheric Administration (NOAA). Each 

year NOAA publishes its Annual Greenhouse Gas Index 

(AGGI). This is a numerical expression of how much addi-

tional heat energy has remained in the atmosphere as a 

result of man-made greenhouse gas emissions compared 

to the reference year 1990, and is continuing to drive glo-

bal warming. In 2022 the NOAA Greenhouse Gas Index 

rose to a value of 1.49. This means that the greenhouse 

gases released by human activities trapped an astonishing 

49 per cent more heat energy in the Earth’s atmosphere in 

2022 than they did in the reference year. 

The greatest proportion by far of this increasing heat 

accumulation, around 80 per cent, has been contributed 

by carbon dioxide (chemical formula: CO2). This green-

house gas is especially long-lived. It does not break down 

chemically in the atmosphere, and thus can only be 

 removed through a variety of processes (such as CO2 

uptake by plants). For this reason, carbon dioxide can 

remain in the Earth’s atmosphere for as long as 1000 years 

and thus has a long-term effect on the climate.

Carbon dioxide is emitted as a product of almost all human 

activities. It is primarily produced by:

• the burning of fossil fuels such as coal, oil and natural 

gas: According to the Intergovernmental Panel on Cli-

mate Change, around 34 per cent of the global carbon 

dioxide emissions in the year 2019 came from the 

 energy sector, while the traffic and transport sector 

accounted for 15 per cent and the industrial sector for 

24 per cent;

• the decomposition of organic materials (animal and 

plant remains) due to land-use changes: Agricultural, 

forestry and other land-use changes accounted for 

around 22 per cent of the global carbon dioxide emis-

sions in 2019;



1.16 > Overview 

of the direct and 

indirect greenhouse 

gas emissions for the 

individual sectors in 

the year 2019. The 

total emissions are 

recalculated to carbon 

dioxide equivalents. 

The percentage values 

shown in the sums do 

not always add up to 

100 per cent due to 

rounding.

1.17 > The amount of all relevant anthropogenic greenhouse  

gases has steadily increased during the period from 1990 to 2019. 

Direct and indirect 

emissions

Direct emissions are 

closely related to 

activities within a 

clearly defined area, 

region, sector or com

pany (for example, 

CO2 emissions by the 

burning of oil in the 

heater of a building). 

Indirect emissions, 

on the other hand, 

are produced outside 

the defined area 

(heating a building by 

district heat: Indirect 

emissions result 

from combustion in 

the  geographically 

 removed gas or coal 

power plant).
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• industrial processes such as the production of cement: 

Cement is made of limestone, which is burned at tem-

peratures of 1450 degrees Celsius to achieve the 

required material properties. During the burning pro-

cess, carbon dioxide escapes from the primary material 

in large quantities. The process-related emissions from 

cement production alone accounted for around 2.6 per 

cent of the total global carbon dioxide emissions in the 

year 2019. This amount does not include indirect emis-

sions, which include the energy used in the process 

and for transport. In Germany, the production of one 

tonne of cement is responsible for around 600 kilo-

grams of carbon dioxide emissions. Approximately 

two-thirds of this amount are due to raw-material pro-

cessing emissions, and one-third to fuel emissions.

The annual worldwide carbon dioxide emissions resulting 

from cement production and the burning of fossil raw mate-

rials now add up to around 36 billion tonnes of CO2. Added 

to this are the emissions from agriculture and forestry as 

well as changes in land use, at levels of around four billion 

tonnes of carbon dioxide. On a global scale, these emissions 

have been increasing for the past 270 years, although their 

growth has slowed down for the present.

1.18 > Gravel is produced at a Chinese quarry. Industrial 

companies like this one are responsible for more than 

one-third of the world’s greenhouse gas emissions.



1.19 and 1.20 > 

Various regions of 

the world contribute 

to greenhouse gas 

emissions to greatly 

different degrees – 

both at present and in 

retrospect, whereby 

all emissions are 

 added cumulatively. 

1.21 > Farmers in the 

province of Sindh, 

Pakistan, herd their 

goats over flooded 

terrain. Heavy rains 

and flash floods in 

July and August 2022 

inundated large areas 

of Pakistan, causing 

severe damage in half 

of its provinces.

Carbon dioxide  

equivalent

In order to compare 

the impacts of the 

different greenhouse 

gases, researchers 

calculate how much 

carbon dioxide would 

be required, within a 

certain time frame, 

to produce the same 

effect on a particular 

climate parameter 

with a given amount 

of methane, laughing 

gas, or a mix of 

other greenhouse 

gases. This calcu

lated amount of CO2 

is referred to as the 

carbon dioxide equi

valent.

Globa l ne t anthropogenic GHG emiss ions by reg ion f rom 199 0 to 2019
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Record values – every year

 

Consistently high emission levels are resulting in a steady 

rise in carbon dioxide concentrations in the Earth’s atmos-

phere. For the month of May 2023, the carbon dioxide 

monitoring station at the Mauna Loa Observatory on the 

Island of Hawaii observed a record-high monthly value of 

424 parts per million (ppm), an increase of 3.0 ppm com-

pared to the value of may 2022, and the highest atmosphe-

ric CO2 concentration in the past two million years. Car-

bon dioxide is definitely the strongest driver of climate 

These anthropogenic methane emissions can be reduced 

with relatively little effort. Furthermore, because atmos-

pheric methane breaks down chemically within a time 

 frame of about nine to twelve years, thus losing its impact 

on climate, strategies to reduce the release of methane are 

seen as especially promising measures in the struggle 

against climate change. Recent research indicates, for 

 example, that by the year 2050 around 0.25 degrees Cel-

sius of additional warming could be prevented through the 

immediate implementation of all the presently known 

options for  curbing man-made methane emissions. 

When wil l  global warming exceed the 

1.5-degree mark?

 

Every additional tonne of released greenhouse gases con-

tinues to advance the progress of global warming. This 

near-linear relationship has been well documented by 

 science, at least for carbon dioxide. It is now known that 

1000 billion tonnes (one thousand gigatonnes) of carbon 

dioxide emissions cause the global surface temperature to 

rise an additional 0.27 to 0.63 degrees Celsius – and this 

occurs every time that the atmosphere is newly enriched 

by this amount of carbon dioxide.

But a much more common question in the climate 

change debate is when a particular warming level will be 

reached. The 2015 Paris Climate Agreement, for example, 

sets a target of limiting global warming to well below two 

degrees Celsius, and if possible to 1.5 degrees Celsius 

compared to preindustrial levels. A difficulty with this, 

however, is that the Agreement explains neither how the 

specific warming levels are defined, nor exactly what time 

period is meant by the term “preindustrial”. 

Climate researchers, therefore, have agreed on a com-

mon baseline. The warming level is defined with respect 

to the time period from 1850 to 1900 – although with full   

change, but it is not the only one. In addition to the long-

lasting gas, human societies are also increasingly releasing 

more short-term climate-impacting pollutants such as 

methane (CH4), laughing gas (N2O) and fluorinated green-

house gases. Unlike carbon dioxide, these compounds 

break down  chemically in the atmosphere. As a rule, their 

effect on  climate becomes negligible in less than 20 years. 

But for as long as they exist in the atmosphere, the short-

lived greenhouse gases do contribute significantly to cli-

mate change. Methane, for example, over a period of 20 

years, retains 80 times more heat in the Earth’s atmos-

phere than the same amount of carbon dioxide. 

In its current report, the Intergovernmental Panel on 

Climate Change concludes that the increased emissions  

of methane from 1850 to 2019 were responsible for 

around 0.5 degrees Celsius of the global warming ob served 

during that time. Converting methane concentrations and 

their climate impacts to carbon dioxide equivalents reveals 

that anthropogenic methane emissions accounted for 

around 18 per cent of total emissions in 2019.

Methane concentrations in the Earth’s atmosphere have 

been directly measured since 1983. According to NOAA, 

the average methane concentration in the year 2022 was 

exactly 1911.8 parts per billion (ppb). In the year 1750, 

based on climate archives, it was only 729 ppb. This means 

that the Earth’s atmosphere now contains 162 per cent 

more methane than it did at that time. Methane concentra-

tions have not been this high in the past 800,000 years. 

Methane is released, on the one hand, through natural 

sources such as swamps, mangrove forests, salt marshes 

and seagrass meadows. But it is also released by human 

activities, particularly:

•  in agriculture: digestive processes of ruminants, rice 

cultivation, and manure, slurry and digestate manage-

ment;

• in the energy sector: coal production, oil and natural 

gas production and transport, burning of biomass and 

biofuels; as well as

• in solid waste and wastewater management: releases 

from landfills, wastewaters and sewage sludges.



1.22 > Climate change 

could be mitigated 

effectively if human 

societies were able to 

reduce their methane 

emissions. The steps 

needed to do this are 

well known. But the 

solutions would have 

to be implemented 

comprehensively.

Sector Selected measures to reduce anthropogenic methane emissions

Farming: livestock • Use of a pretreated, more easily digestible animal feed
• Feeding seaweed and other emissionreducing additives
• Improved herd management
• Improved handling of manure (e.g. covering)
• Introduction of anaerobic fermentation systems for cattle and pig manure
• Use of the slurry in biogas plants
• Breeding livestock that produce less methane
•  Behavioural change: largely abstaining from meat and changing to a plantbased diet

Agriculture, 
especially rice cultivation

•  Improved irrigation and cultivation techniques, including regular flooding of rice fields and allowing 
them to dry out again

• Use of new rice varieties
• Measures to improve soils
• Behavioural change: reduction of food waste

Oil, naturalgas and coal 
production

• Recovery and utilization of escaping gas
• Sealing methane leaks at active boreholes and pipelines 
• Avoiding methane leaks during transport of oil and gas
• Closing boreholes no longer in use
• Employing modern pumping and production technology
• Flooding of disused coal mines
• Ending the use and production of fossil fuels

Waste and wastewater 
management

• No landfilling of organic waste, instead utilize it in biogas plants
• Recovery of landfill gases and their direct use for production of energy
• Recycling of industrial and municipal waste
• Conversion from open sewers to aerobic wastewater treatment
•  Conversion of the treatment of household wastewater to anaerobic treatment with biogas recovery  

and utilization
•  Conversion of industrialwastewater and sewagesludge treatment to a twostage process – anaerobic 

treatment with biogas recovery followed by aerobic treatment
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awareness that industrialization had actually begun 100 

years earlier and that carbon dioxide emissions had alrea-

dy risen rapidly, especially in Great Britain. Data of accep-

table quality on the global surface temperatures of the 

Earth, however, only extend back to the year 1850. 

Researchers have therefore selected the period of 1850 to 

1900 for comparison purposes.

The answer to the question of when global warming 

exceeds a certain temperature limit is constrained by 

 calculating warming as an average value over a 20-year 

period. For climate researchers, this means that the 

1.5-degree limit is reached when the average surface 

 temperature over a 20-year period lies 1.5 degrees Celsius 

above the average value between 1850 and 1900. But 

what exactly would that value be?

Precisely predicting the trend of temperature change 

is still difficult because the amount of future warming 

depends on four factors: the amount of future greenhouse 

gas emissions, the internal variability of the climate sys-

tem (i.e., the natural fluctuations), climate sensitivity, and 

the uncertainties in determining the temperature levels 

for the reference time period of 1850 to 1900.

Researchers use the term “climate sensitivity” to refer 

to the amount of long-term climate warming that would be 

triggered by an abrupt doubling of the carbon dioxide con-

centration in the Earth’s atmosphere. According to current 

figures from the Intergovernmental Panel on Climate 

Change, there is a 90 per cent probability that this value 

would be between two and five degrees Celsius, whereby 

it would take several decades to centuries for the warming 

1.23 > A photograph from the year 1971: Dark plumes of 

smoke rise from the four chimneys of the coal-fired Battersea 

Power Station in London. The power station on the Thames 

has been shut down since 1983. Where coal was once burned, 

luxury apartments and offices have been built since 2013. 



1.24 > Because 

carbon dioxide 

accumulates in the 

atmosphere, scientists 

can calculate the 

amounts that can still 

be released before 

a certain level of 

warming is reached. 

In the year 2020 this 

amount was an addi-

tional 400 gigatonnes 

of carbon dioxide for 

the world to reach 

the 1.5-degree target 

with a probability of 

67 per cent. 

Paris Climate  

Agreement

The Paris Climate 

 Agreement was 

 adopted on 12 

December 2015 at 

the 21st Climate 

 Conference in Paris 

and entered into 

effect on 4 November 

2016. By September 

2022, 194 countries 

and the European 

Union had signed and 

ratified the agree

ment. 

Surplus scenario 

A development in 

which the global 

surface temperature 

rises above a defined 

climate target (for 

example, 1.5degree 

target) for an initial 

time period of one 

or more decades, but 

subsequently falls 

again below the tem

perature threshold, 

is called a surplus 

scenario. However, 

the temperature 

decline can only occur 

if the greenhouse gas 

concentration in the 

atmosphere is really 

decreased through 

a process of carbon 

dioxide removal. 

Historical budget
 

GtCO 2 a lready emit ted
between the per iod 1750 to 2019

Carbon budget in g igatonnes (GtCO 2)

Remaining carbon budget 

GtCO 2 in 2020, in l ine with keeping 
global warming to 1.5 °C or 2 °C

2560

1,5 °C 400 500

2 °C 1150 1350

67 % 50 % Probabi l i t y

±220 GtCO2

This remaining carbon budget can 
increase or decrease depending on 
how deeply we reduce greenhouse 
gases other than CO2.
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to occur and for the climate system to return to a state of 

equilibrium after the disturbance (i.e., after the doubling of 

the carbon dioxide concentration).

Because the range of this value has a span of three 

degrees Celsius, climate models can produce significantly 

different results. If scientists use an intermediate sensiti-

vity value in their climate models, calculations based on 

the five Shared Socioeconomic Pathways indicate that the 

20-year average temperature in the time frame from 2020 

to 2039 will reach the 1.5-degree limit, totally regardless 

of what amounts of greenhouse gases humans release in 

the coming years. If emissions remain at the present high 

levels or continue to increase, global warming will exceed 

the limit of two degrees by the year 2050.

The amount of time remaining to curb climate change 

can be assessed by what scientists call the carbon budget, 

which is an expression of how much carbon  dioxide can 

still be emitted by human activities before a given level of 

warming is reached. The calculations for this are based on 

the assumption that the global surface temperature rises 

by around 0.45 degrees Celsius (0.23 to 0.65 degrees) 

when humankind releases an additional 1000 billion 

tonnes of carbon dioxide into the atmosphere. Other 

 factors that are considered include past warming, the con-

tribution of greenhouse gases other than carbon dioxide to 

future warming, and the question of how long the war-

ming will continue to progress even if humans manage 

someday to reduce their carbon dioxide emissions to zero.

During the period from 1750 to 2019, human societies 

emitted around 2560 billion tonnes of carbon dioxide. 

Taking all methodological uncertainties into account, the 

Intergovernmental Panel on Climate Change finds that 

this amount of greenhouse gas is probably already enough 

to reach the 1.5-degree mark. According to the experts, 

this means that the remaining carbon budget would be 

zero, although the probability of this would be low. 

However, if the “best estimates” are used for the most 

important parameters, the calculated carbon budget is 

 greater than zero. 

Nonetheless, the results indicate that it is still small:   

If humans want to limit global warming to 1.5 degrees Cel-

sius with a probability of 67 per cent, they can only release 

a total of 400 billion tonnes of carbon dioxide, calculated 

for the period beginning on 1 January 2020. This corres- 

ponds roughly to the amount of carbon dioxide emitted by 

the international community over the past decade (2010 to 

2019). The budget for the two-degree target is 1150 billion 

tonnes. Based on constant continued emis sions at the cur-

rent level of around 40 billion tonnes per year, the two 

budgets would be exhausted by the years 2030 or 2050, 

respectively.

The following statistic also shows how little margin 

we have remaining: If humankind were to allow all fossil 

infrastructures already in operation in 2018 – i.e., coal and 

natural-gas power plants, oil refineries, blast furnaces, 

combustion engines, etc. – to continue running at the 

same capacity as they have in the past until the end of 

their respective lifetimes, an additional 660 billion tonnes 

of carbon dioxide would be released in the coming  

decades. If this calculation is expanded to include all of  

the installations that were planned or under construction 

in the year 2018, another 187 billion tonnes of carbon 

 dioxide would have to be added to that sum. Limiting 

 global warming to less than two degrees Celsius under 

these conditions would be in serious jeopardy. A ban on 

new coal or natural-gas power plants would thus be an 

important step towards preventing future emissions.  

The ult imate goal:  greenhouse gas neutral i ty

 

Limiting global warming to 1.5 degrees in the coming 

decades will now hardly be possible – at least not without 

overshooting the temperature target for a few decades (sur-

plus scenario). Through a huge effort, however, it may be 

possible to limit global warming to less than two degrees 

Celsius. To realize this goal would require immediate and 

wide-ranging reductions of global greenhouse gas emis-

sions, as well as achieving net zero carbon dioxide emis-

sions by the year 2050. 

There are ideas for far-reaching emission reductions in 

every sector. According to the Intergovernmental Panel on 

Climate Change, it is possible to cut global greenhouse gas 

emissions in half by 2030 based on known options. More 

than half of the potential reduction can be realized through 

measures that would cost less than 20 US dollars per tonne 

of carbon dioxide that is eliminated, a fact that is especially 

important for poorer countries. Examples of these include 

the worldwide expansion of wind-power and photovoltaic 

systems for generating electricity from renewable sources, 

an end to deforestation and the draining of wetlands, 

improved carbon storage capacities in many fields through 

sustainable and soil-conserving agriculture, a substantial 

reduction in meat consumption, construction of energy-

efficient buildings, the use of alternative fuels in industry, 

and measures to curb methane emissions.

This may appear to be a perfectly feasible programme. 

It requires, however, the successful implementation of 

comprehensive structural and societal changes, as well as 

restructuring and rethinking at all levels, including new 

ideas about what people need (and must consume) and do 

not need to live. Furthermore, cutting the emissions by 

half would only be the first step. 

This would have to be followed by a reduction of 

greenhouse gas emissions to such an extent that green-

house gas neutrality is achieved as soon as possible. The 

term “greenhouse gas neutrality” and the synonymously 

used term “net-zero greenhouse gas emissions” both 

 des cribe a world in which humans or individual entities 

such as states and companies only release as much green-

house gas as they can remove again from the Earth’s 

 atmosphere. Experts distinguish the terms “carbon neutra-

lity” (net zero carbon dioxide emission) and “greenhouse 

gas neutrality” (net zero of all greenhouse gas emissions, 

 including carbon dioxide). The reason, in terms of climate 

physics, is that the global surface temperature could be 

 stabilized if humans would release only as much carbon 

dioxide as they can remove, while at the same time 

 reducing the release of short-lived air pollutants such as 

methane and laughing gas by a certain amount. If all green-

house gas emissions could be reduced to net zero, on the 

other hand, the global temperature would even begin to fall 

over the long term. A net zero of carbon dioxide emissions 

is thus a major, indeed fundamental prerequisite to halting 

global warming. But with the added help of a net zero of all 

greenhouse gas emissions it would even be possible to roll 

back global  warming by a small amount. 



The IPCC’s definition 

of CDR

The term “carbon 

dioxide removal 

methods” applies 

exclusively to such 

practices in which 

the carbon dioxide 

removed comes from 

the atmosphere, its 

subsequent storage is 

durable, and its remo

val is an outcome of 

human action and is 

thus additional to the 

natural carbon dioxide 

removal processes of 

the Earth system. 

Potent ia ls and cos t s to reduce ne t emiss ions by the yea r 2030

Options to mit igate greenhouse gas concentrat ions 
in the atmosphere

Potential contr ibution to net emission reduc tion (2030) 
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Wind energy
Solar energy
Bioelec tr ic ity
Hydropower
Geothermal energy
Nuclear energy
Carbon capture and s torage (CCS)
Bioelec tr ic ity with CCS 
Reduce CH4 emission from coal mining
Reduce CH4 emission from oi l and gas 

Carbon sequestrat ion in agr iculture
Reduce CH4 and N2O emission in agr iculture
Reduced conversion of forest s and other ecosystems
Ecosystem restorat ion, af forestat ion, reforestat ion
Improved susta inable forest management
Reduce food loss and food waste
Shif t to balanced, susta inable healthy diet s

Avoid demand for energy services
Ef f ic ient l ight ing, appl iances and equipment
New bui ldings with high energy per formance
Onsite renewable product ion and use
Improvement of exis t ing bui lding s tock
Enhanced use of wood product s

Fuel ef f ic ient l ight duty vehic les
Elec tr ic l ight duty vehic les
Shif t to publ ic t ranspor tat ion
Shif t to bikes and e-bikes
Fuel ef f ic ient heavy duty vehic les
Elec tr ic heavy duty vehic les, inc lusive buses
Shipping – ef f ic iency and opt imizat ion
Aviat ion – energy ef f ic iency
Biofuels

Energy ef f ic iency
Mater ia l ef f ic iency
Enhanced recycl ing
Fuel switching (elec tr ic ity, natura l gas, bio-energy, H2)
Feedstock decarbonizat ion, process change
Carbon capture with ut i l izat ion (CCU) and CCS
Cement it ious mater ia l subst itut ion
Reduct ion of non-CO2 emissions

Reduce emission of f luor inated gas
Reduce CH4 emissions from sol id waste
Reduce CH4 emissions from wastewater
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Methods for carbon dioxide removal 

The term “carbon dioxide removal” (CDR) is used to  

discuss and research the methods that can be applied  

for removing carbon dioxide from the atmosphere.  

Although ideas for the removal of methane are also be- 

ginning to be suggested, scientific assessment of their 

 feasibility is not yet possible due to insufficient research  

at present.

CDR covers a wide range of processes that can be used 

to remove carbon dioxide from the atmosphere and then 

store it permanently. Possible storage sites include the 

deep geological subsurface, the oceans and sites on land, 

especially soils and vegetation. A fourth option would be 

to use the extracted carbon dioxide to make various pro-

ducts from carbon.

Carbon dioxide removal – offsett ing residual 

emissions that are diff icult  to avoid

Climate researchers assume that the international commu-

nity, despite its highly ambitious climate policies, will still 

be emitting several billion tonnes of residual greenhouse 

gases (carbon dioxide, methane, laughing gas) by the 

middle of the 21st century. These hard-to-avoid residual 

emissions will be generated, for example, in the produc-

tion of cement and steel, in aviation and heavy-duty trans-

port, and in agriculture and waste incineration.

To achieve greenhouse gas neutrality, these residual 

emissions will have to be compensated for using carbon 

dioxide removal methods. There are various proposals for 

solutions that involve either the expansion of natural car-

bon sinks or technological approaches. Experts assign the 

numerous CDR methods to four categories:

•  enhancement of the biological carbon dioxide sinks on 

land, e.g. through reforestation,

•  enhancement of the biological carbon dioxide sinks in 

the ocean, e.g. through the restoration of damaged or 

dead mangrove forests and seagrass meadows, 

• geochemical approaches, and

• chemical methods.

It is important to note that only those methods can be 

counted that result from human efforts to enhance the 

removal of carbon dioxide from the atmosphere. Trees that 

naturally establish themselves somewhere, photosynthe-

size, absorb and sequester carbon dioxide should not be 

included in the CDR balance. The official CDR definition of 

the Intergovernmental Panel on Climate Change is so nar-

row that even approaches in which carbon dioxide from 

fossil sources is captured at the emission site and subse-

quently stored underground (Carbon Capture and Storage, 

CCS) or processed into products (Carbon Capture and Uti-

lization, CCU) may not be considered as CDR. In this case 

carbon dioxide is not actually removed from the atmos-

phere, rather its escape into the atmosphere is simply pre-

vented.

Some CDR methods have been carried out for centu-

ries, although not with the explicit purpose of removing 

carbon dioxide from the atmosphere. These include the 

reforestation of deforested areas, the sustainable manage-

ment of existing forests, and the conservation of peat- and 

wetlands. They also include regenerative types of agricul-

ture that lead to increased humus or carbon content in the 

soil by removing carbon dioxide and other carbon com-

pounds from the atmosphere and storing them in the soil, 

mostly in the form of organic material (plant remains, 

manure, etc.). The best-known practices for enriching soils 

with carbon include the cultivation of perennial grasses 

and legumes, improved crop rotation including catch 

 cropping, the application of compost and manure, and 

 reduced soil tillage.

There are other comparatively new CDR methods, 

however, whose specific purpose is to decrease green-

house gas concentrations in the atmosphere. These include 

methods such as the capture of carbon dioxide from the air 

and its subsequent storage (Direct Air Carbon Capture and 

Storage, DACCS) or the generation of bioenergy with sub-

sequent carbon dioxide capture and storage (Bioenergy 

with Carbon Capture and Storage, BECCS). Experience and 

knowledge of these approaches are growing, but they are 

still being applied on a comparatively small scale. 

Furthermore, CDR methods differ with respect to the 

length of time that the carbon dioxide is removed from the 

1.25 > Approaches are now available that would effectively reduce greenhouse gas emissions in all areas of life by the year 2030. This figure from the 

 Intergovernmental Panel on Climate Change lists the most effective measures and shows the costs at which the reductions would be possible. It is important 

to note that investing in such reductions would cost much less than remedying the consequences of continued climate change.



1.26 > Iceland has 

achieved some small-

scale success in 

 removing carbon  

dioxide from the 

atmosphere and 

sequestering it under-

ground. The process 

involves dissolving 

the extracted gas 

in fresh water and 

in jecting it into the 

warm volcanic basalt 

rocks. The compo-

nents of the rocks 

react chemically with 

the carbon dioxide, 

resulting in its 

mineralization and 

conversion to rock 

material itself.

Afforestation and 

reforestation   

The Intergovernmen

tal Panel on Climate 

Change defines the 

term “afforestation” 

as the planting of 

trees in an area that 

was not forested in 

the past. One could 

therefore also refer to 

this as “forestation”. 

“Reforestation”, on 

the other hand, means 

the planting of young 

trees in an area whose 

former forest cover 

has been destroyed by 

clearing, fire or other 

human activities. 
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atmosphere. The possible time frames range from a few 

decades to millions of years, and depend specifically on the 

storage site. Carbon dioxide that is absorbed by the ocean 

or is stored in deep-lying rock layers usually remains there 

for a longer time than carbon dioxide that is sequestered 

by forests on the land. Natural storage sites on land are 

also more susceptible to disruption. Wetlands, for example, 

can dry out, and forests can burn down. In both cases the 

carbon dioxide will escape into the atmosphere again. The 

risk of escape is somewhat lower when trees are felled and 

used for durable timber elements (e.g. roof beams) or  

when long-lived products are made from captured carbon 

dioxide. 

Last of all, the various CDR methods differ from one 

another in the extent to which they can be applied, how 

much carbon dioxide can be removed from the atmosphere 

with their help, what possible risks and advantages a 

method poses, the costs associated with their large-scale 

application, and whether the necessary technology has 

even been developed and is ready for implementation. 

 Science is presently searching for the answers to these and 

many other questions in various research projects. 

 

No substitute for comprehensive  

emission reductions

Considering the enormous speed at which the Earth’s cli-

mate is changing, there is no longer any question as to 

whether mankind must remove carbon dioxide from the 

atmosphere in order to limit global warming to a tolerable 

minimum level for humans and nature. Without a doubt 

the answer is yes! But the unresolved questions now are 

how, to what extent, with what goals, and under what 

basic conditions such removal should and can happen.

It is certain that if humankind is to achieve the Paris 

climate goal, removing carbon dioxide can never be 

accepted as a substitute for comprehensively reducing 

emissions. The Intergovernmental Panel on Climate 

Climate goals – progress at  a snai l ’s  pace

In the Paris Climate Agreement, all signatory states committed to limit 

ing global warming to well below two degrees Celsius. A prerequisite 

for this is netzero greenhouse gas emission by the second half of this 

century. To achieve this goal, the countries are all required to develop a 

national longterm climate strategy and to establish and publish Natio

nally Determined Contributions (NDCs) every five years. More than 140 

states have already complied in this task. The Federal Republic of Ger

many, for example, has committed to becoming greenhouse gas neutral 

by the year 2045. This commitment will be facil itated by the Climate 

Change Act, amended in June 2021, which imposes mandatory emission 

caps on the energy sector, industry, agriculture, transport and buildings. 

By the year 2030, according to the plan, German greenhouse gas emis

sions will be reduced by 65 per cent compared to the year 1990. 

However, Germany and many other countries are lagging behind in 

the implementation of their selfimposed climate targets. Progress in 

the fight against climate change is stil l moving at a snail’s pace world

wide. 

Based on the current climate protection laws and catalogues of 

measures, experts are projecting global warming of two to 3.6 degrees 

Celsius by the year 2100. More commitment, political will and invest

ment in climate action are therefore vital. According to the Internatio

nal Energy Agency (IEA), in the year 2022 almost 89 per cent of the 

recordhigh global carbon dioxide emissions in the energy sector were 

stil l attributable to the burning of fossil raw materials and the accom

panying industrial processes (production, processing). This confirms 

that humanity is stil l firmly entrenched in the fossil age. 

1.27 > Experts at the Climate Action Tracker regularly analyse international climate policies and, based on climate action taken and pledged 

by all countries, calculate how much warming the planet is approaching by the year 2100. In November 2022, the measures implemented up to 

that point indicated a warming of 2.2 to 3.4 degrees Celsius.

Globa l  t emperatu re inc rea se by 210 0 ,  c a l cu la ted by C l imate Ac t ion Tr acke r  expe r t s  (date :  November 2022 )

* If the Nat ional ly Determined Contr ibut ions target s by 2030 are smaller 
   than the projec ted emissions under “Current pol ic ies and ac t ion”, 
   the va lues from that category are used

Policies and ac t ion
Real-wor ld ac t ion based on current pol ic ies, 
temperature increase cont inues af ter 2100

2030 emission targets only
Ful l implementat ion of the Nat ional ly Determined Contr ibut ions target s 
for 2030*, temperature increase cont inues af ter 2100

All pledges and targets
Ful l implementat ion of the submit ted and binding long-term target s as wel l 
a s the Nat ional ly Determined Contr ibut ions target s for 2030*

Optimist ic scenario 
Best-case scenar io that assumes ful l implementat ion of a l l announced target s 
inc luding net-zero target s, long-term strategies for low emissions, 
and Nat ional ly Determined Contr ibut ions target s*
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1.28 > Processes 

of carbon dioxide 

removal from the 

atmosphere could 

be employed both 

on land and in the 

ocean. This chart 

shows the different 

approaches, sorted by 

type of removal and 

by subsequent storage 

medium.

 

1.29 > The active 

removal of carbon 

dioxide from the 

atmosphere will be 

necessary to reduce 

net anthropogenic 

emissions in the short 

term, to achieve the 

goals of carbon-dio-

xide and greenhouse 

gas neutrality in the 

intermediate term, 

and in the long term 

to reduce the carbon 

dioxide concentration 

in the atmosphere by 

negative emissions.
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 Change says that the level of greenhouse gas emissions is 

far too high for that. The use of CDR methods is conceiv-

ably a way to compensate for residual emissions that are 

difficult to eliminate. They can help to reduce the net 

anthropogenic emissions more quickly in the near future. 

In the long term, CDR would help humanity to compen-

sate for unavoidable carbon dioxide residual emissions as 

well as the emissions of other greenhouse gases. In the 

best case, it would one day be possible to achieve net-

negative emissions. This would mean that the amount of 

carbon dioxide being removed from the atmosphere would 

exceed the amount of CO2 equivalents being released. As 

a consequence, the greenhouse gas concentrations in the 

atmosphere would decrease, which would be followed by 

a decline in the global surface temperature.

But the first milestone along this path would be to 

achieve net-zero carbon dioxide emissions. The goal of 

comprehensive greenhouse gas neutrality would then 

 follow after about ten to 40 years, or maybe even much 

later depending on the amount of residual greenhouse gas 

emissions (methane, laughing gas, etc.) that would have to 

be compensated for by carbon dioxide removal.

For a global net zero of carbon dioxide emissions, not 

all countries would have to offset their residual emissions. 

If some countries are able to remove more carbon dioxide 

than they release into the atmosphere by emissions, there 

would be a condition of net-negative emissions, or an 

emission credit. Other countries could then redeem this 

credit. They would then have more time to reduce their 

own greenhouse gas emissions without an increase in  

the overall carbon dioxide concentrations in the Earth’s 

atmosphere and the accompanying rise in average global 

temperatures.

Major concerns and many unanswered questions

So far, only a few countries have adopted CDR methods 

beyond afforestation and reforestation in their long-term 

climate strategies. Nevertheless, according to the Inter-

governmental Panel on Climate Change, there is concern 

in many circles that simply the theoretical possibility  

and feasibility of increased carbon dioxide removal could 

lull governments and other societal stakeholders into  

half-hearted attitudes in implementing ambitious green-

house gas reduction plans, or lure them into placing their 

trust in technologies that have not yet been sufficiently 

developed and researched in the fight against climate 

change. 

A further misgiving is that the hope for effective  

CDR measures could induce decision-makers to fail to 

rigorously address the challenges associated with drastic 

greenhouse gas reductions, and instead defer action to  

the future. This would mean that the next generation 

would have to deal with the steadily growing problem.  

It is also unclear how the costs, risks and burdens of  

large-scale CDR efforts can be evenly distributed, and  

how negative effects can be avoided, particularly in the 

areas of food production, biodiversity and the availability 

of land. 

Furthermore, reliable and globally standardized 

methods would be needed to measure, verify and assess 

the carbon dioxide removal and storage achieved through 

CDR measures. A transparent and functioning market, in 

which emission credits could be traded and financial 

resources generated for the implementation of CDR 

measures, can only be realized when these conditions are 

met. 

In the view of the Intergovernmental Panel on Climate 

Change, there are still many challenges that need to be 

overcome before CDR methods more sophisticated than 

reforestation can be implemented on a large scale. These 

include the many unanswered research questions, the 

immature state of technological development, high costs, 

and the fact that the possible implementation of new 

kinds of CDR methods in the future needs to conform with 

the overarching development and sustainability goals of 

the international community. This calls for matching laws 

and regulations, along with the corresponding decision-

making processes, before novel CDR methods can be 

implemented. 

How much CDR is needed in the future?

 

Science is investigating approaches and ideas for the 

struggle against climate change with the help of Integra-

ted Assessment Models (IAMs). These are being develo-

ped in order to understand how particular societal or eco-

nomic developments affect nature and the climate. To this 

end, the models are fed with information about the Earth 

 system as well as about society. The models thus consider 

natural laws as well as the behavioural changes of humans, 

and they also assess the undesirable side effects or desired 

advantages of particular measures and decisions.   

Although the model predictions are always subject to 

some degree of uncertainty, IAMs do provide valuable 

insights. They can demonstrate, for example, how our 

 economy, society and energy supply would have to  change 

in order to achieve a given climate goal, or show us what 

impacts certain emission reductions would have for 

humans and nature.



1.30 > Here, near the 

Brazilian city of Porto 

Velho, slash-and-

burn clearing of the 

Amazon rainforest has 

provided arable land 

for the cultivation of 

soya beans. Along 

with the forests, 

enormous areas of 

carbon storage are 

lost because the trees 

store carbon in their 

wood and leaf mass 

as well as in the 

forest soils.

Conclus ion
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Researchers in IPCC Working Group III evaluated 

thousands of such integrated assessment models for the 

Sixth Assessment Report of the Intergovernmental Panel 

on Climate Change. This work has clearly illustrated that 

all models that project a limit on global warming of two 

degrees Celsius or less include a robust implementation of 

methods for carbon dioxide removal at significantly higher 

levels than any that are being carried out at present. 

The amount of carbon dioxide that will have to be 

removed from the atmosphere in the future in order to sta-

bilize the climate has not yet been clearly determined. The 

model results only allow rough estimates. But for land-

based biological methods such as afforestation and refore-

station, the estimates fall within the order of 900 million 

tonnes of net carbon dioxide in the year 2030. In this  

case, net means that the carbon dioxide removal through 

afforestation and reforestation must be 900 million tonnes 

 greater than the sum of global land-use emissions pro-

duced at the same time (such as deforestation in certain 

regions). Two decades later the net removed amount 

would have to be almost three billion tonnes of carbon 

 dioxide if global warming is to be held to less than two 

degrees Celsius over the long term. In addition, similarly 

large amounts of carbon dioxide would have to be re- 

moved through energy generation from biomass and 

through direct air capture. For both of these methods the 

captured carbon dioxide would subsequently have to be 

safely and permanently stored somewhere.

In light of these high estimates, the IPCC has con- 

cluded that existing programmes of land-based carbon 

 dioxide removal need to be expanded massively and very 

rapidly. It is questionable, however, whether this can be 

achieved at the necessary scale.

The assessment models being studied by the IPCC 

have not yet been able to integrate ocean-based methods 

of carbon dioxide removal. The Sixth Assessment Report 

therefore does not provide any information on how much 

they could contribute to achieving the Paris Climate Agree-

ment goals. The first research teams, however, including 

scientists from Germany, have begun to take on the task  

of developing IAMs with components of marine-based 

 carbon dioxide removal. Their motivation for this work  

is fuelled by the knowledge that the ocean has already 

ab sorbed and stored one quarter of the carbon dioxide 

emissions caused by human activities in the past, with 

wide-ranging consequences for humanity and nature. 

There is  only one solution to the cl imate 

cr is is  – greenhouse gas neutral i ty                       

With their emissions of greenhouse gases over the 

past 120 to 170 years, humans have caused global 

surface temperatures to increase by around 1.15 

degrees Celsius. Because of this warming, many 

components of the Earth’s climate have been  

changing at rates that our planet has not expe-

rienced in thousands of years. The consequences of 

climate change are harming humanity and nature  

to an increasing degree and are slowly depriving  

people of their basic needs. Foremost among these 

are health and physical integrity, along with suf- 

ficient water and food. 

All regions of the Earth are being affected by 

 climate change. The magnitude of the changes and 

the consequences and risks for people and nature, 

however, vary from one region to another. The 

increasing occurrence of extreme events presents a 

particular danger. If heat waves, heavy rains, severe 

storms, droughts or floods occur simultaneously, 

the overall risk is multiplied and it becomes more 

difficult for people and nature to respond effec-

tively. Climate change also magnifies the risks of 

other man-made stressors such as environmental 

degradation, resource over-exploitation and urbani-

zation, further curtailing the adaptive capacities of 

all inhabitants of the Earth. 

Every additional tenth of a degree of warming 

provides climate change with more momentum. 

This means that the magnitude and the extreme rate 

of the changes, as well as the consequences and 

risks, increase with every added temperature rise. 

Escalation of the climate and biodiversity crises  

can only be addressed through effective adaptive 

measures, along with avoidance of any further 

greenhouse gas emissions (greenhouse gas neutra-

lity).

Even with very ambitious climate policies,  

climate scientists assume that the international 

community will still be emitting residual green-

house gases in the middle of the 21st century 

 including carbon dioxide residues, but especially 

methane (CH4) and nitrous oxide (N2O). These hard-

to-eliminate residual emissions are generated by 

cement and steel production, aviation and heavy-

duty transport, but also by agriculture and the 

 burning of waste. 

To stop global warming, the residual emissions 

will have to be offset. This will require equal 

amounts of carbon dioxide to be removed from  

the atmosphere, and feasible ideas exist for achiev- 

ing this. They focus either on the expansion  

of natural carbon sinks or are based on techno- 

logical approaches. Furthermore, the capture 

methods are classified according to the time frame 

in which the carbon dioxide is removed from the 

atmosphere and by the scale at which they can be 

applied.

In many cases, however, the possible risks  

associated with a given method are not clear, par-

ticularly the costs and whether the necessary  

technology is sufficiently developed and ready to be 

employed. Thus, elementary knowledge is lacking 

for measures that will soon need to be carried out  

at industrial scale to achieve the goal of green- 

house gas neutrality in the future. One thing is cer-

tain: Measures to remove carbon dioxide can never 

be used as an excuse to continue the avoidable 

emission of greenhouse gases because, ultimately, 

every single tonne of carbon dioxide avoided counts 

in the fight against the climate and biodiversity 

 crises.



  > The world ocean is the second largest carbon reservoir  on Earth.  I t  stores around 40,000 

bi l l ion tonnes of carbon. The amount of carbon contained in the ocean exceeds that in the atmosphere 

by a factor of greater than 50. The ocean and atmosphere,  however,  are constantly exchanging carbon. 

With increasing concentrat ions of carbon dioxide in the atmosphere,  more carbon dioxide is  absorbed 

by the ocean, which slows the rate of cl imate change.

The role of the ocean  
in the global carbon cycle2



2.1 > The Earth’s 

natural carbon cycle: 

Carbon sinks, or 

reservoirs, in which 

carbon or one of its 

many compounds are 

stored, are shaded 

in blue. The arrows 

represent exchange 

processes through 

which carbon or one 

of its many com-

pounds are bound, 

stored, exchanged or 

released. 

2.2 > The chalk cliffs 

on Germany’s island 

of Rügen are com-

posed of carbonate 

rocks. When carbon 

dioxide-rich rainwater 

falls on these rocks 

they weather readily, 

and acid-binding 

solution products are 

washed into the Baltic 

Sea. These react with 

free protons in the 

seawater and reduce 

its acidification. 
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Carbon – an essential  element

 

Carbon is an essential building block for life on our planet. 

All of the tissues produced by living organisms, including 

plants, animals and people, are comprised of compounds 

that contain carbon. Carbon is required for animal and 

plant cells to function. It is in our food, in wood and coal, 

marble and limestone, as well as oil-based synthetic mate-

rials and fuels. This is due to the high bonding capacity of 

the carbon atom. In particular, it is often contained in com-

pounds with hydrogen, oxygen, nitrogen and phosphorus. 

There are presently more than a million different carbon 

compounds known to science, and more are being added 

every year. These form the basis of the field of chemistry 

known as organic chemistry. 

Because of its chemical properties and extensive distri-

bution, carbon is constantly being naturally captured or 

released, chemically bonded or converted, everywhere 

around the globe. Furthermore, it is involved in almost all 

of the biological processes in which energy is either pro-

How the ocean absorbs  carbon d ioxide

   > In recent decades,  the world ocean has absorbed around 25 per cent of the 

carbon dioxide emissions produced by human societ ies,  thus retarding the progress of cl imate change 

signif icantly.  This cl imate service is  achieved through three natural  carbon pumps whose functions 

may seem rather complex.  Taken together,  they are the reason that the world ocean is the second 

largest carbon sink on Earth.  There is ,  however,  a high price for this service in the form of ocean 

 acidif icat ion.

duced or consumed. These include, among others, photo-

synthesis, oxygen respiration and chemosynthesis. This 

means that carbon is in constant motion and, through time, 

migrates through all of the components of the Earth system. 

For the various steps of this journey, which is known as the 

carbon cycle, carbon requires different amounts of time. 

Sometimes it or its compounds are released (respiration, 

combustion, volcanic eruptions) or taken up (photosynthe-

sis, dissolution in seawater) within a few short minutes, 

while in other situations it can be stored for thousands or 

even millions of years in one location (permafrost, forma-

tion of fossil resources). At the same time, its physical state 

also changes: Carbon and its compounds can occur in 

 gaseous form, as carbon dioxide and methane, for example, 

or in the liquid or solid state.

The carbon dioxide concentration in the Earth’s atmos-

phere, which is of crucial importance for the climate, is 

determined by various biogeochemical processes occurring 

both on land and in the sea. These determine whether this 

greenhouse gas is removed from the atmosphere and stored 

(carbon sinks) or is released into it (carbon sources).

Ocean carbon reservoir

The ocean is our planet’s second-largest carbon sink after 

the Earth’s rocky shell (sedimentary rocks on land and the 

sea floor). It contains around 40,000 billion tonnes of 

 carbon, the greatest share of which is dissolved in sea-

water. With this carbon reservoir, the ocean exceeds the 

carbon content of the atmosphere by a factor greater than 

50. These two systems are in a state of constant carbon 

exchange. More than 150 billion tonnes of carbon in the 

form of the greenhouse gas carbon dioxide move back and 

forth between the ocean and atmosphere every year. 

Using an atomic weight conversion factor of 3.664, the 

annual global exchange of gases between the ocean and 

the atmosphere thus comprises more than 549 billion 

tonnes of carbon dioxide.

Because carbon dioxide concentrations in the atmos-

phere are increasing due to the emissions produced by 

human societies, the ocean is also absorbing more carbon 

dioxide. In contrast to preindustrial times, it is now taking 

up more carbon dioxide from the atmosphere than it 

releases elsewhere. The result is that the world ocean has 

absorbed around 25 per cent of the carbon dioxide 

 released into the atmosphere by humans in recent 

decades, thus significantly inhibiting the progress of glo-

bal warming. An estimated 40 per cent of the anthropo-

genic carbon dioxide emissions taken up by the world 

 ocean were absorbed in the Southern Ocean. The especial-

ly  great absorptive capability of the Southern Ocean, 

however, is subject to large natural fluctuations, which 

make a precise evaluation of the balance of the world 

ocean’s carbon dioxide uptake very difficult.

Carbon dioxide uptake by the ocean occurs at the sea 

surface, where it is dissolved from the air into the sea-

water. Whether atmospheric carbon dioxide dissolves in 

the water, and the amount dissolved, depends primarily 

on the difference in carbon dioxide partial pressure bet-

ween the seawater and atmosphere. Simply stated, this is 

the pressure generated by carbon dioxide dissolved in the 

surface water and that in the atmosphere. The natural 

exchange of gas between the seawater and the atmos-

phere always works towards a balance of these pressures. 

This means that surface waters with a lower partial pres-

The role of the ocean in the global  carbon cycle < 



2.3 > Figures for the 

global carbon foot-

print: Anthropogenic 

carbon dioxide fluxes 

are shown in pink. 

They are the reason 

that carbon dioxide is 

being enriched in the 

atmosphere and why 

the Earth’s tempera-

tures are rising. 

2.4 > The ocean does 

not absorb the same 

amounts of carbon 

dioxide from the at-

mosphere everywhere 

in the world. As 

this map illustrates, 

carbon dioxide uptake 

occurs primarily in 

the cold Southern 

Ocean and in the 

North Atlantic and 

North Pacific Oceans 

(blue shading). In the 

warm tropical regions, 

on the other hand, the 

ocean releases consi-

derably more carbon 

dioxide into the 

 atmosphere than it 

absorbs (red shading). 

In the hatched areas, 

the situation is incon-

clusive. 
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sure of carbon dioxide than the overlying atmosphere will 

take up carbon dioxide from the air until the pressure dif-

ference is no longer present. The pressure-equilibration 

process also works in the opposite direction from the 

water into the atmosphere.

The water temperature, as well as salinity, wind, 

waves and currents, also affects carbon dioxide absorption 

by the ocean. The temperature and the salinity of the sur-

face waters have an effect on the amount of gas that can 

be dissolved. The warmer and saltier the water is or 

 becomes, the less carbon dioxide it can absorb or store, 

and the more it thus tends to release into the atmosphere. 

This physical principle explains, among other things, why 

the world ocean releases carbon dioxide into the atmos-

phere in the warm, equatorial part of the Pacific, for 

 example, while it absorbs large amounts of carbon dioxide 

in the cooler Southern and North Atlantic Oceans. 

At the same time, wind and waves mix the surface 

waters, which effectively balances the carbon dioxide 

concentrations within the upper water layer. Marine cur-

rents keep the water masses in motion, and ensure, for 

example, that new deep water is constantly brought to  

the surface in upwelling zones, where it can engage in  

gas exchange with the atmosphere. 

A chemical  equil ibr ium reaction

 

When the carbon dioxide concentration in the atmosphere 

increases, it usually leads to a rise in the carbon dioxide 

concentration in the surface waters of the ocean within a 

few months. As carbon dioxide dissolves in seawater, a 

chemical change occurs in the surface waters because, 

unlike oxygen for example, carbon dioxide does not simp-

ly dissolve in the sea. A certain proportion of the CO2 

reacts with the water molecules to form carbonic acid. 

With very few exceptions, these molecules, in turn, imme-

diately split into hydrogen carbonate plus one hydrogen 

cation (which is a proton). If the hydrogen carbonate loses 

another proton, a carbonate anion is formed. 

The surface water thus contains carbon in three different 

dissolved forms:

• as carbon dioxide (CO2), which can also be released 

into the atmosphere again. It makes up only about one 

per cent of the carbon stored in the ocean, but it deter-

mines the partial pressure of carbon dioxide for the 

seawater;

• as hydrogen carbonate, which accounts for around  

90 per cent of the carbon stored in the ocean;

• as carbonate, which, it should be noted, is not only 

formed as a result of the carbonic acid chain reaction, 

but is also released as a result of rock and mineral 

 weathering on land (more on this later).

These three forms exist in a balanced state of concentra-

tion equilibrium with each other, which means that a 

change in one parameter immediately leads to compen-

sating reactions in the other two. As an important examp-

le, when water and dissolved carbon dioxide react to form 

carbonic acid, hydrogen carbonate is also formed. This 

results in a decrease in the proportion of dissolved carbon 

dioxide in the seawater and thus the partial pressure of 

carbon dioxide. As a result, the ocean takes up more new 

carbon dioxide from the atmosphere in order to balance 

the partial pressure between the ocean and atmosphere. 

The chemical chain reaction then starts again from the 

beginning. This process, however, cannot be continued 

indefinitely. Carbon dioxide absorption shifts the concen-

tration equilibrium between dissolved carbon dioxide, car-

bonic acid, hydrogen carbonate and carbonate to such an 

extent that carbon dioxide uptake by the surface water 

will eventually come to a standstill, unless other addi- 

tional or new processes disturb or shift the equilibrium 

again.

Ocean acidif icat ion – a matter  of f ree protons

 

The protons released by carbonic acid increase the acidity 

of the water. If the ocean absorbs large amounts of additio-

nal carbon dioxide, the sea is in danger of acidifying, which 

results in deteriorated living conditions for many marine 

organisms. The number of protons actually released by the 

carbonic acid reaction, however, depends on the acid- 

binding capacity of the seawater. This is determined by 

acid-binding components of mineral origin (again, carbo-

nates) in the water that originate primarily on land. They 

have been dissolving there over millions of years through 

the weathering of rocks, and were eventually washed into 

the sea by rainwater, brooks and rivers. 

If the proportion of this influx of acid-binding solution 

products of rock weathering is large, the seawater has a 
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Ocean ac id i f icat ion – the great  carbon d ioxide problem

When the ocean absorbs carbon dioxide from the atmosphere, funda

mental changes occur in the carbonate budget of the ocean. Carbonates 

are consumed in the surface waters through the carbon dioxide reac

tions, and hydrogen cations (protons) may be released. The number of 

free hydrogen cations, in turn, determines the acidity of the seawater. 

The greater their number, the more acidic the water is. 

The concentration of hydrogen cations in a solution is measured 

using a number known as the pH value. It indicates how acidic or basic 

a liquid is. The scale of the pH value ranges from 0 (very acidic) to 14 

(very basic). This means that the more hydrogen cations a solution con

tains, the smaller its pH value is. 

The average pH value at the ocean surface has decreased since the 

onset of industrialization from 8.2 to 8.1. This seemingly small step on 

the logarithmic pH scale represents a real acidity increase of about 26 

per cent, a change in magnitude that has not been experienced by the 

world ocean or its inhabitants in mill ions of years. The acidification 

signal now reaches depths of up to 2000 metres, and even deeper in the 

North Atlantic and Southern Oceans. If humans continue to emit as 

much carbon dioxide as they have in the past, the pH value of the 

 oceans is predicted to fall by another 0.44 units by the year 2100. This 

does not mean that the oceans are actually acidic technically speaking, 

because values of 7.6 to 7.7 are stil l considered to be chemically basic, 

but relatively speaking they are more acidic than before.

Together with the pH values, carbonate concentrations in the ocean 

are also fall ing with increasing carbon dioxide absorption. The satura

tion of seawater with carbonate ions, however, is a vital parameter for 

all marine organisms that construct their shells or skeletal structures 

with calcium carbonate. Marine organisms use carbonate primarily in  

the forms of aragonite and calcite, whereby aragonite is particularly sus

ceptible to dissolution. Carbonatesaturated water masses possess a car

bonate saturation state (Ω) of 1. This corresponds to a carbonate con

centration of 66 micromoles per kilogram of water. If the concentration 

is slightly higher than this value, the seawater is considered to be super

saturated. If a water mass falls below that, however, it is referred to as 

undersaturated and the aragonite formed by the organisms will dissolve 

in the water. 

Undersaturated seawater is present in all of the oceans because, due 

to the increasing solubility of carbonate with decreasing water tempera

ture and increasing pressure, the deeper layers of the oceans, as a rule, 

are undersaturated. The boundary between the undersaturated and 

supersaturated water layers is called the saturation horizon. According 

to reports by the Intergovernmental Panel on Climate Change, the in 

creasing inflow of carbonrich surface waters at intermediate and grea

ter water depths is shifting this boundary, below which the carbonate 

dissolves, further and further toward the ocean’s surface. In some 

 regions of the western Atlantic Ocean, for example, the calcite satura

tion horizon has risen by around 300 metres since the onset of industri

alization. In the Arctic Ocean, the depth of the aragonite saturation 

horizon has shifted upward towards the surface by 270 metres during 

the period from 1765 to 2005. This means that ever larger portions of 

the water column there are being affected by carbonate deficiency.

Uncertainty about adaptability

Increasing acidification of the seas has an impact on a variety of biolo

gical processes, and thus on the lives of many marine organisms. Due to 

the decreasing availability of carbonates, it is becoming more difficult 

for carbonateforming organisms such as corals, bivalves, conchs and 

foraminifera to build their calcareous shells or skeletons. They are be 

coming thinner and more delicate. Evidence from echinoderms such as 

sea urchins and starfish indicates that they grow less and die earlier as 

acidification increases. 

The degree to which inhabitants of the sea are endangered by acidi

fication and increasing carbon dioxide concentrations, however, depends 

on the species and the family. For corals, molluscs and echinoderms, for 

example, the risks are greater than for crabs and shrimps. The danger for 

fish is primarily in the embryo or egg stage, or for the larvae. In these 

early development stages, the animals do not yet have a functioning 

system for acidbase regulation. This system prevents or minimizes 

damage later when the body liquids of the fish also gradually acidify in 

carbon dioxiderich water. As a result, a portion of the young animals 

die, others experience growth difficulty or develop abnormally. There is 

also evidence that ocean acidification influences the behaviour of  marine 

animals in complex ways, for example by affecting neural processes or 

the learning or visual abilities of the organisms. 

Some algae and sea grasses, on the other hand, actually benefit 

from carbon dioxiderich water. During photosynthesis they are able to 

take up more carbon dioxide and transform it to biomass. That means 

that the organisms grow faster, and in some cases are able to cope better 

with heat stress. It is stil l uncertain to what extent the various marine 

organisms are able to adapt to ocean acidification. Singlecelled algae 

and small zooplankton with short reproductive cycles appear to be 

 better equipped than larger organisms with longer reproductive cycles. 

Additionally, researchers are becoming more convinced that increased 

ocean acidification combined with the declining oxygen content in the 

seas has a negative influence on the temperature tolerance of the indi

vidual species, especially in tropical and polar waters. This means that 

the temperature range in which these species can survive is shrinking 

with the fall ing pH value of the water. This development, in turn, has an 

effect on the geographical distribution of species and populations, and 

even on their basic chances of survival.

Important to know: The acidification of the seas is a development 

that can be attributed exclusively to the increase in carbon dioxide in the 

atmosphere. Other greenhouse gases are not involved in this. For an 

effective protection of the oceans, therefore, the prevention of anthro

pogenic carbon dioxide emissions and a targeted reduction of carbon 

dioxide concentrations in the Earth’s atmosphere are doubly important. 

Such action would help to limit both global warming and ocean acidifi

cation. 2.5 > Water chemistry changes as a result of CO2 uptake at the ocean surface. Its pH value decreases as does the aragonite saturation state. The measurement 

profiles show the changes in these two parameters during the period from 1800 to 2002. The black lines and numbers indicate values measured in 2002.
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2.6 > Seawater stores 

carbon in three 

dissolved forms: 

as carbon dioxide, 

hydrogen carbonate, 

and carbonate. These 

three types maintain 

a balanced state 

of concentration 

equilibrium with each 

other, which means 

that a change in one 

results in an imme-

diate compensating 

reaction in the other 

two. Scientists refer 

to these as equili-

brium reactions.

 

Mineral

In contrast to rocks 

(mixtures of various 

minerals), a mineral is 

an individual element 

or a single chemical 

compound that as a 

rule is crystall ine and 

is formed by geologi

cal processes. At room 

temperature minerals 

are usually solids, with 

the element mercury 

being an exception.

When carbon 
dioxide dissolves 
in the surface 
waters, the gas 
reacts with water 
molecules to form 
carbonic acid.

However, practi-
cally speaking, 
the carbonic acid 
is not present in 
free form, but 
decomposes 
immediately ...

... to hydrogen carbonate 
and one hydrogen cation, 
or proton. As hydrogen 
carbonate, the former 
carbon dioxide is chemi-
cally bound. 

If this hydrogen carbonate 
splits off another proton, 
carbonate is formed.

The carbonate in turn reacts with 
calcium to form calcium carbonate 
(lime) ...

... which can then dissolve again 
if the carbonate concentration 
in the seawater falls below a 
critical level.

Carbon d iox ide uptake by the sea – a chemic a l  equi l ib r ium reac t ion

HCO –
3

hydrogen carbonate anion

CO3
2–

carbonate anion
Ca 2+

calcium
CaCO3

calcium carbonate
(lime)

The acid-binding capa-
city (alkalinity) of the 
water affects how many 
protons remain unbound, 
and is thus the driver of 
seawater acidification.

H +

hydrogen cation
(proton)

Acidificat ion

H +

hydrogen cation
(proton)

Acidificat ion

CO2

CO2

carbon dioxide

+

+

H2O
water

H2CO3

carbonic acid

1 2 3 4
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high acid-binding capacity. Scientists also refer to this 

water as having a high alkalinity. In this situation, a large 

number of protons are not even actually re leased, but in 

the course of the carbonic reaction are immediately bound 

by the introduced solution products. Hydrogen carbonate is 

produced in this reaction as well, while the carbonate 

mineral is broken down and the acidification of the water 

is buffered. If the water only contains small amounts of 

acid-binding components of mineral origin, however, the 

acid-binding capacity is limited. The number of free pro-

tons increases and the sea becomes increasingly acidified. 

When considered over periods of millions of years, the 

Earth’s carbon cycle always compensates for the carbon 

dioxide content of the sea by the influx of weathered acid-

binding minerals. For example, if the carbon dioxide con-

centration increases both in the sea and the atmosphere, 

the warming of the two systems will lead, in the long term, 

to an increase in the weathering of rocks, both on land and 

on the sea floor. This results in larger amounts of minerals 

being carried into the sea, reduction of the acidity of the 

water, and the ocean again taking up more CO2 from the 

atmosphere in order to re-establish the concen tration equi-

librium discussed above. This decreases the carbon dioxide 

concentration in the atmosphere, and the warming slows 

down. But this process requires millions of years. 

The three carbon pumps of the sea

 

When the chemical equilibrium reaction is completed in 

the surface waters and carbon is present in its three dis-

solved forms of carbon dioxide, hydrogen carbonate and 

carbonate, it begins its journey through the marine carbon 

cycle. This trip can happen in three different ways, all  

of which are designated as carbon pumps, but which are 

significantly different in their basic mechanisms. Scien-

tists differentiate these as a “physical” ocean carbon pump 

and two biological ocean carbon pumps, one “organic” and 

one “inorganic”.

2.7 The great diversity of shapes of foraminifera, or forams. 

These small creatures belong to the group of calcareous 

marine organisms, which are especially affected by ocean 

acidification.



2.8 > The organic 

biological carbon 

pump of the sea 

involves the processes 

by which algae and 

plants absorb CO2 

from the well-lit sur-

face waters and con-

vert it into biomass, 

which then sinks to-

wards the seabed. The 

crucial question for 

the balance of global 

emissions and the 

continued progress of 

climate change is how 

much of the biomass 

sinks to the water  

levels below the 

surface layer mixed by 

winds and waves. In 

the intermediate and 

deep waters (twilight 

zone/deep ocean), 

in fact, the organic 

material along with 

the carbon it contains 

is trapped for decades 

to centuries, regard- 

less of whether the 

biomass is eaten and 

respired or continues 

to sink toward the sea 

floor. 

Organic b io logic a l  c a rbon pump
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Sur face waters
(0 to 100 metres) 
euphot ic zone
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Reac tive sediments
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The physical carbon pump

The physical carbon pump is driven by the ocean currents 

and their differences in temperature and salinity. It distri-

butes the dissolved carbon (carbon dioxide, hydrogen car-

bonate, carbonate) through the sinking or upwelling of 

water masses in the ocean. This process is the primary 

mechanism for transporting anthropogenic carbon dioxide 

emissions into the deep ocean.

In order to sink, water masses must cool down so  

that they become denser and heavier. This process  

occurs mainly in the polar regions because the solubility 

of carbon dioxide in colder water is particularly high,  

and the surface water is thus carbon-rich. The colder  

and more saline the water is, the deeper it sinks, taking 

the dissolved carbon with it to greater depths. Once  

there, the water masses subsequently spread around  

the entire world on a global conveyor belt of marine circu-

lation.

Decades or centuries pass before this carbon-rich  

deep water returns to the ocean surface to take part  

in the gas exchange with the atmosphere once more.  

But eventually the water masses rise again, usually at  

one of the coastal upwelling zones along the western 

coasts of Africa, South or North America, or along the 

equator, primarily in the Pacific Ocean. When it reaches 

the sea surface, the water is warmed and releases a por-

tion of its dissolved carbon dioxide into the atmosphere  

as a gas again.

Although the long journey of the carbon-rich water 

through the deep ocean can be seen as beneficial from the 

perspective of CO2 emissions because it sequesters the 

 dissolved carbon in the deep sea, it also comes with a 

significant drawback: If the water masses at the sea sur-

face become more acidic – a development that is now 

observ able globally – their long-term circulation at great 

depths means that this acidification would have to be 

 considered irreversible on human time scales.

The organic biological carbon pump 

The organic biological carbon pump is driven by the biolo-

gical communities in the surface waters of the ocean. This 

is where photosynthesis is carried out by single-celled 

algae (phytoplankton), macroalgae and seagrasses. They 

use the sun’s energy to produce biomass. For this, the 

plants require carbon dioxide as a building material, 

which they obtain mostly from the surface waters in its 

dissolved form. They incorporate the carbon contained in 

the CO2 into their biomass. 

The special  roles of the shelf  seas 

and vegetation-rich coastal  ecosystems

On the coasts and the continental shelves (0 to 200 metre water depths) 

a large portion of the plankton biomass is not broken down in the water 

column but sinks to the sea floor. There, in part, the biomass is incorpo

rated into the sediments. The shelf sediments are therefore much larger 

carbon reservoirs than the deepsea sediments. More than 90 per cent of 

the permanent carbon burial occurs in the shelf sediments. On geological 

time scales, oil and natural gas are formed from the biomass in these sedi

ments. A large proportion of humaninduced greenhouse gas emissions 

results from the fact that, by extracting oil and gas, we remove carbon 

that was sequestered there long ago. We then burn the fuel and release 

the carbon into the atmosphere as carbon dioxide.

Vegetationrich coastal ecosystems such as salt marshes, seagrass 

meadows and mangrove forests also play special roles in the carbon cycle 

of the sea. Although they cover only less than one per cent of the total 

marine area, they are responsible for a significant portion of the natural 

carbon sequestration in the sea floor, and are thus key components in the 

Earth’s carbon cycle.

These plant communities flourish in tidal and shallowwater areas and 

take up carbon dioxide from the surface waters as well as from the air. 

They subsequently store the carbon bound by photosynthesis predomi

nantly in the subsurface – partly in their dense root systems, and partly 

directly in the coastal sediments as dead plant material (foliage, dead

wood, etc.).

Because the marine meadows and forests also filter large amounts of 

suspended material out of the water and these particles are deposited bet

ween their stems and roots, the plant communities grow steadily upwards. 

Through the deposition of the particles abundant washedin animal and 

plant material is incorporated in the sea floor. These two processes lead  

to an accumulation of large amounts of carbon beneath the salt marshes, 

mangroves and seagrass meadows. These deposits can be more than ten 

metres thick and they continue to grow as long as the ecosystems are 

healthy. In ideal situations they are preserved for hundreds, and some

times even thousands of years. 

When the algae or seagrass is eaten, the consumers 

naturally also ingest the carbon contained in it. A portion 

of the carbon is returned to the sea as carbon dioxide 

through respiration by the animals. The remaining amount 

is retained in the form of muscle mass or body fat, for 

example, and some is excreted as faecal pellets. Subject to 

the natural processes of the ocean, carbon may thus 

migrate through the entire marine food web: from small 

crustaceans to various species of fish, to marine mammals 

such as whales and seals – and at each step carbon is 

respired, converted into biomass, or released in the form 

of faeces.

But the plants and algae may also simply die. When 

this happens, they descend through the water column, 

along with the mortal remains of their consumers and 

their faecal matter. On the way towards the sea floor  

the dead biomass encounters bacteria and other micro - 

or ganisms, which break down a large proportion of the 

material before it can reach great water depths or the sea 

floor. Through this process, the stored carbon is again 

released into the seawater in the form of carbon dioxide. 

The remaining material settles into the deep sea as  

“marine snow”. It is estimated that only ten to 30 per cent 

of the carbon bound up in biomass reaches a water depth 

of 1000 metres or more. The rest will be consumed before 

that. 

Upon reaching the sea floor, the remaining carbon-

bearing material, whether unicellular organisms, faecal 

particles or whale carcasses, is almost entirely consumed 

by the inhabitants of the deep sea. What remains is signi-

ficantly less than one per cent of the original carbon that 

was taken up by the algae. If the carbon originates from 

other sources (wood, whale bones, etc.) the proportion 

may be higher. The ultimate remaining amount is incorpo-

rated into the sediments, which removes the carbon from 

the natural cycle for a very long time.

Sequestration in sediments becomes a significant 

quantity when considering the carbon cycle on a geologi-



2.10 > Salps are cylin-

der-shaped tunicates 

that often live in 

colonies. The colony 

of animals forms a 

long chain that goes 

hunting for plankton. 
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cal time scale, i.e., over millions of years. For the current 

development of climate change, however, it is the amount 

of carbon bound up in algae and plants that sinks to water 

depths below the surface mixed layer that counts. This is 

the layer near the sea surface in which the water masses 

are regularly mixed by winds and waves. 

Once carbon-bearing particles have left the surface 

layer, decades or even centuries may pass before they or 

their respired products can return to the sea surface and 

are able to escape into the atmosphere again as carbon 

 dioxide. Scientists therefore use the term “sequestered” 

(taken up and stored) to refer to all carbon that is trans-

ported by the organic biological carbon pump to depths 

that are no longer mixed by wind and waves.

The inorganic biological carbon pump

In addition to photosynthesis, there is a second process by 

which marine organisms biologically fix dissolved carbon 

from the water and ultimately transport it to greater 

depths. This is achieved through the construction of calca-

reous shells or skeletons. In this process, carbonate- 

forming organisms such as calcareous algae, bivalves, 

corals, conchs and foraminifera extract the dissolved 

hydrogen carbonate from the seawater, and transform it 

into calcium carbonate to use as their building material. 

When the organisms die, their calcareous shells sink  

to the sea floor where they are incorporated into the 

 sediments. In this way, the carbon contained in them is 

removed from the natural cycle for millions of years. 

With respect to the carbon dioxide balance in the 

atmosphere, however, the inorganic biological carbon 

pump of the ocean is negative. The explanation for this  

is that during calcite formation hydrogen carbonate is 

removed from the water. As a product of the accom-

panying chemical reaction, dissolved carbon dioxide is 

 formed in the water. This, in turn, increases the carbon 

dioxide partial pressure of the seawater, thus facilitating 

the release of carbon dioxide into the atmosphere. If, on 

the other hand, the carbonate dissolves – which does 

 happen under certain chemical conditions in the sea – car-

bonic acid is consumed and the seawater then tends to 

absorb more carbon dioxide from the atmosphere.

Climate change as a constraining factor

 

With the acceleration of climate change and the accom-

panying warming of the seas, the ocean’s capacity to take 

up carbon dioxide and store it will decrease. There are two 

primary reasons for this. The first is physical in nature: 

Warm water cannot store as much dissolved carbon 

 dioxide as cold water. The second is related to the biologi-

cal carbon pump. One effect of climate change is that the 

density-related stratification of water masses in the water 

column is strengthened. As a consequence, the layer of 

warm, light, and often nutrient-poor surface water be - 

comes less prone to mix with the underlying nutrient-rich 

intermediate and deep waters. To a certain extent it is cut 

off from the nutrient supply from below. Due to the pau-

city of nutrients in the well-lit surface water, there is more 

of a tendency for the growth of smaller algal species 

instead of abundant large and more productive diatoms. 

The smaller species produce less biomass than the dia-

toms and are therefore also able to store less carbon. 

In addition, rising water temperatures accelerate the 

metabolic processes of marine organisms. They all need 

more food, which means that organic material is more 

2.9 > Phytoplankton in the ocean comprise many different 

species of microalgae. They live together in the surface 

euphotic zone, carry out photosynthesis there, and produce 

around one-half of the global biomass. 



2.11 > As a conse-

quence of climate 

change the abun-

dances and distribu-

tions of phytoplank-

ton and zooplankton 

will change. In tro-

pical and subtropical 

marine regions they 

will decrease, and in 

the temperate and 

polar latitudes they 

will increase. 

Conclus ion
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rapidly consumed, broken down and recycled, and usually 

at shallower water depths. The carbon dioxide released 

through these processes is then returned by the organisms 

to the surrounding seawater. The carbon-dioxide partial 

pressure of the water thus increases, enhancing the ten-

dency of the carbon dioxide to escape from the sea into the 

atmosphere. 

Furthermore, climate-induced changes in species com-

positions can also have a negative impact on the transport 

of carbon to the deep ocean. Research off the coast of the 

Antarctic Peninsula, for example, has shown that the 

 faecal pellets of Antarctic krill (Euphausia superba) gene-

rally sink to greater water depths than the excrement  

of salps. In the course of ocean warming the latter are 

advancing further and further into the krill’s home waters 

while the crustaceans retreat southwards.

Unlike the krill, however, salps do not pack their  

comparatively large faecal pellets in a protective mem-

brane. This makes the faeces easy game for other zoo- 

plankton and for microorganisms. Within the time frame 

of the investigation, these had consumed around 80  

per cent of the carbon-rich salp excrement before it  

reached a water depth of 300 metres. Of the well-packed 

krill faeces, on the other hand, 72 per cent was still pre-

served at that depth. The researchers were thus able  

to conclude that if the retreat of the Antarctic krill con- 

tinues and salps become the dominant species through - 

out the area, the waters along the Antarctic Peninsula  

will store significantly less carbon in their depths than 

previously.

It could look very different in marine regions where 

both the biomass production of phytoplankton and the 

abundance of zooplankton increase in the coming decades 

as a result of climate change. According to the Inter-

governmental Panel on Climate Change, this would be the 

case in the Arctic Ocean, for example. On a global scale, 

however, scientists anticipate that biomass production  

by phytoplankton will decline in most parts of the world 

 ocean as a consequence of climate change, and with it the 

carbon export to the deep ocean.

The ocean as a carbon reservoir  – 

huge, eff ic ient and endangered                             

The Earth’s climate system uses physical, chemical 

and biological processes to extract carbon dioxide 

(CO2) from the atmosphere and store it on land, in the 

seas or in the geological subsurface. The world ocean 

employs these processes so extensively that it has 

been able to moderate major changes in atmospheric 

CO2 concentration throughout the course of the 

planet’s history. These equilibration processes, how- 

ever, occur over time spans of millions of years. 

Because of its natural ability to absorb carbon 

 dioxide, the ocean plays a major role in the global car-

bon cycle. It contains around 40,000 billion tonnes of 

carbon, the largest proportion of which is dissolved in 

the seawater. The ocean is thus the second largest 

reservoir of carbon on the planet. Its carbon reserve 

exceeds that of the atmosphere by a factor of more 

than 50.

There is a continuous exchange of carbon bet-

ween the ocean and atmosphere. Every year, more 

than 150 billion tonnes of carbon pass back and forth 

in the form of the greenhouse gas CO2. Because CO2 

concentrations in the atmosphere are increasing due 

to anthropogenic emissions, the oceans are absorbing 

more CO2. In recent decades, the world ocean has 

absorbed around 25 per cent of the anthropogenic 

CO2 emissions from the atmosphere, thus significant-

ly inhibiting the progress of global warming. 

CO2 uptake by the ocean occurs at the sea sur-

face, where CO2 in the air is dissolved in the seawa-

ter. A chemical equilibrium reaction is consequently 

initiated in the surface waters that leads to the carbon 

from the carbon dioxide being chemically fixed to a 

large extent. The surface waters then contain carbon 

in three dissolved forms: as carbon dioxide, as hydro-

gen carbonate, and as carbonate anions.

The carbon then begins its journey through the 

sea and may be stored for millennia at great water 

depths. The journey can occur in different ways: 

through the ocean currents (physical carbon pump), 

through the food web (organic biological carbon 

pump), or by the formation of calcareous shells and 

skeletons (inorganic biological carbon pump). In the 

latter two, a portion of the carbon is even stored in 

the sea-floor sediments, which means it is locked 

away for millions of years. 

The ocean carbon cycle, however, is not a one-

way street because the three forms of dissolved car-

bon exist in a state of balanced concentration equili-

brium with one another. Changes in one parameter 

lead immediately to compensating reactions by the 

two others. 

One of the most important chemical changes that 

results from the increasing uptake of carbon dioxide 

by the world ocean is increasing acidification. Since 

the beginning of industrialization, the acidity of the 

ocean has increased by 26 per cent, a change not 

experienced in the seas over the past millions of 

years. In some regions the acidification signal now 

extends to depths of greater than 2000 metres, and 

impacts the lives of many organisms. It is not yet clear 

to what extent they will be able to adapt to ocean 

 acidification. 

What is certain, however, is that with increasing 

climate change the CO2 uptake and storage capacity 

of the ocean will decrease. This is firstly because 

warmer water cannot store as much dissolved carbon 

dioxide as cold water can. And, secondly, it will occur 

because increasing water temperatures strengthen 

the stratification of water masses and enhance the 

metabolic rates of marine organisms. Both of these 

processes inhibit the biological carbon pump, with 

the result that less carbon can be exported to the 

deep sea.



  > Terrestr ial  ecosystems store signif icantly less carbon than the oceans.  Nevertheless, 

they can make a valuable contr ibution to the f ight against cl imate change. We must protect exist ing 

forests,  grasslands and wetlands to this end, engage in large-scale ecosystem restoration and return to 

sustainable methods of farming and forestry.  We’ve known how to do this for a long t ime. The only 

thing that’s missing is the wil l  to actual ly do it .

Harnessing the untapped  
potential of terrestrial ecosystems3



3.1 > The carbon 

stored in a forest’s 

leaves, branches 

and twigs is highly 

susceptible to di-

sturbance. Often a 

forest fire is enough 

to destroy this carbon 

store and release it 

back into the atmos-

phere in the form of 

carbon dioxide and 

ash particles.

Soil carbon

The term “soil car

bon” refers to the 

quantifiable carbon 

content of organic 

matter in the soil. It 

includes both living 

and dead biomass and 

makes up between 

two and ten per cent 

of the soil mass. The 

soil carbon stock is 

the basis for vital  

services provided by 

the soil, such as the 

storage and provision 

of water and nutrients 

as well as the break

down of pollutants.
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Natural  c l imate solutions

 

Although the concentration of carbon dioxide in the 

Earth’s atmosphere has been rising steadily for decades, 

carbon dioxide itself makes up only a tiny fraction of the 

air itself. The concentration of CO2 in the atmosphere is 

0.04 per cent by volume. If one wanted to extract one 

cubic metre of carbon dioxide from the atmosphere, one 

would have to filter at least 2500 cubic metres of air to  

do so. For one tonne of carbon dioxide, this would be 

around 1.27 million cubic metres of air, even at 100 per 

cent filtering efficiency.

Technical systems that can remove carbon dioxide 

from the air are expensive and consume a lot of energy. 

Many experts therefore advocate so-called Natural Cli-

mate Solutions (NCS), i.e. measures that increase natural 

carbon dioxide uptake and carbon sequestration by 

 oceans, terrestrial areas and their respective vegetation, or 

measures that prevent future greenhouse gas emissions.

However, the term “natural” does not automatically 

imply that all such measures are sustainable or environ-

mentally friendly in the long term. Large-scale tree planta-

tions (monocultures) for example can certainly be counted 

among the natural climate solutions, but they come at the 

expense of species diversity. Moreover, plantation-type 

forests store significantly less carbon in the long term 

than a species-rich, naturally grown mixed forest. It is for 

this reason that experts now vehemently call for all green-

house gas emissions avoidance and atmospheric carbon 

dioxide removal measures to also be assessed in terms of 

their impact on nature and human communities, and to 

weigh up their potential risks against and benefits. A best-

case situation is for all three – climate, nature and human-

kind – to benefit.

The discussion on natural climate solutions has so far 

focused primarily on the Earth’s forests, wetlands, savan-

nas and grasslands, as the way we have been utilizing 

 these ecosystems has significantly impacted the Earth’s 

carbon cycle and thus also the climate.

Land-use change impacts the cl imate  

globally as well  as local ly

The effects of land-use change on the climate are now well 

understood. At a global scale, they mainly throw off the 

balance of important greenhouse gases such as carbon 

 dioxide, nitrous oxide and methane. Carbon dioxide, for 

example, is released in large quantities when we clear 

(burn) forests, convert natural grasslands and wetlands 

into cropland, drain peatlands or overuse pastures and 

fields to such an extent that their capacity to store carbon 

and grow vegetation is increasingly diminished. In con-

trast, the uptake of carbon dioxide by terrestrial vegeta-

tion is enhanced when forests are (re)planted, grow back 

naturally or when livestock grazing ceases on natural 

grasslands and the native animal and plant community 

can recover.

Methane and nitrous oxide emissions arise prima- 

rily in farming. Nitrous oxide is released when nitro-

genous fertilizers are used and when farmers collect and 

spread slurry on agricultural land or burn biomass.  

Methane emissions mainly come from intensive livestock 

farming, rice cultivation and incomplete biomass com-

bustion.

When humans change the way they use terrestrial 

vegetation, the physical surface properties also change. 

This in turn can alter the local climate in different ways, 

depending on the location and type of vegetation in  

Forests ,  grass lands and so i l s  as  carbon s tores

   > Whenever people ask how nature could help us humans in combatt ing the 

cl imate cr is is ,  the answer is  often to “plant trees”. While that answer is  quite val id,  i t  is  far  f rom the 

only option. There are dozens of known methods we can use to help terrestr ial  vegetation and its soi ls 

absorb more carbon dioxide from the atmosphere.  But we must employ these methods in the r ight 

places,  leave enough room for nature and treat the soi ls  with care.  To date,  none of this is  happening 

to the extent necessary.

question. If, for example, the forest is cleared in a region, 

the reflectivity (albedo) of the earth’s surface changes,  

as does the surface roughness. Moreover, the region’s 

“leaf area” is reduced, through which forests contribute  

to evaporation and cooling. As a result, the region’s  

radiant balance changes and along with it important  

climate parameters such as surface temperature, evapora-

tion rate, soil moisture, air circulation, heat fluxes and 

many more.

The extent to which changes in the local climate  

can result from land-use change is evidenced by defores- 

tation in the Amazon rainforest. Due to the vast area it 

covers and its high levels of evapotranspiration, this forest 

was previously able to form its own high-precipitation  

climate. However, as a result of large-scale deforestation 

and slash-and-burn farming, the original forest area  

has shrunk to such an extent since the 1980s that the 

forest’s own evaporation is no longer sufficient to generate 

enough precipitation. Dry conditions, droughts and  

the risk of forest fires are increasing, so that the remaining 

rainforest is now at risk of turning into a dry forest. A  

dry forest not only sequesters significantly less carbon 

than the original rainforest, it is also more susceptible  

to fire.

 

Terrestr ial  vegetation and its soi ls  as  

carbon dioxide source and sink

 

Scientists use a range of different methods to study the 

effects of land-use change on the Earth’s greenhouse gas 

balance. Their most important tools include vegetation 

and climate models as well as vegetation data from satel-

lite observations. However, their work is made more 

 difficult by the fact that so far it has not been possible to 
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3.2 > Total carbon dioxide emissions due to land-use change have decreased slightly in recent years. The record emissions in 1997 were due to forest fires 

in Indonesia, triggered by drought and overexploitation of forests and wetlands.

3.4 > In the period from 2000 to 2018, forests were cleared primarily to gain arable or grazing land in all regions of the world, apart from Europe.  

In contrast, other drivers of deforestation, such as the construction of residential areas and roads, predominated in Europe.

3.3 > Carbon dioxide emissions resulting from deforestation and slash-and-burn agriculture continued to account for the bulk of emissions from land-use 

change in 2021. (Re)afforestation measures and sustainable forest management were able to compensate for only about half of these emissions.

3.5 > Almost 90 per cent of the forest areas cleared worldwide in the period from 2000 to 2018 are now used as cropland or for grazing livestock.  

The remaining areas were converted into building land or lost, for example to dam construction or open-cast mining.
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3.6 > Since the turn 

of the millennium, 

the world has lost 

around five million 

hectares of forest 

area per year, most 

of it in the tropics. 

Nearly 60 per cent of 

the deforestation in 

tropical rainforests 

is driven by the pro-

duction of beef, palm 

oil and soybeans. As 

these commodities 

are largely exported, 

people in industri-

alized countries are 

indirectly responsible 

for a not insignificant 

part of the deforesta-

tion in the tropics.

Dr ive r s of t ropic a l  de fores t at ion 20 0 5 to 2013

13 % of deforestation, 680,000 hectares per year is driven by expansion of tree 
plantations into native forest for paper and wood.

Nearly one-fif th (18.4 %) of deforestation, 950,000 hectares per year is 
driven by cropland expansion for oilseeds. This is dominated by soybean 
and palm oil.

41 % of deforestation, 2.1 million hectares per year is driven by pasture 
expansion for beef
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clearly distinguish between natural and anthropogenic 

processes of change when recording global observation 

data, because these often occur simultaneously. If, for 

 example, satellite observations show a decline in forest 

cover in a particular region, this may have been caused by 

deforestation. But it is equally possible that the trees have 

died as a result of pest infestations or climatic changes. 

Information on the global carbon balance of terrestrial 

vegetation and possible changes therein is therefore still 

fraught with uncertainty.

Nonetheless, researchers now have a clear idea of 

how crucial terrestrial vegetation and its associated soils 

are for the Earth’s natural carbon cycle and what role, at 

best, they can play in the fight against climate change. 

Experts engaged in the international Global Carbon Pro-

ject (GCP) have been keeping an annual record of how 

much carbon dioxide has been released so far as a result 

of the burning of fossil resources and land-use change, and 

what proportion of this has been naturally absorbed by 

terrestrial vegetation and the oceans.

According to the GCP, global land-use change emis-

sions in 2022 amounted to 3.9 gigatonnes of carbon 

 dioxide or one tenth of the total anthropogenic carbon 

 dioxide emissions. Experts cite the continuing high levels 

of deforestation and forest fires as the main cause. Only  

half of the carbon dioxide release due to these causes 

(6.59 gigatonnes) was compensated by the additional  

carbon dioxide uptake of new, reforested or now sustai-

nably managed forests (3.3 gigatonnes). Carbon dioxide 

emissions resulting from peatland fires, soil overuse or 

wetland drainage played only a minor role in the overall 

balance.

Regardless of land-use change, forests, wetlands, 

grasslands and agricultural fields still act as natural carbon 

sinks and thus slow down climate change, i.e. overall  

they absorb more carbon from the atmosphere than  

they release. According to the Global Carbon Project, the 

global terrestrial vegetation has absorbed approximately 

31 per cent of anthropogenic carbon dioxide emissions  

since 1850 and sequestered the carbon below ground  

or in its biomass. Forest ecosystems, including their  

soils, have accounted for the largest share of this carbon  

sequestration. In the period from 2012 to 2021, carbon   

dioxide uptake by terrestrial vegetation totalled 11.4  

3.7 > This coastal forest in Norway is among the roughly  

28 per cent of the world’s forests categorized as boreal 

 coniferous forests − ecosystems consisting primarily of  

coniferous species such as pine, spruce and fir and occurring 

across eight countries: Canada, China, Finland, Japan, 

 Norway,  Russia, Sweden and the USA.



3.8 > Roughly 

120,000 cattle live 

in the world’s  largest 

cattle feedlot, 

operated by the US 

company Monfort 

Beef in the US state 

of Colorado.
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gigatonnes per year – 1.4 gigatonnes more than in the 

2000s. For the year 2022, preliminary analyses indicate 

an increase to 12.4 billion tonnes of sequestered carbon 

 dioxide. 

The fert i l izat ion effect  of  an increasing 

 atmospheric carbon dioxide concentrat ion

 

Scientists are not surprised by the increasing carbon 

 dioxide uptake. Quite the opposite – it confirms a long-

term trend. Over the past 60 years, terrestrial plant com-

munities have steadily absorbed more carbon dioxide from 

the atmosphere and incorporated the carbon it contains 

into their biomass, or to put it simply: plants have grown 

better. 

This is due to the so-called carbon fertilization effect 

of rising atmospheric carbon dioxide concentrations on 

terrestrial vegetation, which, the Intergovernmental Panel 

on Climate Change notes, has been evident in the global 

carbon cycle since the 1980s. Simply put, the higher car-

bon dioxide concentration in the Earth’s atmosphere 

makes it easier for plants to photosynthesize. Their photo-

synthetic rate increases, and the plants therefore grow 

better. At the same time, the more efficient photosynthe-

sis means that the amount of water needed to produce a 

certain amount of biomass is reduced. This more efficient 

water use is due to the fact that plants can achieve suffici-

ent carbon dioxide uptake with smaller stomatal aper-

tures. As less water evaporates (transpires) from small 

stomata openings compared to wide open ones, plants can 

use their water reserves more efficiently. Moreover, due 

to global warming the growing season has also leng-

thened, especially in the northern hemisphere. This factor 

also contributes to increased atmospheric carbon dioxide 

uptake by terrestrial vegetation.

However, it is questionable whether this trend will 

continue, because plant growth does not depend solely  

on photosynthesis but is also determined by available 

amounts of water and nutrients, temperature and a 

number of other environmental factors. New research also 

shows that an increase in photosynthesis does not auto-

matically mean that trees, for example, actually exten-

sively incorporate the carbon from carbon dioxide into 

their biomass (leaves, twigs, trunks, root systems) and 

thus remove it from the atmosphere for long periods. The 

processes and interactions appear to be much more com-

plicated than previously thought.

Reducing greenhouse gas emissions or remov- 

ing carbon dioxide – two very different things 

Three quarters of our planet’s ice-free land areas are now 

used and shaped by humans, meaning that we have 

 altered their original vegetation by clearing old-growth 

forests, draining peatlands and converting grasslands to 

cropland or using the land as building land or as pasture-

land for cattle, goats and sheep. Today, 85 per cent of all 

former wetlands are considered destroyed. As a result of 

this wide-scale change of the land surface and its vegeta-

tion, we have more than halved the natural carbon stocks 

of terrestrial ecosystems in the course of our human his-

tory, reducing them from the original 916 gigatonnes to a 

current level of 450 gigatonnes.

To achieve greenhouse gas neutrality by 2050, the 

natural carbon stores of terrestrial vegetation need to be 

vastly increased again. Land use thus needs to prevent 

future emissions from agriculture and forestry while 

 ensuring that terrestrial vegetation can uptake additio- 

nal carbon dioxide from the atmosphere. In the public 

 discourse, a clear distinction is often lacking between 

measures to reduce greenhouse gas emissions and carbon 

dioxide removal processes respectively. Even experts 

often do not separate the two, usually using the all-encom-

passing term “mitigation options”.

As a reminder, carbon dioxide removal (CDR) 

measures by definition only include actions taken by 

humans that lead to increased carbon dioxide uptake from 

the atmosphere. The avoidance of future emissions, 

however, is of much higher priority for climate change 

mitigation, as the more emissions we avoid, the less car-

bon dioxide we will ultimately have to remove from the 

atmosphere.

The most effective and cost-efficient way to avoid 

emissions from land-use change is to protect existing 

forests, grassland landscapes, wetlands and carbon-rich 

soils from destruction, overuse and fires. To simultaneous-

ly achieve increased carbon uptake and sequestration, we 

must also restore destroyed, degraded and overused 

 terrestrial ecosystems and utilize them with a focus on 

long-term sustainability. The Intergovernmental Panel on 

 Climate Change notes that, if properly implemented, 

sustainable agriculture and forestry, soil carbon enrich-

ment measures and changes in consumer behaviour could 

achieve about 20 to 30 per cent of the greenhouse gas 

emission reductions and carbon dioxide removal needed 

by 2050 to limit global warming to below two degrees 

 Celsius.

Sustainable land use and the proper use of land- 

based CDR practices would in many cases yield additional 

benefits for nature and humans: by protecting and 

 res toring natural ecosystems, we strengthen global   

species diversity and the health of forests, grasslands and 

 wetlands. There would be more clean water and food, and 

soil and air quality would improve. The bottom line is that 

we humans would live in a healthier environment and 

would also be better able to adapt to the impacts of climate 

change.

The use of land-based CDR methods is moreover sup-

ported by the fact that:

• some of the methods are already well researched and 

have been in use for centuries for other purposes in 

agriculture and forestry (e.g. reforestation, measures 

to increase soil carbon content, etc.);

• the climate change mitigation potential of the global 

terrestrial vegetation and its soils is high. Scientific 

studies show that sustainable land use and the proper 



3.9 > With increasing 

livestock production, 

methane emissions in 

farming (enteric fer-

mentation) have been 

rising for decades. In 

2019, they accounted 

for about 23 per cent 

of total emissions 

from agriculture. The 

figures show that 

emissions from agri-

culture and forestry 

are particularly high 

in Africa, South Ame-

rica and Southeast 

Asia.

3.10 > The production 

of livestock-based 

foods such as beef, 

cheese and milk 

results in particularly 

high greenhouse gas 

emissions. A low-

meat diet is therefore 

one of the simplest 

and most effective 

ways to reduce one’s 

carbon footprint.

Globa l g reenhouse ga s emiss ion and remova l t rends in agr icu l tu re ,  fo res t r y and othe r land use (AFOLU )

Regiona l g reenhouse ga s emiss ion and remova l t rends in agr icu l tu re ,  fo res t r y and othe r land use (AFOLU )
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use of land-based CDR methods can achieve annual 

greenhouse gas emissions savings and carbon dioxide 

removal in the order of eight to 14 gigatonnes of 

 carbon dioxide equivalents by 2050;

• many of the methods are cost-effective in their imple-

mentation;

• the public tends to perceive carbon storage in vege-

tation and soils as semi-natural and thus less risky 

than technical solutions.

Risks of land-based CDR methods 

 

The use of land-based carbon dioxide removal (CDR) 

methods does however pose a number of risks to humans 

and nature. If not properly planned and implemented, 

 certain methods lead to a decline in species diversity and 

jeopardize the functioning of natural ecosystems. Impor-

tant services delivered by terrestrial vegetation may be 

lost, affecting primarily those who depend directly on 

nature for their food and livelihoods. Often these are  

the local communities.

Three striking examples of misguided measures to en - 

hance natural carbon sinks on land are:

• reforestation with monocultures (This usually leads to 

acutely species-poor systems and renders the new 

forests susceptible to pests and diseases. Moreover, 

plantings of non-native species, e.g. eucalyptus in sou-

thern Europe, can increase the vegetation’s water 

needs beyond the usual levels, thus putting at risk 

groundwater resources);

• afforestation of natural grassland landscapes and 

savannas (Interventions of this kind destroy the habi-

tat of species of flora and fauna that are specifically 

adapted to these ecosystems; they alter local water 

cycles and can accelerate the decomposition of the 

 large soil carbon stores);

• the wide-scale cultivation of bioenergy crops, such as 

maize, in monocultures and aided by significant quan-

tities of crop pesticides (They result in species diver-

sity declining to a minimum, soil quality deteriorating, 

and global competition for productive arable land 

intensifying).

Mistakes of this kind can be avoided by favouring sus-

tainable, biodiversity-enhancing CDR measures and with 

science-based planning, taking into account all local condi-

tions and potential changes therein (e.g. due to climate 

change). Moreover, environmental protection, species and 

water protection, as well as all other UN Sustainable 

Development Goals, should be given high priority. Stake-

holders and local experts should be consulted from the 

outset and involved in all decision-making processes. It 

has long been known that there is no one solution that fits 

all regions – CDR processes that worked well in one place 

and produce the desired results may harm people and the 

environment elsewhere. This is why transparent and 

 evidence-based planning and decision-making are so 

important.

Are CDR measures a threat to  

our food security?

 

As part of the public discourse on the use of methods  

to increase carbon uptake by terrestrial vegetation,  

experts have repeatedly pointed out that the large acreage 

needed for reforestation and the cultivation of energy 

crops could jeopardize agricultural food production. In Ger-

many, for example, it is estimated that roughly a quarter of 

the agricultural land would have to be afforested to offset 

the country’s difficult-to-avoid emissions. Taking a global 

perspective, a land area the size of India would be needed 

to afforest a sufficient acreage by 2050 to remove enough 

atmospheric carbon dioxide to limit global warming to 1.5 

degrees Celsius. And we would need additional land to pro-

duce bioenergy crops – an area equating to the area of 

Mexico by 2100. At least these are the assumptions under-
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1

1
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0.4
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Transpor t
emissions

are very small
for most

food products.

“Farm” emissions for wild f ish refers to fuel used by 
f ishing vessels.

Nuts have a negat ive land-use change f igure because 
nut trees are current ly replac ing croplands ; carbon is 
s tored in the trees.

Methane product ion from cows,
and land conversion for grazing

and animal feed means beef
from dedicated beef herds has
a very high carbon footpr int .

Methane product ion from cows means dair y milk
has s ignif icant ly higher emissions than plant-based 
milks.

Flooded r ice produces high methane emissions.

Dair y co-product s means beef from dair y herds has a 
lower carbon footpr int than dedicated beef herds.

Pigs and poultr y are non-ruminant l ivestock so do 
not produce methane. They have s ignif icant ly lower 
emissions than beef and lamb.

CO2 emissions from most plant-based product s are as 
much as ten to 50 t imes lower than most animal-based 
product s.
Fac tors such as t ranspor t dis tance, reta i l, packaging,
or specif ic farm methods are of ten small compared to 
impor tance of food type (animal-based/plant-based).
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lying numerous scientific climate scenarios that ultimately 

reach the 1.5-degree target.

Widespread ecosystem restoration would have to  

be undertaken, particularly in the world’s tropical and  

subtropical regions, as their rainforests and wetlands  

take up and store particularly large amounts of carbon. If 

the necessary measures were to be implemented, calcula-

tions suggest that roughly half of all utilized agricultural 

land in Southeast Asia, Central Africa, the Caribbean  

and Central America would be lost. As a result, competi-

tion for land would increase and, in the long term, food 

prices would rise in the affected regions. Both would pri-

marily impact food security in these regions’ poorer popu-

lation segments.

If we consider the question of land use from a global 

perspective, the answers are not quite as clear. A large 

meta-study undertaken in 2018 concluded that the produc-

tion of meat, eggs, milk and fish from aquaculture used 

roughly 83 per cent of the world’s farmland (for livestock 

husbandry and, in particular, the production of animal 

feed). If global meat and dairy consumption were to  sharply 

decline, large areas of farmland would be freed up and 

become available for reforestation and ecosystem restora-

tion projects as well as for the sustainable cultivation of 

bioenergy crops – even if crop production had to be scaled 

up to meet the increasing demand for plant-based food. 

Other studies suggest that, if meat-rich diets and land 

management remain unchanged, the widespread cultiva-

tion of energy crops in particular could jeopardize the long-

term and adequate supply of food for the world’s growing 

population. 

The 20 most important land-based measures to 

mit igate cl imate change

The Intergovernmental Panel on Climate Change breaks 

down processes for greenhouse gas emissions avoidance 

and increased carbon dioxide uptake by terrestrial eco-

systems into four categories: (1) forests and other eco-

systems, (2) farming, (3) biomass production for goods and 

energy generation from biomass, and (4) changes in con-

sumer behaviour (demand-side measures).

Measures pertaining to forests and other ecosystems 

 include:

• the protection of existing forests, (coastal) wetlands, 

peatlands, grassland landscapes and savannas from 

overexploitation, deforestation or destruction due to 

land reclamation, urban growth, resource extraction, 

fires, or pests and diseases. A particular focus in this 

category is on tropical rainforests and savannas;

• reforestation of degraded forests and improved sus-

tainable forest management with a focus on species 

diversity and increased resilience to diseases and 

impacts of climate change;

• restoration of degraded (coastal) wetlands, peatlands, 

grassland landscapes and savannas, for example 

through rewetting and restoration of formerly drained 

areas, or by means of planting new mangrove forests 

and salt marshes;

• improved fire management in forests, grassland land-

scapes and savannas, for example through controlled 

burning of undergrowth.

Measures pertaining to farming include:

• improved soil management on arable land to safe-

guard and increase soil carbon contents. This neces-

sitates, for example, improved species-rich crop rota-

tions that include the cultivation of catch crops, 

dispensing with soil cultivation such as ploughing  

and harrowing, and using organic fertilizers such as 

 manure;

• improved grassland management to safeguard or 

increase soil carbon content, especially immediately 

below the sward. Possible solutions include low-input 

grazing systems and the sowing of deep-rooted 

 grasses; 

• increasing use of agroforestry land uses. This involves 

farmers cultivating trees, shrubs and crops together on 

the same piece of land, ideally generating a range of 

different synergies. The benefits in a nutshell: trees 

and shrubs accumulate carbon in their biomass as well 

as in the soil, prevent soil erosion and improve water 
3.11 > Research conducted in 2018 showed that for most foods, the greatest share of the greenhouse gas emissions associated 

with their production was due to land-use change and farm management.

•
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quality. They also provide shade that protects both 

crops and livestock from extremely high tempera-

tures;

• applications of plant-based biochar. Biochar is pro- 

duced from waste such as wood residues, sawdust, 

straw and other plant biomass in the absence of  

oxygen and at temperatures of 450 to 550 degrees  

Celsius. The carbon-rich biochar is considered a soil 

improver. It increases the soil’s water and nutrient 

retention capacity and slows down the decomposition 

of carbon stored in the soil. Rice paddies treated with 

biochar emit less nitrous oxide, for example. Once 

applied to a field, biochar fulfils these important func-

tions for decades, or even millennia. However, how 

successfully it can be used strongly depends on soil 

conditions and the feedstock used to produce the bio-

char;

• a reduction in enteric fermentation. This refers to 

measures that influence the digestion process of rumi-

nant livestock in such a way that they generate less 

methane. These include, for example, feed additives 

or the targeted breeding of animals that produce less 

methane;

• improved slurry management, aimed at minimizing 

methane and nitrous oxide emissions. This includes, 

for example, the use of special feedstuffs, improved 

grazing management, treatment of slurry with fer-

mentation inhibitors and optimized storage;

• improved crop nutrient supply. This can reduce 

nitrous oxide emissions from arable agriculture. The 

catalogue of measures includes a number of sustain-

able fertilizer application techniques and the use of 

various fertilizers, including organic fertilizers such as 

compost or manure.

• optimized rice cultivation, resulting in less methane 

and nitrous oxide escaping into the atmosphere. 

Improved irrigation methods and more targeted ferti-

lizer use are among the options.

Category 3 contains solely processes that are summa- 

rized under the acronym BECCS (Bioenergy with Carbon 

Capture & Storage), referring to methods for energy gene-

ration from plant biomass, including wood and crop  

residues, organic waste and biomass from conventional 

food and feedstuffs such as maize. These can help reduce 

emissions if, firstly, the energy produced is used to power 

engines (biofuels) or for heat and electricity generation, 

replacing energy from fossil fuels. Secondly, the carbon 

dioxide emissions produced during combustion must  

be captured and then stored safely and permanently.  

Thirdly, the biomass should be grown or produced in a 

way that does not cause additional greenhouse gas emis-

sions and does not have other adverse impacts on people 

and nature.

Measures to achieve changes in consumer behaviour:

• a drastic reduction in food losses and food waste. 

About one third of all food produced worldwide 

spoils on its way from the farm to the consumer or is 

discarded unused by consumers post-purchase;

• a fundamental dietary shift for many people towards 

a sustainably produced, largely plant-based diet. This 

is possible in many, but not all regions of the world; 

• increased and improved use of timber products. 

When timber is used as a building material or manu-

factured into durable products, the carbon it contains 

remains sequestered for a long time. Timber use is 

emissions-reducing, for example, if it comes from 

sustainable forestry systems and substitutes for high-

emissions construction materials.

Barr iers and lacking frameworks

Despite their great potential, measures to save green-

house gas emissions or to increase carbon sequestration  

in terrestrial vegetation have as yet contributed little to  

climate change mitigation. This is because so far they  

have been implemented on far too small a scale. The  

IPCC attributes this failure primarily to a lack of invest-

ment and insufficient political, institutional and societal 

support. 

For example, policy-makers in many areas have failed 

to abolish subsidies for intensive farming enterprises and 

3.12 > Intelligent irrigation methods and the targeted use of 

fertilizers can significantly reduce methane and nitrous oxide 

emissions from rice cultivation.



3.14 > Three quarters 

of our planet’s ice-

free land area is now 

used and shaped by 

humans. This also 

includes food produc-

tion, as seen in this 

example, showing 

wheat cultivation in 

Tibet. It further means 

that these land areas 

are no longer in their 

original, natural state.
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to invest the freed-up funds in sustainable arable and live-

stock farming instead. In addition, people in poverty-stri-

cken rural areas whose livelihoods are based on arable 

farming or the timber trade (often illegal logging) often 

still lack alternative sources of income. Until 2020, the 

international community spent just 700 million US dollars 

per annum on measures to reduce emissions from land 

use. By 2030, however, investments of 178,000 million 

US dollars per year will be needed in the global forestry 

sector alone if carbon dioxide emissions of five gigatonnes 

per year are to be avoided or additionally sequestered – 

254 times as much. To put this into perspective: five giga-

tonnes of carbon dioxide equate to just under half the 

amount of carbon dioxide that terrestrial vegetation natu-

rally absorbs per year.

International programmes for the protection of tropi-

cal rainforests and wetlands report both successes and 

 failures, depending on which nation one looks at. In coun-

tries where livestock farming controls large tracts of 

forested and non-forested land (such as Brazil), incentives 

to reduce the national herd in favour of reforestation are 

low. In Germany and other countries, complex responsibi-

lities and ownership structures are barriers to reforesta-

tion and large-scale sustainable forest management. Yet 

both are urgently needed, especially on foot of the forest 

dieback in Central Europe due to the drought summers of 

2018 to 2022.

Last but not least, the shift from conventional to 

sustainable farming and forestry requires investments in 

new or different technologies. The associated financial 

risks are too great for many farmers and foresters – in part 

also because they rarely receive remuneration for the 

increased carbon uptake on their land. What is needed 

here are new procedures in national and international 

emissions certificate trading and more research, the 

results of which will educate local communities and deci-

sion-makers as to the costs and benefits of sustainable 

land use.

3.13 > Sustainable land use and the proper use of land-based carbon removal techniques would yield benefits for climate, people and nature. This overview 

shows the extent to which greenhouse gas emissions could be prevented or compensated for by means of 21 selected land-based methods. It also shows 

the estimated annual mitigation potential at a carbon price of 100 US dollars per tonne of carbon dioxide equivalents. Potential co-benefits and trade-offs 

arising from the implementation of the mitigation measures are summarized in the round icons for each of the 21 measures. What is striking is that the 

mitigation potential is greatest in Asia and the developing Pacific region.



Conclus ion
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Solutions implemented far  too rarely                        

The terrestrial carbon stores are much smaller than 

the oceanic carbon stores. Oceans store ten times as 

much carbon than is contained in terrestrial orga-

nisms and soils. Nonetheless, there are several 

 reasons why the land carbon balance (soils and 

terres trial vegetation) plays a key role in the current 

climate crisis.

Human societies have always contributed to the 

depletion of land carbon stocks through land-use 

change. This kind of depletion occurs wherever 

forests are cleared, be it by fire or otherwise. It also 

happens when wetlands are drained, natural grass-

lands are converted to arable land or soils are depleted 

by intensive agriculture. Each of these activities burns 

or results in the decomposition of organic matter, 

thus creating and releasing greenhouse gases. Carbon 

dioxide emissions from land-use change currently 

account for about one-tenth of all carbon dioxide 

emissions attributable to human activities. In addi-

tion, methane and nitrous oxide emissions from live-

stock farming and from the intensive use of fertilizers 

are on the increase.

 Globally, humankind has so far converted 75 per 

cent of all original land areas and has destroyed  

85 per cent of the wetlands that once existed. This 

has not only altered local climatic processes. It has 

also had the further effect of reducing the capacity of 

the remaining ecosystems to absorb and store carbon. 

The world’s terrestrial vegetation and soils do 

however still function as a carbon sink, i.e. they 

absorb more atmospheric carbon dioxide and store 

the carbon it contains than they release through 

counteracting processes.

This characteristic means that terrestrial vegeta-

tion, and especially forests, has absorbed roughly  

31 per cent of our carbon dioxide emissions since 

1850 and stored them below ground and in its bio-

mass.  Scientists have also been observing a fertiliza-

tion effect of the rising atmospheric carbon dioxide 

concentration, which leads to terrestrial plants show-

ing improved growth and steadily taking up and 

 storing more carbon overall.

Based on this knowledge, a number of solutions 

have been developed that can largely prevent  

further greenhouse gas emissions from land-use 

change, increase the size of the land carbon sink and 

compensate for anthropogenic emissions remaining 

after all emissions reduction options have been 

exhausted. 

In essence, it is about protecting existing  

forests, wetlands and grasslands, restoring destroyed 

ecosystems and soils, practising agriculture and  

forestry in an environmentally friendly way, and  

producing enough biomass so that part of it can be 

devoted to bioenergy generation and the manu- 

facture of goods.

Not all measures are without risk, and competi-

tion for land is fierce in some places. Properly imple-

mented, however, known methods could achieve 

roughly 20 to 30 per cent of the greenhouse gas 

 emissions reductions and carbon dioxide removal 

needed by 2050 to keep global warming to below two 

degrees Celsius.

But thus far these have been implemented on far 

too small a scale. The Intergovernmental Panel on 

 Climate Change attributes this failure to a lack of 

investment and political, institutional and societal 

support. There is thus a clear disconnect between  

our lived reality and the scientific insight and recogni-

tion that humankind can only overcome the climate 

and biodiversity crises with the help of healthy and 

functional ecosystems. 

Two addit ional  options for increased land-based carbon dioxide removal

Accelerated rock weathering

Accelerated rock weathering, known as “enhanced weathering 

(EW)”, is a chemical approach that makes use of the fact that 

rock naturally chemically weathers. This requires rainwater,  

for example, which always absorbs a certain amount of atmos

pheric carbon dioxide as it falls to the ground. When carbon  

dioxide reacts with water, carbonic acid is formed. When rain 

falls on the surfaces of stones or rocks, this carbonic acid attacks 

and dissolves the minerals of which they are formed. The dis

solved material is washed away with groundwater and surface 

water. In a further step, acidbinding minerals such as calcium 

and magnesium react with the carbon dioxide dissolved in the 

rainwater. Carbonate minerals are formed in the course of this 

reaction, or, to put it simply, new rock is formed in which parts  

of the former atmospheric carbon dioxide is firmly bound. In 

nature, rock weathering is a very slow process. However, accele

rated weathering can be achieved by mining, crushing and then 

fieldspreading suitable rocks over large areas to increase the 

reactive rock surface. Certain types of construction waste and 

residues from cement production or mining could also be used  

as source materials. Enhanced weathering processes have as  

yet only been tested and researched in lab and smallscale field 

experiments. Knowledge as to potential environmental risks or 

cobenefits of largescale applications is therefore stil l lacking.  

It is also stil l unclear where the required quantities of rock  

could be mined. According to the German National Academy  

of Sciences Leopoldina, in order to compensate for the unavoid 

able emissions in Germany, about 200 mill ion tonnes of  

rock would have to be mined, ground and landspread annually. 

This would equate to roughly three quarters of the sand and  

gravel extraction for construction purposes in Germany in  

2019. Experts note that the required logistic effort would likely 

be very high.

Direct carbon dioxide extraction from the ambient air

According to the Intergovernmental Panel on Climate Change, 

Direct Air Capture (DAC) methods of carbon dioxide fall into  

the category of “geochemical CDR methods”. DAC requires tech

nical systems that draw in the ambient air and filter out the  

carbon dioxide it contains, using a chemical binder medium 

(liquid or solid). These chemical media are subsequently stripped 

from the carbon dioxide through the application of heat  

(up to 900 degrees Celsius) and moisture or under pressure −  

a generally highly energyintensive process. This regenerates the  

chemical media for reuse and the removed carbon dioxide is  

either stored deep underground (Direct Air Carbon Capture  

and Storage, DACCS) or used for the production of carboncon

taining products (Direct Air Carbon Capture and Utilization, 

DACCU). 

The advantage of the DAC method is that it has a much smal

ler land footprint than other methods. Moreover, it also lends 

itself to locations that are not suitable for farming or forestry, 

such as deserts or inner city areas. However, since air contains 

very little carbon dioxide, such systems need to filter vast quan

tities of air, driving up their energy consumption and causing 

much higher costs than if the carbon dioxide were captured in  

a power plant or a steel mill.

A sample calculation: according to the German Environment 

Agency, even with a highly ambitious climate policy, at least  

five per cent of Germany’s greenhouse gas emissions would stil l 

be unavoidable in 2050 and would have to be offset by means  

of carbon dioxide removal. If one were to attempt to offset these 

unavoidable emissions through DAC methods, the energy 

required might amount to more than 100 terawatt hours per year. 

This would correspond to about one fifth of Germany’s electricity 

generation in 2021 (518 terawatt hours). However, since DAC 

processes mainly require heat, waste heat from industrial pro

cesses or geothermal energy could also be considered as energy 

sources.

According to the International Energy Agency, 18 DAC 

demonstration plants were already in operation in Europe,  

the USA and Canada in September 2022. Taken together, they 

were removing about 10,000 tonnes of carbon dioxide from the 

atmosphere per year. The captured gas was subsequently used 

mainly in beverage production (carbonic acid) and only a  

small proportion was injected underground for permanent 

 storage. At that time, a DAC facil ity capable of capturing one 

mill ion tonnes of carbon dioxide per annum was under construc

tion in the USA.

Industrialscale usage of DAC will depend on whether future 

facil ities can be operated with renewable energy and whether 

sufficient water will be available wherever moisture is needed for 

the separation of carbon dioxide and binder media. In countries 

like Germany, the situation is further complicated by the fact that 

geological storage of captured carbon dioxide is controversial at 

the societal level and the process currently lacks public support.



  > In the search for ways out of the cl imate cr is is ,  attention is  increasingly focused on 

ocean-based methods to boost the removal of CO2 from the atmosphere.  However,  much of the knowl- 

edge about the potential i t ies,  feasibi l i ty and impacts of ocean-based CO2 removal (CDR) is  theoretical . 

Marine research is  now expected to del iver solutions as swift ly as possible,  but faces cr i t ic ism, as well 

as competit ion from businesses whose primary goal is  to generate revenue from ocean-based CDR. 

Ocean-based CDR – research  
under massive expectations4



4.1 > The interna-

tional climate change 

conferences, which 

are held annually, 

look at which spe-

cific climate change 

mitigation actions 

are being planned 

and implemented by 

individual countries. 

Scientists are under 

growing pressure 

to identify carbon 

dioxide removal 

techniques that are 

particularly effective, 

equitable and sustain- 

able.
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A tension-fi l led research area

 

Although policy-makers and scientists have been dis-

cussing the potential and feasibility of land-based CDR  

for more than 15 years, the notion that the ocean may  

also offer opportunities for targeted action to mitigate 

 climate change has only recently gained traction. While  

scientific experiments on ocean fertilization were already 

being conducted in the late 1990s and early 2000s, 

research on ocean-based CDR methods was not scaled up 

until after the signing of the Paris Agreement in December 

2015. 

Critics attribute this development to the fact that land-

based climate intervention approaches are increasingly 

encountering practical obstacles (land-use competition, 

local protests, etc.) and are therefore viewed with growing 

scepticism by society at large. Putting it bluntly, these 

land-based interventions are practically impossible to 

push through at the political level, or require major effort. 

Interventions at sea, by contrast, are less likely to encoun-

ter opposition from the public – at least, that is the hope; 

this applies particularly to techniques that support natural 

processes of carbon capture and storage. Critics also note 

that shifting the climate policy focus towards the ocean 

fits into the “blue economy” narrative which claims that 

the limits to land-based resources and development can  

be circumvented in future by upscaling the extraction of 

food, raw materials and energy from the sea. Arguably,  

the expansion of fish farming in marine aquaculture is 

 evidence of this trend, as are the moves to commence 

deep-sea mining. 

Weighing far more heavily, however, is the claim that 

the entire debate about CDR is merely a stalling exercise 

that shifts genuine, life-changing emission reduction 

measures into the future, invariably on the grounds that 

technical options for regulating atmospheric carbon 

 dioxide concentrations will be available one day in any 

case. Critics therefore claim that the political debate about 

CDR is nothing more than climate policy hype backed by  

a raft of empty promises.

In response, others argue that the increasingly drama-

tic impacts of climate change amplify the urgent need for 

effective climate change mitigation actions, and so ocean-

An ocean of  opportuni ty  – or  harmful  hype?

   > Climate change is inf l ict ing ever more loss and damage around the  

globe – and while policy-makers and businesses seek ways to reduce emissions,  they are st i l l  reluc-

tant to take radical  act ion.  New research on ocean-based CDR now faces a chal lenge: i t  must develop 

a comprehensive approach to this mult i-faceted topic as swift ly as possible.  But can this be achieved 

without commercial  interests coming to the fore? A code of conduct wil l  be needed to avert  unwanted 

developments. 

based carbon dioxide removal methods can no longer be 

dismissed out of hand. However, they point out that there 

is an equally urgent need to close the numerous knowl- 

edge and regulatory gaps in this area: most ocean-based 

CDR methods – other than the restoration of devastated 

coastal ecosystems – are comparatively new. As they have 

rarely been tested, there is a general absence of detailed 

data on their effectiveness, potential costs, risks and 

impacts on the environment and society. Critics also point 

to the legal aspect: it is already clear that the existing 

international conventions and national legislation per-

taining to marine governance are inadequate as they can 

neither safeguard the reliability and transparency of 

research on ocean-based CDR nor properly regulate its use 

on an industrial scale. 

Investors – the main drivers of research

For these reasons, and despite all the criticism, the number 

of research projects on ocean-based carbon dioxide remo-

val is steadily growing. US investors are a driving force 

here: they have a commercial interest in ocean interven-

tions for climate change mitigation and are willing to com-

mission studies on this topic. The first research project 

funded by the German government to identify the most 

promising ocean-based carbon dioxide removal methods 

began in August 2021. At EU level, selected ocean-based 

CDR processes have been investigated in joint studies 

involving various research institutes since 2020, again 

with public funding. 

The data gathered so far, however, do not provide an 

adequate basis for a comprehensive assessment of key fac-

tors such as carbon dioxide storage potential, technical 

feasibility and effectiveness, or of the costs, risks and pos-

sible positive impacts of these techniques. There is thus a 

concern among specialists and environmental activists 

that the intense pressure to take action, combined with 

burgeoning economic interests, could prompt decision-

makers to endorse the use of ocean-based CDR before the 

numerous knowledge gaps have been closed. Further-

more, if research studies are commissioned and funded  

by companies, the possibility that investors will seek to 

in fluence the interpretation and assessment of the 

 collected data cannot be ruled out.

 

Ocean fert i l izat ion

Phytoplankton need nutrients such as iron, nitrogen and phosphorus com

pounds in order to grow. However, there is a deficit of these nutrients in 

many ocean regions. Scientists have therefore developed the concept of 

ocean fertil ization; this involves seeding the ocean’s surface with iron to 

encourage phytoplankton growth. In theory, more phytoplankton would 

remove more carbon dioxide from the atmosphere and convert it into 

 carbohydrate, which would then sink into the deeper ocean. Thirteen 

research experiments conducted at sea confirm that increased nutrient 

input does indeed lead to more phytoplankton growth. However, the 

 scientists have been unable to find firm evidence of increased carbo

hydrate transport into the deeper ocean. What’s more, there is stil l a lack 

of comprehensive data on the potential risks of ocean fertil ization and  

its impacts on humans and nature. 

For that reason, a regulatory mechanism was established to prohibit 

ocean fertil ization for commercial purposes (e.g. sale of emissions allow 

ances) in international waters, although it is stil l permitted for research. 

This regulatory mechanism is based on an amendment to the 1996 London 

Protocol, which updates and is intended to replace the Convention on the 

Prevention of Marine Pollution by Dumping of Wastes and Other Matter 

(London Convention) in the long term. However, as only six countries 

have ratified the new version of the London Protocol thus far, it has not 

yet entered into force under international law. 



4.2 > A diver collects 

research samples at a 

macroalgae farm off 

the East Coast of the 

United States. Scien-

tists are attempting 

to identify species of 

macroalgae that are 

fast-growing, hardy 

and resilient.
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A code of conduct for cl imate  

intervention research

 

Leading scientists in the US have therefore drafted a code 

of conduct to guide research on ocean- and land-based CDR. 

It consists of five key points which, the experts say, should 

be adopted and implemented as an ethical framework for 

any research project in this field. These five key points are: 

•  Prioritize collective benefit: The collective benefit to 

humankind and the environment must be the primary 

purpose of research conducted to develop and evaluate 

the potential for climate intervention technologies to 

moderate or reverse human-induced climate change.

•  Establish responsibility: Governments and public 

agencies must clarify responsibilities for and, when 

necessary, create new mechanisms to govern and 

oversee large-scale climate intervention research acti-

vities that have the potential or intent to significantly 

modify the environment or affect society. These 

mechanisms should build upon and expand existing 

structures and norms for governing scientific research 

and, in the event of damaging outcomes, establish 

who would bear the cost.

•  Commit to open and cooperative research: Research 

should be conducted openly and cooperatively, pre-

ferably within a framework that has broad internatio-

nal support. Research activities with the potential to 

affect the environment in significant ways should be 

subject to risk assessment, considering the risks and 

their distribution associated with both the activity 

 itself and the ongoing limits to understanding if the 

experiment is not conducted.

•  Perform evaluation and assessment: Iterative, inde-

pendent technical assessments of research progress 

on climate intervention approaches will be required to 

meet societal goals. Assessing any intended and 

un intended consequences, impacts and risks will be 

critical to providing policy-makers and the public with 

the information needed to evaluate the potential for 

climate interventions to be implemented.

•  Engage the public: Public participation and consul- 

tation in research planning and assessments, and  

in the development of decision-making mechanisms 

and processes, must be enabled to ensure conside- 

ration of the international and intergenerational 

im plications of climate intervention strategies and 

activities.

For opponents of ocean-based CDR, this code of conduct  

is inadequate. They reject further human interventions  

in the ocean as a matter of principle and point to climate 

change, overfishing and marine pollution as indications 

that there has already been too much human interference 

in the marine environment. 

In view of the predictable controversy surrounding the 

pros and cons of ocean-based climate intervention techno-

logies, researchers are working to systematize the multiple 

issues and apply an integrated, trans- and interdisciplinary 

approach to research on this complex topic. In addition to 

the technological, environmental, economic, legal and 

regulatory aspects, a key question arising in this context is 

whether a national population or region affected by such 

measures would actually consent to and support relevant 

interventions aimed at offsetting residual emissions. 

It is already clear that small-scale actions will not be 

sufficient to effectively halt climate change. If the ocean is 

to make a significant contribution to offsetting residual 

emissions (for reaching the 1.5-degree target: 420 to 1100 

billion tonnes of carbon dioxide), a new carbon dioxide 

removal industry will need to be established and the 

appearance of the landscape in affected marine and coastal 

regions will change accordingly. In other words, using 

 ocean-based CDR for effective offsetting of residual emis-

sions will require massive intervention in the ocean’s 

natural processes – across large areas and for a long time.

Many paral lels and addit ional  chal lenges

 

A comparison of land- and ocean-based climate interven-

tion technologies reveals numerous parallels between 

them. In both spheres, experts distinguish between bio-

logical, chemical and geochemical CDR methods, with 

hybrid forms also possible. The key processes are similar 

as well. In essence, the restoration and expansion of vege-

tation-rich coastal ecosystems such as mangrove forests, 

salt marshes and seagrass beds are mirror images of land-

based methods for the (re)forestation and restoration of 

carbon-rich woodlands, wetlands and grasslands. Tech-

niques to boost the alkalinity of seawater are based on 

accelerated weathering of rock, while processes which 

involve large-scale algaculture for bioenergy production 

require a carbon capture and storage (CCS) component, 

analogous to BECCS. 

However, the ocean poses a particular challenge: its 

sheer size, global currents and complex systemic inter-

actions make it difficult to measure how much carbon 

 dioxide it can naturally capture and store, and for how 

long. If ocean-based CDR is to be deployed, other challen-

ges will arise: measuring and verifying the additional 

human-induced carbon dioxide that is captured, attribut- 

ing it to specific processes or actions, and monitoring the 

duration of storage, as well as assessing the potential envi-

ronmental impacts of each individual measure over long 

periods of time. How will this work? This is a key question 

for research, given that properly functioning and, ideally, 

standardized measuring and monitoring systems do not 

exist for most CDR methods at present. 

The same applies to solutions aimed at limiting any 

potentially negative impacts of specific CDR methods to a 

small area of the sea. As the currents form a connecting 

link between all the ocean regions, the possibility that 

CDR interventions in a country’s coastal waters may 

 ultimately impact on areas thousands of kilometres away 

cannot be ruled out.

A wide range of ocean-based CDR methods are cur-

rently being researched. Most rely either on marine bio-

logy – in other words, the conversion of carbon dioxide 

into biomass by photosynthesis and storage of this bio-

mass in the deep ocean – or on chemical and physical pro-

cesses in which more carbon dioxide is dissolved in sur-

face waters and then transported to greater depths by the 

ocean currents. 

The carbon dioxide removal techniques discussed 

most frequently or intensively by scientists and climate 

policy-makers are described in the following pages. This 

overview looks at how each method works, its potential to 

store carbon dioxide and for how long, its technological 

development status, and whether it offers scope for 

up scaling. It also includes a cost-effectiveness analysis, 

identi fies the benefits and disbenefits for people and 

nature, if known, and outlines the key social, legal and 

political  frameworks.



  > Tidal  marshes,  seagrass meadows, mangrove and kelp forests cover far  less than one 

per cent of the ocean and coastal  area,  but contr ibute signif icantly to natural  carbon sequestrat ion in 

the seabed. Plans to expand these coastal  habitats in order to increase their  natural  carbon dioxide 

uptake wil l  probably only be successful  in part icular  oceanic regions.  Nevertheless,  they may well  be 

worthwhile for mult iple reasons.

More carbon sequestration in  
marine meadows and forests?
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5.1 > Mangroves 

protect the coast from 

waves, sea-level rise 

and storm surges. But 

they cannot withstand 

all weather extremes. 

When Hurricane  Maria 

swept across Costa 

Rica in September 

2017, large parts of 

this mangrove forest 

died.

5.2 > While man-

groves occur mainly 

in the tropics and 

subtropics, tidal 

 marshes and kelp 

forests prefer cooler 

regions. Seagrass 

meadows, however, 

are found at both low 

and high latitudes.

Mangrove forests Tidal marshes

Kelp forests of the brown algae family Laminaria 

G loba l d is t r ibut ion of vegetat ion- r ich coa s t a l  e cosys tems

Seagrass meadows
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Using nature’s tools

 

In the search for ways to increase the ocean’s carbon 

 dioxide uptake, it makes sense to first focus on the key 

 players in the ocean’s carbon cycle. In coastal areas, these 

include above all the vegetation-rich ecosystems in tidal 

and shallow waters (up to 50 metres of water depth), i.e. 

tidal marshes, seagrass meadows, mangrove forests and 

kelp forests. The combined area of these four ecosystem 

types accounts for less than one per cent of the world’s 

ocean area, including the intertidal zone. However, be - 

cause marine meadows and forests are highly productive 

ecosystems, they convert a lot of carbon dioxide into bio-

mass and are responsible for at least 30 per cent of the 

organic carbon stored in the seabed.

Much as terrestrial plants do, marine plants or plants in 

the tidal zone absorb carbon dioxide in the course of photo-

synthesis and bind the carbon it contains. However, carbon 

dioxide is not only taken up from the air, but also from 

seawater, for example by seagrasses and kelp. Since the 

Blue carbon – an approach y ie ld ing dual  benef i ts

   > Vegetation-rich coastal  ecosystems such as t idal  marshes,  seagrass mea-

dows, mangrove and kelp forests are the sites of at  least 30 per cent of the organic carbon stored 

in the seabed. Worldwide, however,  the area covered by these ecosystems is shrinking and with i t 

their  underground carbon stores.  Where humans halt  the decl ine of marine meadows and forests and 

restore destroyed areas,  they not only force carbon uptake in plant communit ies,  but also strengthen 

physiographic regions whose functioning and health are vital  for  humankind’s survival .

plant communities of mangrove forests, seagrass meadows 

and tidal marshes all form root systems and grow on sandy 

or muddy substrates, they are able to store a large part  

of the bound carbon in the marine subsoil – in part as living 

biomass in their own root systems and in part in the  

form of plant parts that have died off and which sink to  

the bottom and become incorporated into the coastal 

 sediment.

Moreover, marine meadows and forests slow down 

the movement of water. As a result, they filter a lot of 

 suspended particles out of the water and deposit these 

par ticles as well as dead animal and plant matter between 

their stalks and roots. Thanks to this constant input of 

 particles, the plant communities continue to build up  

the  substrate on which they grow. Mangrove forests  

and seagrass meadows, for example, gain two to five milli-

metres in height per year on a global average and can thus 

also buffer the impact of rising sea levels, but only as long 

as the eco systems accumulate material faster than the sea 

levels are rising.



5.3 > Mangroves, 

tidal marshes and 

seagrass meadows 

absorb carbon dioxide 

from the air, bind that 

carbon and store it 

in their biomass as 

well as underground. 

This map shows for 

all coastal countries 

the average annual 

carbon sequestration 

potential for the three 

ecosystems combined, 

under the proviso that 

the ecosystems are 

healthy.

Annual sequestrat ion potent ia l in mil l ion tonnes of carbon (MtC)

0 0.15 0.45 1.0 3.0 7.0 11.0

Globa l c a rbon s torage potent ia l  of  vegetat ion- r ich coa s ta l  ecosys tems
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These ecosystems not only store local plant matter, 

but also plant remains that are deposited from the land-

ward side or washed up from other marine areas. Once 

the organic material is trapped in the subsoil, it is pre-

served, as the coastal sediment is saline and low in oxy-

gen. Microbes in the seabed thus lack the oxygen they 

would need to quickly decompose the biomass.

Both the carbon storage in the root system and the 

deposition of animal and plant litter in an oxygen-deprived 

environment result in the tidal marshes, mangrove forests 

and seagrass meadows accumulating more and more 

 organic material underneath them over time. In some 

mangrove forests, the upper layer of the seabed contains 

95 to 98 per cent carbonaceous material.

These underground carbon stores can be more than 

ten metres thick and keep growing as long as the ecosy-

stems above them thrive. Ideally, they remain in place for 

many centuries, sometimes even millennia. Tidal marshes, 

mangrove forests and seagrass meadows are many times 

more efficient at carbon uptake and underground storage 

than terrestrial forests. Compared to tropical rainforests, 

for example, depending on their location they can store 

five to 30 times the amount of carbon underground per 

unit area. In contrast, kelp forests, i.e. forests of brown 

algae (the Laminariales), cannot store the carbon they 

bind directly in the subsoil, because brown algae do  

not have roots but rather grow attached to rocky sub-

strates, so loose or dead algal material is carried away by 

ocean currents. It washes up on the coasts or sinks into 

deep waters, where some of it is then deposited in the 

seabed sediment.

How large are the carbon stores and  

for how long do they persist?

Currently, vegetation-rich coastal ecosystems remove an 

estimated 85 to 250 million tonnes of carbon per year 

from the atmosphere and the sea. The range of this esti-

5.4 > Twice daily the Atlantic tidewaters wash over and 

around the tidal marshes at Northton on the south-western 

coast of the Scottish island of Lewis and Harris. The species-

rich saltmarshes grow in  sheltered coastal areas where the 

tides form sandbanks as a substrate for the plants to grow.



5.5 > In order to 

accurately survey 

the distribution of 

seagrass meadows 

off the coast of the 

Bahamas, scientists 

equipped tiger sharks 

with tiny sensors and 

cameras. The sharks 

hunt in and above 

the seagrass mea-

dows. The data they 

 collected  helped to 

reveal that the world’s 

largest seagrass 

meadows grow off the 

Bahamas, covering a 

total area of 66,900 

square kilometres, 

which roughly 

equates to 75 times 

the size of Berlin.

5.6 > The amount of 

carbon that coastal 

ecosystems store 

underground in the 

long term depends on 

a number of factors. 

These include inputs 

of material from 

terrestrial sources or 

from other marine 

regions as well as the 

amount of biomass 

consumed by animals 

or decomposed by 

microorganisms.

Carbon is absorbed through photosynthesis

“Blue c a rbon” generat ion on coa s t s

Some carbon returns to the atmosphere

Release of methane 
produced by 

microorganisms

Emission of carbon dioxide 
from respirat ion by 

microorganisms and vegetat ion

Some carbon 
enters from 

high watershed 
areas

Carbon is s tored 
for long t ime 

sca les in 
biomass and 

sediments

Seagrass bed

Mangroves and sa lt marsh

New carbon

Old carbonExpor ted
carbon

Kelp forest

CH4 CO2 N2O
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intact. In the Spanish Portlligat Bay, for example, there are 

seagrass meadows whose carbon stores are more than 

6000 years old.

Carbon sink,  coastal  protection, nursery −  

the many services provided by coastal  

ecosystems

 

Experts often refer to the carbon sequestered by seagrass 

meadows, tidal marshes and mangrove and kelp forests as 

“blue carbon”. However, human societies not only benefit 

from healthy, vegetation-rich coastal ecosystems because 

they remove carbon dioxide from the atmosphere and the 

sea. They are also “ecosystem engineers” that form three-

dimensional structured habitats in which numerous other 

species of marine and coastal flora and fauna find suf-

ficient protection and food. For example, 4000 square 

metres of seagrass meadows can provide refuge and food 

sources for about 40,000 fish and around 50 million inver-

tebrates such as lobsters, mussels and shrimp. Moreover, 

their dense tangle of leaves is a nursery habitat for the 

young of popular culinary fish species, such as Pacific 

 herring and Atlantic cod.

But that’s not all. Tidal marshes, seagrass meadows 

and mangrove and kelp forests produce oxygen. They 

 filter out pathogens, suspended matter, dirt and pollutants 

from the seawater, slow down ocean currents, waves and 

storm surges and thus protect the coasts from erosion 

and, through the accumulation of sediment, from rising 

sea levels. At the same time, they reliably provide food 

(fish, mussels, crustaceans), offer recreational settings 

and contribute to people’s health, and attract tourists in 

many places, thus creating additional jobs and income 

sources for coastal communities. Moreover, they hold 

 spiritual or mythological significance in many regions of 

the world.

Through this multitude of services, healthy vegeta-

tion-rich coastal ecosystems help coastal communities to 

mate is so wide partly because many processes and inter-

actions within the very complex plant communities and 

their ecosystems are not yet properly understood. For 

 example, one of the as yet unanswered research questions 

is how much carbon dioxide mangrove and kelp forests, 

tidal marshes and seagrass meadows in different regions 

of the earth absorb and store in the form of organic carbon, 

and what proportion of this they release again in the 

course of their life cycle.

Marine meadows and forests release carbon dioxide 

through respiration. The carbon they have captured is also 

released when manatees, sea urchins and the many other 

marine organisms consume the plant matter and convert  

it into energy and carbon dioxide as part of their meta-

bolism. When microbes decompose the organic material 

stored in the coastal sediment, not only carbon dioxide  

is released, but also methane and nitrous oxide under 

 certain conditions. What quantities of these two climate-

damaging gases are released from coastal ecosystems 

under which conditions is not yet well understood. What 

is certain, however, is that where carbon dioxide,  methane 

or nitrous oxide escape from coastal sediments, the under-

ground carbon stores of coastal ecosystems shrink and 

drive climate change.

For this reason, it is essential to understand for how 

long the vegetation-rich coastal ecosystems “lock away” 

the carbon they absorb. Scientists know that the duration 

of carbon storage depends on where it is stored. Carbon 

stored by plants as part of their above-ground biomass in 

leaves, stalks, twigs and branches is removed from the 

atmosphere for anything from weeks to decades. In con-

trast, the underground carbon stores, which are often 

 hermetically sealed, can persist for several centuries or 

even millennia if the vegetation protecting them remains 



5.7 > Seagrass 

 meadows are hotspots 

of species diversity, 

providing shelter, 

food and habitat for 

countless marine 

organisms, including 

leafy seadragons 

(a syngnathid fish 

species), starfish and 

predators such as the 

American crocodile.

5.8 > People benefit 

in many different 

ways from ecosystem 

services provided 

by vegetation-rich 

 coastal ecosystems, 

also known as Blue 

Carbon Ecosystems or 

BCEs. This overview 

summarizes the 

monetary added value 

that mangroves, tidal 

marshes, seagrass 

meadows and kelp 

 forests in south-

eastern Australia 

generate for a coastal 

community and its 

visitors.

Moneta r y va lue of se lec ted ecosys tem se r v ices p rov ided by coa s t a l  e cosys tems in south-ea s te rn Aus t r a l ia

Recreat ion Coastal protec t ion Fisheries enhancement

BCEs are vis ited frequent ly by 
birdwatchers and f ishers. In two 
popular Melbourne bays, seagrasses 
generate le isure and recreat ional 
ef fec t s for f ishers wor th 33.1 mil l ion 
Austra l ian dol lars (AUD) annual ly, 
while a vis it to the t ida l marshes and 
mangroves provides fun and enter ta in-
ment wor th 158 Austra l ian dol lars per 
vis it .

Coasta l ecosystems reduce wave 
energy by 37 to 71 per cent, providing  
2.7 bi l l ion Austra l ian dol lars in va lue in 
avoided damages to coasta l proper ty.

Coasta l ecosystems provide 61 per cent 
of diet for edible f ish targeted by 
f ishers. BCEs enhance f ish abundance 
relat ive to unvegetated areas.

BCE Number of f ish 
per hec tare and year

AUD 
million

Seagrass meadows

Tidal marshes

Mangroves

Seagrass meadows

Tidal marshes

Mangroves

AUD 
million

82.7

702

1870

31.5

14.9

55,589

1712

19,234
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adapt to climate change in the best possible way. Measures 

to protect existing marine meadows and forests and to 

restore degraded coastal ecosystems are therefore win-

win solutions. They help to both mitigate climate change 

and minimize its impacts.

Dying coastal  ecosystems

 

Despite the importance of the ecosystem services they 

provide, vegetation-rich coastal ecosystems are declining 

in area worldwide. Once again, humans are responsible. 

Up to 50 per cent of all tidal marshes, about one third  

of all seagrass meadows and about 35 to 50 per cent of 

man grove forests have been lost over the past 100 years as 

a result of climate change, coastal development and 

construction, agriculture and aquaculture, marine degra-

dation, overfishing and other intensive uses. Of the 

world’s kelp forests, 40 to 60 per cent are experiencing 

obvious declines in area.

When scientists recently analysed satellite images of 

vegetation-rich coastal ecosystems dating from 1999 to 

2019, they realized that in those two decades tidal 

 marshes, mudflats and mangrove forests combined had 

been lost over a total area of 13,700 square kilometres. 

Over the same period, however, new coastal ecosystems 

gained some 9700 square kilometres, either by expanding 

naturally or by human intervention in the form of plant- 

ings. But this did not fully offset the losses. Ultimately, the 

global extent of the coastal ecosystems studied declined 

by 4000 square kilometres – an area the size of the 

 Spanish Mediterranean island of Mallorca.

Where ecosystems disappear, their carbon stores  

also largely disintegrate. For example, between 2000 and 

2015 some 30 to 120 million tonnes of stored carbon  

were lost worldwide as a result of mangrove deforesta tion. 

The mangrove forest soil was no longer protected and sta-

bilized by vegetation, resulting in microbes decomposing 

the material stored underground and releasing the carbon 

back into the atmosphere in the form of greenhouse gases. 

Converted into carbon dioxide (carbon mass multiplied by 

3.664), this corresponds to greenhouse gas emissions 

amounting to 110 to 450 million tonnes of  carbon dioxide. 

By comparison, the Federal Republic of Germany emitted 

greenhouse gases with the warming potential of 746 mil-

lion tonnes of carbon dioxide in 2022. 

Strategies to increase carbon  

dioxide removal by marine forests  

and meadows

 

There is also some good news: Damaged or lost mangrove 

forests and tidal marshes can be restored, as a number of 

exemplary restoration projects have shown. The replant- 

ing of seagrass meadows, in contrast, is very costly and far 

less likely to succeed. There is still much need for research 

and development in this regard, just as there is for the 

restoration of kelp forests. Nevertheless, researchers hope 

to increase carbon dioxide uptake and carbon storage  

by tidal marshes, seagrass meadows, mangrove forests 

and kelp forests in the long term through three sets of 

measures. What is common to all three of these sets is  

that they promote the plant communities’ growth and 

thus their ability to photosynthesize, sequester carbon 

and store it in the seabed for the long term.

Under even greater pressure − how cl imate change mult ipl ies 
the r isks for coastal  ecosystems

Climate change poses a major threat to coastal ecosystems. In response to 

rising air and water temperatures, plants and animal populations are 

 shifting polewards. Heat stress increases their susceptibil ity to disease. As 

a result of rising sea levels, former tidal areas are permanently flooded 

and lost as habitat. Ocean acidification and oxygen depletion put further 

pressure on life under water.

In many places, extreme events such as severe storms and ocean heat

waves also cause enormous damage. Wind and waves can uproot man

groves, tear sea grasses from the seabed and sometimes wash away salt 

marshes and macroalgae forests. Marine heatwaves particularly affect 

kelp forests and seagrass meadows and, according to the IPCC (Inter

governmental Panel on Climate Change), have in recent years led to large 

scale dieoffs of local plant communities in various regions of the world.

Weather extremes and their impacts on site are difficult to predict. In 

addition, the impacts of climate change are exacerbated by other human

induced stressors and disturbances. These include bottom trawling,  marine 

pollution and massive coastal development. The construction of dams 

along major rivers also often increases stresses on ecosystems in the 

rivers’ lower reaches. Barrages prevent the input of sediments, which 

mangrove forests in particular need to expand their coverage and to grow 

in height (thus adapting to sealevel rise). All of these stressors reduce the 

ability of coastal ecosystems to compensate for climate impacts and adapt 

to change.

It is therefore reasonable to ask in which of the world’s regions vege

tationrich coastal ecosystems will survive at all in the future and may be 

able to contribute to climate change mitigation through their carbon 

 dioxide uptake, and where investments in their protection and possibly in 

their largescale expansion would be sensible and promising. 

Research is also needed into which innovative processes could protect 

extant,  restored and newly established plant communities from climate 

change impacts. It would be conceivable, for example, to cultivate more 

heatresistant brown algae and sea grasses. However, given the complexi

ty of marine eco systems it is stil l uncertain whether such an approach 

would succeed and make ecological sense.

These measures embrace:

•  The protection and improved management of existing 

vegetation-rich coastal ecosystems: If rivers can flow 

freely towards the sea, their water is no longer pol-

luted by fertilizers and other nutrients or pollutants, 

and dams do not prevent them from carrying sand and 

other sediments into the coastal waters, mangroves 
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and seagrasses find much better conditions than in 

coastal regions where these conditions do not exist. 

Intact food webs are also needed to ensure that, for 

example, there are enough predators to keep the 

number of potential pests low.

•  The restoration of marine meadows and forests that 

were lost due to human intervention: This includes, 

for example, the replanting of mangrove forests and 

seagrass meadows and the removal of dikes so that 

salt marshes can be re-established in newly created 

intertidal areas.

•  The expansion of existing ecosystems: This would 

require the creation of new mangrove forests, seagrass 

meadows, kelp forests and tidal marshes, including in 

areas where they do not naturally occur and may 

never have occurred in the past. In addition, plant 

 species would have to be selected and assembled that, 

as a community of species, would most efficiently 

 deliver the desired ecosystem services.

Experts refer to the approach of expanding or creating 

new ecosystems as ecosystem design. It is believed that 

ecosystem design can meet three objectives at the same 

time:

•  To increase the carbon dioxide uptake of vegetation-

rich coastal ecosystems and offset part of the residual 

carbon dioxide emissions caused by humans.

•  To increase species diversity in coastal waters, pro-

vided correct approaches are taken.

•  To offer humans and nature significantly better  

opportunities to adapt to climate change and defy  

the  dangers it causes, thanks to the many additio- 

nal ecosystem services provided by coastal eco-

systems (nutrition, water quality, coastal protection, 

etc.).

However, an expansion of vegetation-rich coastal eco-

systems would always be at the expense of other neigh-

bouring local ecosystems, such as sandy beaches or tidal 

flats, if they were planted under mangroves or converted 

into tidal marshes. 

Moreover, an expansion would entail disruptions to 

the lives of coastal populations, precisely because people 

around the globe use coastal areas intensively, and in 

many populated regions there is little open space left.

On German coasts, for example, it would be con- 

ceivable that dikes would have to be dismantled and  

the pastureland behind them abandoned to create more 

space for tidal marshes. Bays where seagrass meadows are 

newly planted would have to be closed to bottom trawling 

and perhaps also to boat traffic, at least temporarily.  

In order to establish new kelp forests along the North Sea 

coast, many tonnes of rock would have to be moved into 

the sea, because brown algae only grow on rocky sub-

strates.

Previous experience with restoration projects has 

shown that measures aimed at nature conservation and 

climate change mitigation can only be successfully imple-

mented together if the interests of the local communities 

are taken into account from the outset, if the local com-

munities are involved in all decision-making processes, if 

they can contribute their own knowledge and expertise, 

and if they derive particularly strong benefits from the 

conser vation measures.

A useful  tool for cl imate  

change mitigation?

 

Investments in the protection, restoration and expansion 

of marine meadows and forests only pay off in terms of 

climate policy if they actually lead to additional carbon 

uptake and long-term storage in the seabed. This effect 

must be quantifiable and attributable to tangible measures. 

Otherwise it will be difficult to reward those in charge  

of the measures taken – for example by issuing carbon 

credits, i.e. tradable certificates for the additionally 

sequestered carbon dioxide.

Moreover, it must be ensured that the additionally 

sequestered carbon remains permanently in the seabed 

and is not released again after a few years as a result of 

microbial decomposition. Climate experts define “perma-

nently stored” as carbon that is securely removed from 

the atmosphere for at least 25 years, at best several 

5.9 > At the southern tip of San Francisco Bay, researchers 

and environmentalists are working hand in hand to restore 

more than 60 square kilometres of salt marshes that were 

destroyed during the gold rush and in the course of industrial 

development. Their approach appears to be paying off, as this 

comparison of satellite images from 2002 and 2015 shows.



5.10 > The restoration 

of seagrass meadows 

is complex and often 

costly because the 

grasses have to be 

transplanted by hand. 

In a restoration pro-

ject on the Atlantic 

coast of the US state 

of Virginia, the or-

ganizers use laundry 

baskets to transport 

the seagrass seedlings 

from the propagation 

tanks to their future 

growth site.
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hundred years. Whether vegetation-rich coastal ecosys- 

tems are capable of this would need to be monitored by 

means of sophisticated observa tion systems – and over 

equally long periods of time.

It is already known that after the restoration or re- 

planting of a seagrass meadow or mangrove forest it takes 

at least ten or 20 years for the new ecosystem to absorb 

and store as much carbon annually as healthy extant eco-

systems. For every newly created vegetation-rich coastal 

ecosystem, this means that only after one to two decades 

can it be verified whether the actual performance of this 

new or expanded ecosystem in terms of carbon removal 

matches the initial expectations.

Apart from these challenges, there are seven other 

 serious arguments that have so far made it difficult to realis-

tically classify and soundly evaluate carbon dioxide remo-

val processes based on the restoration, creation or expan-

sion of vegetation-rich coastal ecosystems. These include:

1.  huge regional differences in carbon uptake and 

sequestration by individual ecosystems, 

2. lack of standards for measuring carbon sequestration,

3.  unresolved questions as to the origin of the stored 

organic material,

4.  lack of knowledge regarding the generation and 

release of methane and nitrous oxide,

5.  uncertainties as to the amount of carbon dioxide that 

is released or sequestered when calcifying inhabitants 

of coastal ecosystems build up their calcareous shells 

and exoskeletons and when these dissolve again,

6.  lack of detailed knowledge about the future effects of 

climate change impacts and other human-induced 

stressors on marine meadows and forests, and

7.  unanswered questions as to the cost and scalability 

of potential restoration and expansion measures.

Major regional differences in  

carbon sequestration

Carbon uptake and storage by marine meadows and 

forests is influenced by various biological, chemical and 

physical environmental factors. These not only affect the 

photosynthetic performance of local plant communities, 

but also determine the amounts of organic material  

that are filtered, deposited, decomposed or permanently 

 trapped in the coastal sediment.

This dependence on local environmental conditions 

has a major bearing on the amount of carbon that individu-

al marine meadows and forests actually absorb and store. 

Experts speak of a high variability of carbon storage in this 

context. There are, for example, highly productive salt mar-

shes that store up to 600 times more carbon than less pro-

ductive salt marshes. In the case of seagrasses, the diffe-

rences can be 76-fold, and 19-fold in the case of mangroves.

Based on this knowledge, scientists conclude that the 

restoration or expansion of vegetation-rich coastal eco-

systems for the purpose of increased carbon dioxide remo-

val from the atmosphere will only make sense and be 

expedient at those sites where the conditions for high 

sequestration rates are met or can be established by 

means of targeted human intervention. This, however, 

calls for detailed data sets on the carbon storage rates of 

all marine meadows and forests. But such measurements 

have so far only been taken at a small number of selected 

sites.

Lack of standards for measuring  

carbon sequestration

Measuring carbon uptake and sequestration directly, both 

on land and in coastal regions, is a difficult and lengthy 

endeavour and technically complex. For this reason, most 

data on carbon storage in vegetation-rich coastal eco-

systems has so far been collected by means of indirect 

measurements. This means that researchers took coas- 

tal sediment samples – usually down to a depth of one 

metre – analysed their carbon content and then calculated 

the average carbon storage using a variety of parameters 

such as current velocity and sedimentation rate.

However, the error rate of these indirect methods can 

be very high for various reasons. For example, if one day 

a dam is built in a river containing large mangrove forests 

in its delta, the water’s flow velocity and sediment load 

are reduced. For the mangroves in the river delta, this 

change means that from that point forward they have 

significantly less material available to trap animal and 

plant remains in the seabed. As a result, the mangroves 

grow more slowly. At the same time, the total size of their 

carbon stores will be ever less indicative of their current 

carbon sequestration rate – unless the relevant measure-

ments are taken using methods that have not yet been 

established as a global standard.

The same is true for coastal wetlands where humans 

begin to practise arable farming, or if the water quantity  

or quality in river deltas and coastal waters change as a 

result of climate change or human use. Another factor to 

be taken into account is bioturbation, i.e. the extent to 

which organisms living on or in the seabed burrow 

through the subsoil and thus the carbon stores. As a result, 

the trapped organic material is more likely to decompose 

and degrade. Moreover, intensive bioturba -tion makes it 

more difficult for researchers to determine the sediment 

deposition rate. If they leave bioturbation out of their cal-

culations, the carbon deposition rate may be  overestimated 

by 50 to 100 per cent. Underestimation is also possible. 

Carbon sequestration data from soil samples should there-

fore always be interpreted with great caution, experts note.

The question as to the origin 

of the stored organic material 

In order to one day be able to determine the quantity of 

carbon that has been extracted and stored in the subsoil 

as a result of an individual blue carbon measure, it is 

important to know where the organic material trapped in 



5.11 Climate risks 

for coastal eco-

systems increase with 

global warming. Kelp 

forests and seagrass 

meadows are more 

temperature-sensitive 

than salt marshes and 

mangroves and are 

therefore already ex-

posed to moderate to 

high risks with 1.5 to 

two degrees Celsius 

of warming.
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the coastal sediment originated. Was it produced by the 

seagrass meadows or tidal marshes on site or transported 

by wind and ocean currents from far away? A number of 

different studies show that the proportion of material 

brought in from afar can be high. In mangrove forests in 

Vietnam, for example, it was found to account for 24 to 55 

per cent of the carbon stored below ground. In the case of 

Australian seagrass meadows, it was as high as 70 to 90 

per cent. Some experts argue that if that much material 

comes in from the outside, there is a risk that the carbon 

dioxide removal potential of local coastal ecosystems may 

be overestimated. After all, the carbon was absorbed from 

the atmosphere elsewhere and stored in the form of orga-

nic material. Admittedly, this attribution detail is more of 

a statistical problem. It is irrelevant to the question of how 

much organic material is stored. It does become relevant 

if one day there is a debate as to who can take credit for 

the carbon drawdown. 

The generation and release 

of methane and nitrous oxide

When animal and plant remains are trapped in oxygen-

free coastal sediment, microbial decomposition of this 

organic material produces the climate-damaging green-

house gases methane (CH4) and nitrous oxide (N2O). It is 

estimated that the world’s vegetation-rich coastal eco-

systems together emit more than five million tonnes of 

methane per year. If this were true, it would be sufficient 

to cancel out the positive climate effect of marine mea-

dows and forests due to carbon uptake and sequestration.

However, it is as yet impossible to say whether coastal 

ecosystems actually emit that much methane, because 

important baseline knowledge about the degradation and 

release processes in coastal sediments under marine  

meadows and forests is lacking. Studies investigating  

these aspects are currently being conducted as part of 

 various research projects. For decisions on the possible 

use of these ocean-based CDR processes, it is essential to 

understand whether and, if so, how the restoration or 

expansion of vegetation-rich coastal ecosystems may 

change their methane and nitrous oxide emissions. More-

over, if such measures were to be implemented one day, 

fine-meshed monitoring networks would have to be 

 established to monitor the emissions balance of newly 

 created or expanded marine meadows and forests on a 

full-coverage basis. 

Emissions balance of calcification and dissolution 

in vegetation-rich coastal ecosystems

When calcifying organisms such as corals, calcareous 

algae, foraminifera, mussels or true conchs form their exo-

skeletons and shells from calcium carbonate (lime, 

CaCO3), the corresponding chemical reaction generates 

carbon dioxide, which then dissolves in the water. This 

release causes the carbon dioxide concentration in the 

water to rise and the greenhouse gas to escape into the 

atmosphere when at some point the water rises to the sea 

surface. The reverse happens when lime dissolves in 

seawater. In the course of the corresponding chemical 

reaction, those solution products are released that are 

 needed to chemically bind carbon dioxide dissolved in  

the water. As a result, the carbon dioxide concentration in 

the water decreases and the ocean can absorb new carbon 

dioxide from the atmosphere.

Vegetation-rich coastal ecosystems are habitats for 

many calcifying organisms. However, scientists are cur-

rently still discussing how their calcification (which 

releases carbon dioxide) and possible dissolution pro-

cesses of the calcareous shells and exoskeletons (which 

bind carbon dioxide) affect the overall carbon balance of 

coastal ecosystems and what consequences this may have 

for the climate. Measurements taken off the coast of the 

US state of Florida, for example, have shown that marine 

organisms in one of the world’s largest seagrass meadows 

formed more calcium carbonate during the study period 

than was dissolved again through chemical reactions. As 

a result, the coastal ecosystem was estimated to have 

released three times more carbon dioxide than it was able 

to remove from the atmosphere by storing the shell and 

skeletal remains in the coastal sediment.

Uncertain climate change impacts 

on marine meadows and forests

The Intergovernmental Panel on Climate Change notes 

that climate-related changes such as rising tempera- 

tures, more frequent and more intense ocean heatwaves, 

ocean acidification, storms and sea-level rise have  

mostly detrimental effects on coastal ecosystems, threa-

tening their continued existence as carbon stores and pro-

viders of many other ecosystem services. 

A potentially increased uptake of carbon dioxide from 

the atmosphere can probably only be expected where 

marine meadows and forests shift inland – if there is room 

for them to do so – and then possibly form larger eco-

systems than before. 

If large-scale spatial shifts are not possible due to space 

constraints and ecosystems decline in area or disappear, 

their carbon stores in the coastal  sediments would also  

be at risk. 

Worst-case estimates indicate that carbon stores 

amounting to 3.4 gigatonnes could be lost this way by 

2100.

Of the four vegetation-rich coastal ecosystems under 

discussion, seagrass meadows react most sensitively to 

rising temperatures, so that even today, with global warm- 

ing of 1.15 degrees Celsius, marine heatwaves in particular 

cause them great harm. For example, as a result of such 

temperature extremes lasting for weeks or even months, 

36 to 80 per cent of the local seagrass meadows in the US 

Chesapeake Bay, in the western Mediterranean and in 

Sharks Bay in Western Australia have died in recent years. 

Because heatwaves occur more frequently, last longer  

and reach higher temperatures with increasing climate  

change, the climate risks and the extent of the damage 

caused will continue to escalate in the coming years. 

Researchers predict that many of the existing seagrass 

meadows will die if the global surface temperature rises 

by more than 2.3 degrees Celsius.

Climate change impacts on tidal marshes are at a 

medium level with a warming of 1.2 degrees Celsius, but 
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at 3.1 degrees Celsius or more, experts predict that these 

will also suffer severe damage. One of the effects will  

be that plant communities are going to die out where they 

are permanently flooded in the future as a result of sea-

level rise.

For mangroves, the thresholds for moderate and 

severe impacts are two and 3.7 degrees Celsius of global 

warming respectively. In Australia there are however 

mangrove forests that are already being affected by 

 climate change, especially when heatwaves, droughts and 

a short-term drop in sea level, such as due to changes in  

currents, occur simultaneously. In some other areas,  

mangroves have been spreading polewards for decades, 

mingling with or overgrowing tidal marshes. New 

research results from the central tropics also indicate that 

a warming of up to two degrees Celsius is likely to lead to 

increased carbon storage by mangroves, at least in that 

region.

Current and future climate impacts must be taken into 

account from the outset when restoring and expanding 

coastal ecosystems. However, experts still find it very 

 difficult to make predictions about temperature-related 

species migration. 

They therefore recommend that projects to restore or 

re-establish marine meadows and forests should be  

carried out primarily at the cooler margins of their current 

range.

Vulnerability to other man-made 

disruptions and stressors

Even if humankind were to succeed in limiting climate 

warming to well below two degrees Celsius, the con-

tinued existence of many coastal ecosystems and the 

 success of restoration projects or new plantings would be 

threa tened by many other man-made disturbances and 

stressors. These include, above all, land-use change such 

as coastal construction in the course of the expansion of 

 coastal cities, mangrove deforestation, for example for  

the construction of aquaculture installations, the diking 

and agricultural use of tidal marshes, and the eutrophi-

cation of coastal waters through fertilizer and wastewater 

inputs.

Whether or not measures to restore or replant tidal 

marshes, seagrass meadows, kelp forests and mangrove 

forests succeed also depends on whether appropriate sites 

and plant species were chosen and on whether the rights, 

needs and knowledge of the local communities were 

taken into account during planning and implementation. 

After all, local people bear the responsibility for ensuring 

that marine meadows and forests are protected in the long 

term and utilized in a sustainable manner. Experts are also 

calling for sufficient funds to install monitoring systems 

and implement protective measures to ensure that the 

vegetation-rich coastal ecosystems continue to fulfil their 

important climate function for a long time to come. 

Would extension and restoration measures 

be economically viable and widely applicable?

Whether measures to expand or restore tidal marshes, 

seagrass meadows, kelp and mangrove forests are eco-

nomically worthwhile depends on the standpoint from 

which experts evaluate the services provided by coastal 

ecosystems. Do they focus solely on the potential 

in creased carbon dioxide uptake of restored or expanded 

marine meadows and forests, or do they also take into 

 consideration the many other services that ecosystems 

pro vide to humans? There are numerous uncertainties 

asso ciated with both approaches. These include the dif-

ficulty of providing evidence of actual additional carbon 

dioxide uptake. At the same time, the costs of new plant- 

ings or extensions vary significantly by vegetation type 

and  coastal region. This is mostly due to different methods 

being employed, the different wages for the requisite 

divers, experts and support workers, and whether or  

not the long-term monitoring costs for the restored or 

expanded coastal ecosystem are taken into account.

Moreover, there is the question as to the proportion of 

the marine meadows and forests destroyed by human 

 activities that could realistically be restored – experts 

refer to the scalability of restoration measures in this 

regard. Large stretches of coastline where tidal marshes, 

seagrass meadows or mangrove forests once grew are now 

built on, diked off or used for farming. So if these former 

habitat sites cannot be reclaimed, there is simply no room 

5.12 > More than 1000 species of flora and fauna live in the 

kelp forests around the Channel Islands, a group of islands 

off the Pacific coast of the US state of California. Of the  

27 species of kelp worldwide, nine can be found in this 

 marine area alone, including the largest of all brown algae, 

the giant kelp or bladder kelp (Macrocystis pyrifera).
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Blue carbon as  a  component  of  emiss ions  t rading –  
a  d i f f icu l t  undertak ing

It always makes sense to protect, restore and, if necessary, expand vege

tationrich coastal ecosystems, precisely because they serve nature and 

mill ions of people in so many different ways. Nonetheless, only a few 

countries and companies have invested in such projects to date. Many 

project initiators therefore hope to tap new sources of funding for their 

protection and restoration measures through the sale of “blue carbon 

credits”. The US computer manufacturer Apple, for example, has been 

working together with the environmental organization Conservation 

International and local coastal communities since 2018. Apple is   

investing in the restoration and protection of a 110 square kilometre 

man grove forest in Colombia. In return, the company receives a certain 

number of emission certificates, known as carbon credits. These repre

sent either a certain amount of prevented emissions or carbon dioxide 

absorbed by the mangrove forest, which Apple uses to compensate for  

a corres ponding amount of its residual, hardtoavoid emissions.

Voluntary and mandatory markets

When actors such as Apple and Conservation International enter into 

agreements of this kind and carbon credits are issued, this interaction 

takes place on one of the numerous emissions trading platforms or 

through bilateral transactions that can be assigned to the “voluntary 

market”. This market has developed without legal requirements for off

setting emissions and the rules and standards for carbon offsetting are 

defined by the market participants themselves. Simply put, any actor can 

issue certificates and sell them if they find a buyer who trusts that the 

money will actually go towards the protection, restoration or expansion 

of coastal ecosystems, thus resulting in the longterm removal of addi

tional carbon dioxide from the atmosphere. So far, these certificates 

have rarely been resold. Carbon offsetting for air travel has been func

tioning along the same lines for many years now, except that those 

 payments have so far mainly gone into measures to avoid emissions  

in emerging and developing countries, as well as into reforestation 

measures on land. Anyone buying products in the supermarket that are 

labelled “carbonneutral” can assume that the corresponding emissions 

offsets have been made through transactions in the voluntary market.

The voluntary markets thus differ fundamentally from the centrally 

organized “mandatory markets”. These include, for example, the Euro

pean Union Emissions Trading System (EU ETS), which records the emis

sions of some 11,000 energy industry facil ities and energyintensive 

industries across Europe. A certain number of emission certificates are 

issued for them, which the participating companies then trade among 

themselves. The number of available certificates is l imited and reduces 

over time, forcing companies to either reduce their emissions or pay  

ever higher prices for each tonne of carbon dioxide equivalent emitted 

(more on this topic in Chapter 9). It is important to note that the listed 

companies are not allowed to use carbon credits purchased in the volun

tary market to offset their emissions in their EU ETS balance.

Rules against greenwashing

There are as yet no uniformly binding regulations, accounting or control 

mechanisms for voluntary markets that issue blue carbon certificates. 

However, there is increasing pressure to introduce such regulations and 

mechanisms because in the digital age, no financier can afford to invest 

in projects that end up not being carried out at all, carried out improper

ly or to the detriment of the environment or the local community. Invest

ments of that kind are referred to as “greenwashing” and are highly 

damaging to the investors’ image.

To prevent this, a number of companies and experts are currently 

developing programmes and framework guidelines intended to making 

the issuance of and trade in emission certificates in voluntary markets 

transparent and comprehensible. They also aim to ensure that all related 

measures are implemented in an environmentally sound and socially 

equitable manner. At best, experts say, the end result would be a market 

guided by clear rules and uniform procedures to measure carbon dioxide 

removal that prevent abuse and fraud. This level of caution is warranted 

because the demand for emission offsets is steadily increasing. It is 

 estimated that in 2030 carbon credits worth up to 50 bill ion US dollars 

could be traded in voluntary markets.

Basic principles for the allocation of carbon credits

One of the proposed rulebooks sets out ten basic principles for the allo

cation of carbon credits. They were developed by the Task Force on 

 Scaling Voluntary Carbon Markets. Among other things, the principles 

are designed to ensure that: 

•  the emission avoidance or carbon dioxide removal achieved has 

actually been “additional”, i.e. the impact would not have been 

 realized if the project had not been carried out;

•  there is no double accounting, for example, by both the investing 

company and the government of the country in which the measure 

is undertaken;

•  investors publish comprehensive information, comprehensible to 

laypersons, on their emission offsets, including information on the 

impact of the financed measures on the environment and the local 

community;

•  there is permanence or durability to the achieved avoided emissions 

or carbon dioxide removal;

•  all issued emission certificates are reported to a central registry so 

that they can be clearly identified and traced at any time; and

•  independent experts regularly review the awarding system and its 

mechanisms and use scientific methods to check whether the pro

mised measures are actually being implemented and contributing   

to climate change mitigation.

A small but steadily growing market

Many blue carbon projects have not yet been able to meet these 

re quirements. A difficulty may be, for example, that it is hard to prove 

exactly how much additional carbon dioxide is being removed from the 

atmosphere. For this reason, the amount of blue carbon credits issued is 

stil l comparatively small. Between 2013 and 2022, blue carbon credits 

for a mere one mill ion tonnes of carbon dioxide equivalents were  

issued in voluntary markets. This sum corresponded to a market share of 

0.7 per cent.

However, the number of projects working towards issuing blue car

bon credits is steadily increasing. A critical factor in this regard has been 

the revision of a set of rules for the verification of emission avoidance 

and carbon dioxide removal through forest protection and (re)afforesta

tion (Verified Carbon Standard REDD+ Methodology Framework). It now 

also includes emission accounting standards for tidal marshes, seagrass 

meadows and mangrove forests that are being protected, restored or 

newly created. 

In addition, project initiators are increasingly trying to convince 

investors to invest not only in the ecosystems’ carbon removal functions, 

but additionally in their many ecosystem services such as coastal protec

tion and conservation of species diversity. This also makes the projects 

interesting for those financiers who wish to invest in environmental 

 protection.

An unanswered question: Who owns coastal ecosystems?

In many places, however, it is unclear who owns the tidal marshes, 

seagrass meadows, mangrove and kelp forests, who may decide on their 

future and who may make money with them. Is it the local communities 

whose behaviour is a basic prerequisite for the preservation of coastal 

ecosystems, or could regional, national or even global actors be allowed 

to decide on their future? And to what extent would they then have to 

involve the coastal people and pass on financial benefits? There are as 

yet no consistent answers to these and many other legal and regulatory 

questions, a situation that has so far discouraged financiers from under

taking extensive investments in the protection and restoration of vital 

coastal ecosystems.

5.13 > Before a global market for blue carbon credits can emerge, social 

and financial aspects as well as regulatory framework conditions and 

 control mechanisms must be clarified.
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5.14 > Three of the 

four coastal eco-

systems grow on soft 

substrates, form roots 

and are therefore able 

to accumulate carbon 

in the substrate. In 

contrast, kelp grows 

on rocks and can only 

store the carbon they 

take up in their algal 

biomass.
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The four vegetation-rich coastal ecosystems compared

Salt marshes Mangroves Seagrass meadows Kelp forests

Global area To date, not all the 
world’s tidal marshes have 
been mapped, so their 
total area can only be 
estimated. According to 
one of the most compre
hensive studies to date, 
tidal marshes occur in 
43 coastal countries and 
probably cover an area 
of some 55,000 square 
kilometres / 5.5 million 
hectares

147,359 square kilo  
metres / 14.7 million
hectares (as at: 2020)

The exact total area of 
seagrass meadows is not 
known. According to 
current data, it is between 
160,387 and 266,560 
square kilometres

Ca. 1,500,000 square
kilometres / 150 million 
hectares

Habitat location Intertidal zone Intertidal zone Shallow water area of 
sandy and sheltered 
marine bays

Shallow water area of 
rocky coasts

Size of the
existing carbon
deposits

An estimated 862 to 1350 
million tonnes of carbon

1900 to 8400 million 
tonnes of carbon in the 
top metre of the soil 
column; the amount of 
carbon stored in living 
biomass is estimated to 
be in the order of 1230 to 
3900 million tonnes

Estimates range from 
1732 to 21,000 million 
tonnes of carbon. This 
very wide range is due to 
uncertainties in seagrass 
meadow mapping, me
thodological differences in 
carbon measurement and 
different characteristics 
of the individual seagrass 
meadows

Kelp forests do not form 
their own carbon deposits 
in the seabed. Instead, 
dead organic material is 
transported away by wind 
and currents

Amount of 
carbon stored 
annually

12.63 million tonnes 
(globally) 

28 kilograms to 17 tonnes 
(per hectare)

41 million tonnes 
 (globally) 

560 kilograms to 11 
tonnes (per hectare)

35.31 million tonnes 
(globally) 

25 kilograms to 1 tonne 
(per hectare)

Solid data for kelp forests 
are as yet unavailable. It 
is estimated that annually 
about 11 per cent (173 
million tonnes) of the 
carbon taken up by 
 macroalgae is stored in 
the seabed and in deep 
water masses

Loss of area 25 to 50 per cent of 
the original area; in 
industrialized and rapidly 
developing countries up 
to 60 per cent since the 
1980s

35 to 50 per cent of the 
original area

approx. 29 per cent of 
original area since the 
1940s, with largescale 
losses in the USA, Aus
tralia, New Zealand and 
Europe

40 to 60 per cent of kelp 
forests have seen losses

        

The four vegetation-rich coastal ecosystems compared

Salt marshes Mangroves Seagrass meadows Kelp forests

Restoration
potential

High; the maximum 
available area is 0.2 to 3.2 
million hectares

High; the maximum area 
available is estimated to 
be between 9 and 13 
million hectares

Medium; compared to 
mangroves and salt mar
shes, the restoration of 
seagrass beds is expensive 
and more rarely success
ful; the maximum area 
available is between 8.3 
and 25.4 million hectares

Low, if too many grazers 
(sea urchins etc.) are on 
site; previous restoration 
projects to date have 
been rather smallscale

Main hazards 
and stressors

Changes in land use (agri 
culture, development), 
sealevel rise, introduced 
species, pollution

Deforestation, marine 
pollution, coastal develop
ment, extreme weather, 
sealevel rise

Sealevel rise, coastal 
development, rising air 
and water temperatures, 
eutrophication, bottom 
trawling, overfishing, boat 
traffic (especially ancho
rages), extreme storms

Ocean warming, ocean 
heatwaves, overfi
shing, marine pollution, 
over grazing by sea 
urchins and fish, human 
harvesting of macroalgae, 
extreme storms

Estimated cost of additional carbon dioxide removal: 1 to 60 US dollars per tonne of carbon dioxide for mangrove forests and 100 to 
1000 US dollars per tonne of carbon dioxide for salt marshes and seagrass beds

Estimated future emissions that can be avoided through effective protection of existing coastal ecosystems: 
140 to 460 million tonnes of carbon dioxide equivalents per year

Potential additional carbon dioxide removal as a result of widespread restoration of degraded vegetation-rich coastal ecosystems:  
0.621 to 1.064 billion tonnes of carbon dioxide equivalents per year from 2030. This amount would be equivalent to around 3 per cent of 
global carbon dioxide emissions from burning coal, gas and oil in 2020

for new plantings. One argument against such reclamati-

on for nature restoration is that in many areas coastal land 

with high restoration potential is used by smallholder far-

mers  whose entire income depends on precisely that land. 

If farming families had to give up their land, they would 

lose the resource base on which their livelihoods depend. 

For  these and other reasons, some experts believe that in 

 Southeast Asia, for example, the area on which mangrove 

forests could actually be restored or replanted is much 

smaller than generally held. Depending on the region, 

their proportion is a mere 5.5 to 34.2 per cent of the 

 theoretically available coastal area, if all socioeconomic 

arguments against restoration are taken into account.

Other experts are more optimistic about the restora-

tion potential. 

In a global analysis of the status and restoration poten-

tial of mangrove forests, researchers con cluded in 2018 

that there are only two types of areas where mangroves 

cannot be replanted: locations that have been urbanized 

(0.2 per cent of the mangrove area lost in 1996 to 2016) 

and locations where former habitat has become per- 

manent open water (16 per cent of the man grove area lost 

in 1996 to 2016). According to the  study, the restorable 

area of mangrove forests totals 8120 square kilometres, 

with 81 per cent of these areas being con sidered highly 

restorable.
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Green,  red and brown a lgae – part  o f  the c l imate  so lut ion?

In 2020, coastal farmers worldwide harvested some 36 mill ion tonnes of 

macroalgae, also known as seaweed or kelp; 97 per cent of these had grown 

in specially established algae farms. The seaweeds are used as food, animal 

feed or fertil izer, primarily in coastal countries. But their components are also 

traded worldwide because they are needed in the production of food, phar

maceuticals and cosmetics. And industrial companies are increasingly using 

algal biomass to produce biofuels – for instance in the People’s Republic of 

China, which now produces 59.5 per cent of the world’s traded macroalgae.

The term “macroalgae” covers organisms from three taxonomic groups: 

brown algae with some 2000 species, red algae with more than 7200 species 

and green algae with more than 1800 species. However, globally only 27 

 species were used for macroalgae farming in 2019, primarily red and brown 

algae.

Macroalgae are highly productive organisms. They grow quickly and 

sequester between 91 and 522 grams of carbon per square metre of sea sur

face, fi ltering the nutrients (nitrogen and phosphorus) they need to grow from 

the seawater. They thus not only clean the water and help combat the eutro

phication of coastal waters, but they also locally  reduce seawater acidification 

as they absorb carbon dioxide from the water for their photosynthesis and 

store the carbon in their tissue.

These climatefriendly properties and their comparatively simple cultiva

tion gave experts the idea of taking more carbon dioxide out of the atmos

phere by creating huge algae farms in which macroalgae photosynthesize and 

grow − both near the coast and in the open ocean. The resulting algae forests 

or mats could then be put to three climatefriendly uses:

•  as feedstock for bioenergy production with subsequent carbon  di 

oxide capture and storage (BECCS), 

•  as feedstock for the production of biochar, which could subsequently be 

used, among other things, to increase the soil carbon content and water 

retention capacity of agricultural lands, and

•  as biomass to be used for rapid intentional deepocean sinking.

The rapid sinking of large amounts of biomass could accelerate the organic 

biological carbon pump (see Chapter 2), giving marine organisms in the water 

column less time to consume or decompose the macroalgal biomass. Signifi

cantly greater quantities of biomass could reach depths of more than 1000 

metres or even the seabed and be decomposed there or permanently stored in 

the sediment. In both cases, the carbon contained in the macroalgal biomass 

would be locked away at depth for a long time. For comparison: If biomass 

sinks to a depth of 500 to 3000 metres, it takes more than 50 years, depend 

ing on the  ocean region, for the carbon it contains or possible degradation 

products to rise back to the sea surface.

A rapid expansion of largescale algae farming is currently not taking 

place because seaweed farms have so far mainly been operated in coastal 

waters, where both space and nutrient availability are limited. In addition, 

coastal waters are warming up with climate change, which makes algae 

 farming even more difficult. Scientists and enterprises in the field are there

fore trying to develop cultivation methods for openocean macroalgae  farming 

that could be used over thousands of square kilometres. There’s no shortage 

of ideas. These include, among others:

•  freefloating (Sargassum) macroalgae cages that are towed from one 

nutrientrich marine region to the next by remotecontrolled tug boats to 

achieve maximum growth rates;

•  macroalgae cultivation platforms that float nine metres below the sea 

surface during the day and are towed down into nutrientrich deep water 

at night;

•  cultivation platforms that are sunk and unloaded as soon as they are com

pletely covered in macroalgae. The aim here would be to transport the 

algal biomass to great depths as quickly as possible.

Limits and risks of macroalgae farming

Even though largescale algae cultivation is one of the socalled naturebased 

climate solutions, it has disadvantages for both humans and the environment: 

Where many macroalgae grow, an ecosystemwide competition for the nutri

ents dissolved in the ocean water begins. If the algae are harvested and thus 

removed from the sea, the marine biocoenoses will not only lack an important 

nutritional basis, but in the long term the ocean’s material cycle will also lack 

the nutrients contained in the algal biomass. This deficiency applies first and 

foremost to coastal waters that are not overfertil ized and as a consequence 

means that the productivity of the marine region in question decreases.

Initially, this dangerous chain reaction would result in less phytoplankton 

and fewer macroalgae, followed by fewer animals surviving not long after, as 

they run out of food. In China’s macroalgaefarming areas, experts have been 

trying to solve this nutrient problem for years. So far, however, every promis 

ing approach ultimately resulted in further difficulties in macroalgae cultiva

tion. So there is stil l no real solution to date.

The natural nutrient deficiency in marine regions such as the subtropical 

gyres also means that largescale openocean macroalgae farming could not 

be extended to the entire ocean. It would probably only be promising in the 

upwelling areas, i.e. those marine regions where nutrientrich deep water 

rises to the sea surface, as well as everywhere where humans either succeed 

in pumping deep water to the sea surface or regularly pull the growth plat

forms down from the lightfil led sea surface layer into nutrientrich deep 

water. 

When researchers recently simulated the effects of largescale open 

ocean macroalgae mariculture and deepsea sinking in an Earth system model, 

further consequences and risks for the ocean system became apparent.

The rapid sinking of biomass into water depths of more than 3000 metres 

and the thus reduced natural decomposition of organic material at medium 

water depths would decrease the oxygen deficiency zones in this part of the 

water column. At the same time, however, oxygen consumption would 

 increase at greater depths and on the seabed. There, marine organisms would 

5.15 > Research is currently underway to determine whether the ocean’s 

CO2 uptake could be increased by sinking floating Sargassum algae.

5.16 > In November, the macroalgae farms in the Chinese province of 

Fujian can already be spotted from a distance. By this time of year, the 

red and brown algae cultivated here have grown sufficiently and are being 

hauled in by the fishermen, rope-by-rope.

decompose a  large proportion of the algal biomass, resulting in the formation 

of large oxygen deficient zones in the deep sea; at the same time the deep 

water would acidify due to the microbial release of carbon dioxide. But that’s 

not all: as more biomass would also be stored in the seabed, the  ocean would 

lack the nutrients it contains in the long term. This, in turn, would further 

reduce phytoplankton growth and thus result in less marine life. 

In consequence, it is already foreseeable that macro algae farming will by 

no means be the sole solution to our climate problem. Instead, it is one of a 

multitude of methods that we can use to increase the ocean’s carbon dioxide 

uptake. Its largescale deployment, however, has drawbacks that first must be 

thoroughly weighed against potential benefits.  



Conclus ion
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Coastal  ecosystems – marine carbon sinks 

providing indispensable addit ional  services                     

Vegetation-rich coastal ecosystems such as tidal 

 marshes, seagrass meadows, mangrove forests and 

kelp forests are key players in the marine carbon 

cycle. Taken together, plant communities are respon-

sible for at least 30 per cent of the organic carbon 

stored in the seabed.

Carbon storage by these ecosystem types fol-

lows a fixed pattern: plants take up carbon dioxide 

and convert the carbon it contains into biomass. This 

is then stored in the root system (except in the case 

of kelp) or accumulates over time on the seabed in 

the form of dead branches, leaves and stalks. Sinking 

sediment subsequently buries the dead plant matter 

and much other organic material, cutting it off from 

oxygen. Under these conditions, the animal and 

plant remains cannot decompose. Instead, they form 

carbon reservoirs in the seabed that are in fact larger 

than the soil carbon stores of terrestrial forests and 

will remain as long as the salt marshes, seagrass 

meadows and mangrove forests thrive – which, 

ideal ly, can be for periods of many thousands of 

years.

This climate-relevant characteristic of marine 

meadows and forests allows for two conclusions to 

be drawn. Firstly, agencies and communities which 

protect existing marine meadows and forests effec-

tively prevent the degradation of their carbon stocks 

and thus the release of large quantities of greenhouse 

gases. Secondly, by planting new vegetation-rich 

ecosytems or restoring damaged coastal ecosystems, 

there are hopes of enhancing their natural carbon 

uptake in such a way that unavoidable anthropogenic 

greenhouse gas emissions can be offset.

The size of the carbon dioxide removal potential 

of coastal ecosystems is a matter of some debate in 

the scientific community, as key basic knowledge is 

still lacking, such as the level of carbon storage in  

the individual coastal ecosystems. There is much 

 evidence to suggest that there are major differences 

in carbon storage between locations, primarily due  

to local site conditions. New plantings which are 

de signed to achieve additional carbon dioxide remo-

val therefore only make sense in those regions where 

optimal growth and storage conditions prevail.

However, it would be wrong to make decisions 

on the restoration or possible expansion of vegeta-

tion-rich coastal ecosystems solely on the basis of 

their carbon removal potential. Tidal marshes, 

seagrass meadows, mangrove forests and kelp 

forests offer a long list of existential co-benefits. For 

instance, they produce oxygen, purify water, pro-

vide habitat and food for animals and plants, slow 

down waves and currents, protect the coasts from 

erosion and provide many millions of people all 

around the world with food, wood and an array of 

income opportunities.

Investments in their protection and in the resto-

ration of destroyed marine meadows and forests 

 therefore generate dual benefits. They help to offset 

emissions while simultaneously improving condi-

tions for human communities as well as marine orga-

nisms. However, the success of planned projects 

depends not only on whether they are professionally 

designed and implemented. It is similarly critical to 

involve the local communities in project planning 

and all-important decision-making processes. With- 

out their support, as experience from many parts of 

the world has shown, restoration projects on land 

and at sea are doomed to fail.

Not a panacea,  but a useful  tool  

in the r ight place

 

Blue carbon experts are still arguing about what conclu-

sions should be drawn from the uncertainties mentioned 

above regarding the feasibility and long-term effectiveness 

of the large-scale restoration and expansion of vegetation-

rich coastal ecosystems. Sceptics describe the existing 

blue carbon approaches as too immature to be used as a 

basis for national removal targets or to be included in 

 carbon offset trading. 

In support of their position, they point to the compara-

tively wide range of additional carbon  dioxide removal 

potential of marine meadows and forests. The wider that 

range, the more uncertain the actual potential for carbon 

removal. 

Other experts, however, are encouraged by that range 

to take a closer look. Studies indicate that protected and 

restored coastal ecosystems could remove an additional 

0.06 to 2.1 gigatonnes of carbon dioxide per annum from 

the atmosphere. 

This removal quantity is roughly equivalent to 0.02 to 

6.6 per cent of global carbon dioxide emissions in 2020 

and would be far from sufficient to offset the projected 

residual emissions of several billion tonnes of carbon 

 dioxide and other greenhouse gases. 

Blue carbon approaches alone would therefore not 

achieve the goal of global greenhouse gas neutrality  

even if all known measures that could prevent man- 

made greenhouse gas emissions were implemented in 

 parallel.

However, current research on the carbon uptake and 

storage by tidal marshes, seagrass meadows, mangrove 

and kelp forests also proves that there are indeed coastal 

areas where marine meadows and forests store a great 

deal of carbon and in this way contribute significantly to 

reducing greenhouse gas concentrations in the Earth’s 

atmosphere. 

The size of this contribution, however, is determined 

by local environmental conditions, which vary greatly 

from site to site and explain the major differences in 

 carbon dioxide removal potential. It would  therefore be 

wrong to dismiss the ability of coastal eco systems to 

absorb significant amounts of additional carbon dioxide, 

the experts argue. Instead, research is tasked with investi-

gating the extent to which each individual  coastal eco-

system absorbs, stores and, if necessary, releases carbon 

and to what extent it would also be able to fulfil this 

 removal and storage function in a warmer world. 

Only when sufficient data on the carbon cycle of local 

tidal marshes, seagrass meadows, mangroves and kelp 

forests are available could a decision be made as to 

whether new plantings for the restoration or expansion of 

marine meadows and forests in these areas would be 

socially equit able and actually promising from an emis-

sions perspective, i.e. whether they would result in addi-

tional carbon dioxide removal. Optimistic estimates indi-

cate that this would be the case in so many coastal areas 

that, in a best-case scenario, the current area of marine 

meadows and forests worldwide could be expanded by 30 

to 50 per cent by 2050.

Should this hope not be fulfilled and the vegetated 

 areas gained ultimately prove to be smaller, both humans 

and nature would still benefit from healthy and productive 

coastal ecosystems in many different ways. 

Their many co-benefits make tidal marshes, seagrass 

meadows, mangroves and kelp forests an invaluable 

 guarantor of survival for millions and millions of people 

and even more marine organisms. Protection and restora-

tion measures therefore tend to enjoy broad societal 

 support.

The scientific community refers to blue carbon 

approaches as measures with very few downsides which 

therefore give rise to few concerns (low-regret measures). 

Moreover, the restoration methods at least for mangroves 

and tidal marshes are technically mature enough that 

their use would be theoretically feasible and could be 

well controlled by local administrations and political insti-

tutions.

Investments in effective and science-based conser - 

va tion and restoration projects for tidal marshes, seagrass 

meadows, mangroves and kelp forests are therefore 

 already paying off today. Measures of this kind are needed 

more urgently than ever in a warming world.



  > Algae,  zooplankton and f ish are prime drivers of what is  termed the biological  carbon 

pump. This natural  process needs nutr ients to function properly.  Such nutr ients,  however,  are lacking in 

many places,  notably in sunlit  surface waters.  Pumping up nutr ient-r ich deep ocean water could remedy 

this nutr ient deficiency.  Whether such a step would actual ly increase the ocean’s natural  uptake of 

 carbon is uncertain.

Artificial upwelling –  
the idea of greening the ocean 6



6.1 > The unicellular 

algae Emiliania 

huxleyi is one of 

the ocean’s keystone 

species. It forms huge 

algal blooms and thus 

contributes signifi-

cantly to the oceanic 

biological carbon 

pump. Its conspi-

cuous shell consists 

of microscopic calcite 

discs, to which the 

unicellular organism 

owes its name „calca-

reous algae“. 6.2 > The main nu-

trients of importance 

for algal growth, i.e. 

phosphorus, nitrogen 

(in the form of ni-

trate) and silicate, are 

unevenly distributed 

in the oceans. There-

fore, only 25 per cent 

of the sea surface 

can be described as 

nutrient-rich areas. 

They are mainly 

 located at higher 

latitudes as well as 

in the Earth’s natural 

areas of upwelling.

Nit r ate content in sur face wate rChlorophyl l  content in sur face wate r
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Locat ion and direc t ion of c irculat ion 
of the subtropica l gyres

Micrograms per l i t re Micromoles per l i t re
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60° S
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30° N

60° N
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0°

90° S

60° S

30° S

30° N
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Low algal abundance despite high macronutr ient 
concentrat ions (e.g. phosphorus, nit rogen, s i l icate)
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The role of microscopic marine algae

 

Protecting and expanding the highly productive plant 

communities of coastal regions (Chapter 5) would be one 

possible biological method to enhance the ocean’s uptake 

of carbon dioxide. However, there is a second approach 

that relies on the ocean’s biology. Its basic idea is to boost 

the natural organic biological carbon pump of the ocean. 

This is driven by the biotic communities in the oceanic 

surface waters, especially by single-celled, microscopic 

algae, the phytoplankton, whose representatives are just 

0.0001 to 0.5 millimetres in size.

The most important groups of phytoplankton include 

the diatoms, the dinoflagellates, the haptophytes with 

their best-known subgroup, the coccolithophores, and the 

tiny picophytoplankton, which account for up to 80 per 

cent of the biomass in surface waters in the large nutrient-

poor areas of the oceans. Together, the phytoplankton 

communities of the global ocean are currently responsible 

for about half of the global carbon dioxide uptake and car-

bon sequestration. It is estimated that they absorb about 

50 gigatonnes of carbon per year. The unicellular marine 

algae thus have a critical influence on the carbon dioxide 

content of the global ocean and atmosphere and are impor-

tant players in the ocean’s carbon cycle.

Phytoplankton needs sunlight in order to photosyn-

thesize, which is why the algae are only active in the sun-

lit oceanic surface waters, at depths of not more than 150 

metres, depending on the water’s turbidity. How fast the 

algae grow and what species occur together depends pri-

marily on which nutrients the surface water contains and 

in what quantities. It is not limited by the availability of 

dissolved carbon dioxide, as this basic ingredient for pho-

tosynthesis is always available in sufficient quantities. 

Diatoms, for example, which bind a comparatively large 

amount of carbon and are responsible for about 40 per cent 

of marine biomass production, primarily grow in  areas 

where the surface water contains both the macronutrients 

phosphorus and nitrogen as well as micronutrients such as 

iron and dissolved silicic acids (silicon dioxide, also called 

silicate).

Phosphorus and nitrogen (often in the form of nitrate) 

are needed for the development of algal cells. Both 

 nutrients enter the sea via rivers, from the atmosphere,  

or are released during microbial recycling processes, for 

example in the sediment layer on the ocean floor. The 

Kick-s tar t ing the b io log ica l  carbon pump

   > Phytoplankton growth is l imited on about 75 per cent of the ocean sur-

face,  because in those regions the l ight-f i l led surface waters do not contain enough nutr ients.  Deep 

ocean water,  in contrast ,  tends to be r ich in nutr ients.  This knowledge gave r ise to the idea to pump 

up (“upwell”) nutr ient-r ich water from several  hundred metres below the ocean surface in order to 

increase algal  growth in the sunlit  upper layers and thus boost the performance of the biological 

carbon pump. Whether art i f ic ial  upwell ing wil l  prove useful  is  uncertain.  Research investigating the 

concept has been presenting scientists with extraordinary technical  chal lenges.

nitrogen then needs to be converted into nitrate by cyano-

bacteria – otherwise it’s no use to the phytoplankton. The 

algae need iron to form enzymes and proteins – especially 

those that are essential for photosynthesis. Important 

sources of iron for marine phytoplankton communities are 

Arctic and Antarctic glacial meltwater, sediment-laden 

streams and rivers, dust clouds that rise above deserts and 

subsequently discharge sand over the ocean, as well as 

deep sea hydrothermal processes (such as black smokers, 

i.e. deep sea vents), in which iron-rich water escapes from 

the ocean floor. If there is a lack of silicate in the water, 

diatoms are unable to build up their silica shells, which 

among other things protect the protozoa from being con-

sumed by smaller copepods. Under these conditions, 

other, mostly smaller algae species grow instead of dia-

toms.

Globally, only 25 per cent of the ocean surface waters 

are considered to be nutrient-rich areas. These are mainly 

located in the higher latitudes (e.g. North Atlantic) and in 

the Earth’s natural areas of upwelling. The remaining 75 

per cent lack certain nutrients in the surface waters, so 

that algal growth is naturally limited. In deep ocean water, 

however, sufficient nutrients are available everywhere.

Artif ic ial  upwell ing −  

modelled on the ocean itself

One must understand these connections to realize how 

the organic biological carbon pump could theoretically  

be cranked up. The plan is to pump nutrient-rich water 

from depths of 200 to 1000 metres up to the surface in 

nutrient-poor regions of the ocean where there is as yet 

not much algal growth, an approach termed “artificial 

upwelling”. According to this idea, the function of deep 

ocean water brought up to the light-filled surface layer 

would be akin to fertilizer: Algal growth would increase, 

especially when it comes to diatoms, and in the course  

of photosynthesis the algae absorb more carbon dioxide 

from the water and incorporate the carbon it contains  

into their  biomass. The carbon dioxide content of the  

surface water would consequently decrease, enabling  

the ocean to absorb new carbon dioxide from the atmos-

phere.

Increased algal growth in the surface waters would  

in turn mean more food for krill, copepods, true conchs 

and other free-floating organisms (zooplankton) as well  

as fish, and would lead to an increased transport of car-



6.3 > A variety of 

methods can be used 

to generate artificial 

upwelling. One idea 

is to deploy tube-like 

wave pumps in the 

ocean. They have a 

surface buoy at the 

upper end that rises 

and falls, following 

the wave motion. The 

motion transfers to a 

pump in the upwelling 

tube which then lifts 

the deep ocean water 

to the surface.

Wave pump

Wave pump
200 – 400 metres

Carbon dioxide 
uptake increases.

The s inking microalgae br ing 
carbon down to the seabed. 
In the open ocean, less than 
one per cent of the s inking 
organic mater ia l reaches the 
seabed.

Nutr ient-r ich deep ocean 
water from the depths 
s t imulates the growth of 
microalgae that absorb carbon.

 Deep ocean water 
r ich in nutr ient s and 

carbon dioxide is 
t ranspor ted upwards.

10 – 30 metres

CO2
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bon-containing material in the form of particles, faecal  

pellets and carcasses to greater water depths, ideally 

 deeper than 1000 metres. The carbon contained in the 

 sinking material would thus be locked away in the depths 

of the ocean for decades or even centuries – until such 

time as one day the carbon-rich water masses rise back to 

the surface.

Until then, the carbon stored in the depths can no 

 ‚longer escape into the atmosphere in the form of carbon 

dioxide. However, only those residual amounts of biomass 

are actually removed from the carbon cycle that trickle 

down to the ocean floor undamaged and are permanently 

stored in its sediment. Their share corresponds to less 

than one per cent of the carbon originally absorbed by the 

algae. If the carbon originated from other sources (wood, 

whale bones, etc.), this pro portion can be higher (for more 

detailed information see Chapter 2).

Artificial upwelling mimics the functionality of the 

 large natural areas of upwelling off the western coasts of 

Peru, Namibia, California and Mauritania (subtropical 

Africa and America). Driven by winds, nutrient-rich cold 

deep ocean water rises to the sea surface there and allows 

life to flourish in the surface waters. This nutrient input 

from the depths is the reason why upwelling areas are 

among the most productive and fish-rich ocean regions in 

the world. However, in order to imitate this successful 

oceanic strategy using technological means and apply  

it in previously less productive marine regions, tens to 

hundreds of thousands of upwelling pumps with a total 

delivery volume of one million cubic metres of water per 

second would be needed. Only then would the artificially 

generated upwelling effect be roughly equivalent to that 

in the natural areas of upwelling. 

It is questionable whether it would be expedient  

and economically viable to deploy that many pumps.  

In a simulation study conducted in 2022, researchers  

concluded that the additional carbon dioxide removal  

and consequent storage at greater depths would merely 

6.4 > The beauty and variety of forms of diatoms only be-

come apparent when viewed through an electron microscope. 

Many thousands of species have been discovered so far. They 

all live in a “house made of glass”, or more precisely in a 

protective armour of hydrated silicate.



6.5 > The Spanish 

research vessel Sar-

miento de Gamboa 

at sea with a wave 

pump. The pump was 

deployed in November 

2022 for testing and 

research purposes 

in the Atlantic 

Ocean south of Gran 

Canaria. The dark 

upwelling tube is ini-

tially wrapped around 

the yellow buoy and 

only unrolls when the 

bottom weight drops 

down into the ocean 

depths.
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•  Secondly, a large proportion of today’s deep ocean 

water was formed before the onset of industrializa-

tion. This means that these water masses so far only 

contain carbon from natural carbon dioxide sources 

and not yet from man-made emissions. For this reason, 

the deep water still has sufficient buffer capacities to 

absorb additional carbon dioxide and contribute to 

compensating for hard-to-avoid anthropogenic carbon 

dioxide emissions (for further explanations please 

refer to Chapter 2).

•  Thirdly, the acid-binding capacity of deep ocean  

water – its alkalinity – is higher than that of the sur-

face water in some marine regions. There, artificial 

up welling would lead to an increase in alkalinity in 

the surface water, which would allow for an increased 

uptake of carbon dioxide, while also buffering the 

associated acidification (for further explanations 

please refer to Chapter 2).

However, it is not yet clearly understood which of the  

two carbon pumps is the more significant in terms of arti-

ficial upwelling, and how their carbon dioxide removal 

poten tial will change in the course of climate change. 

Research into the feasibility of artificial upwelling pro-

cesses and their impacts and risks is still in its infancy.

The search for the optimal  

pumping technology

 

One open research question, for example, is which pum-

ping technique would be the most efficient way to gene-

rate artificial upwelling. The methods discussed so far dif-

fer in pumping technique and upwelling mode. The critical 

factor for the pumping technique is where the pumps get 

the energy they would need to transport large masses of 

water to the ocean surface. German marine scientists have 

already gained experience with a “wave pump”. Pumps of 

amount to approximately 150 million tonnes per year  

even if upwelling pumps reaching down to a depth of  

500 metres were to be deployed to every square  

kilometre of surface across the tropical-to-subpolar ocean 

waters.

The envisaged ecosystem transformation

 

Artificial upwelling would have the greatest theoretical 

potential impact in nutrient-poor and consequently less 

productive marine regions such as the subtropical gyres. 

The biotic communities in their surface waters are perfect-

ly adapted to the low nutrient status. For example, instead 

of many large diatoms, smaller species of algae grow in 

such regions; following their death they sink less quickly 

and also carry away less biomass (fixed carbon) into the 

ocean depths. The zooplankton is also comparatively 

small: It does not need large mouthparts to crack the dia-

toms’ hard shells, and smaller organisms also need less 

food and energy to survive. After all, both are in short 

 supply in the nutrient-poor surface waters of the subtro-

pical gyres.

If the amount of available nutrients were to change 

permanently due to artificial upwelling, the biotic commu-

nity of the surface waters would presumably adapt to  

this new situation over time. First, more diatoms would 

grow. These would be followed by larger zooplankton 

which is able to break down the diatoms’ hard silicon 

shells. Large, nutritious zooplankton would in turn attract 

fish, which is why experts assume that artificial upwelling 

would boost fish stocks in the long term in the regions 

concerned. But just how well the envisaged adaptation 

processes would work in practice is the subject of current 

research projects.

Interplay of biological  

and physical  carbon pump

 

The biological carbon pump is not the only process that 

determines whether or not artificial upwelling can in fact 

remove additional carbon dioxide from the atmosphere.  

In addition to high nutrient concentrations, deep ocean 

water also contains additional carbon dioxide, which has 

accumulated there by means of two processes: firstly via 

the biological carbon pump described above and secondly 

via the physical carbon pump.

The physical carbon pump is driven by sinking cold 

water masses in the polar regions. Since the solubility of 

gases is higher in cold water, i.e. the water can absorb 

more gases, the water masses that sink in the high lati-

tudes and then slowly move at depth towards the equator 

contain a relatively high amount of carbon dioxide. If this 

cold, carbon dioxide-rich deep ocean water is pumped to 

the surface, it warms up. At the same time, its ability to 

dissolve gases decreases and the stored carbon dioxide 

outgasses back into the atmosphere. Therefore, if the 

 oceanic carbon dioxide uptake is to be increased by means 

of artificial upwelling, the process must ensure that more 

carbon dioxide will be sequestered by algae and trans-

ported to great water depths than reaches the surface with 

the upwelled deep ocean water.

One of the arguments in favour of using artificial 

upwelling is that progressive climate change increases  

the stratification of oceanic water masses. As a result, the 

surface water and the water in the twilight zone below 

mix to a lesser extent, which is why the natural nutrient 

supply from the deep ocean decreases, and along with it, 

in the long term, biomass production in the sunlit part of 

the water column. Artificial upwelling could counteract 

this development to some extent.

Using computer simulations, researchers also dis-

covered that the carbon dioxide removal potential through 

artificial upwelling increases with each degree of addi-

tional warming, regardless of the decreasing biomass pro-

duction due to ocean warming, acidification and oxygen 

loss. Once again, this is due to the physical carbon pump. 

Model calculations indicate that the physical carbon pump 

would benefit threefold in a warmer world from large- 

scale deployment of artificial upwelling:

•  Firstly, the upwelling of cold deep ocean water would 

lead to a cooling of the air layers near the surface and 

simultaneously reduce the temperature of the surface 

water.



6.6 > Researchers 

simulate the rise of 

deep water and its 

subsequent behaviour 

in the ocean’s surface 

layer with the help of 

various flow models. 

This model illustra-

tion shows how the 

cold, nutrient-rich 

water (yellow) rises 

from the pump, then 

immediately sinks to 

medium depths and 

disperses.
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this type consist of a long upwelling tube and have a sur-

face buoy at the upper end that rises and falls following 

the wave motion. This motion transfers to a pump in the 

upwelling tube which then lifts the deep ocean water to 

the surface using the force of the waves. A bottom weight 

keeps the tube upright in the water column.

When scientists in Germany used such a wave  

pump with a tube 30 metres in length and 0.4 metres in 

diameter off the coast of Gran Canaria, it generated an 

upward flow of about 35 cubic metres of water per  

hour. With wave frequencies and wave heights typical of 

oceanic regions in low to mid-latitudes, maximum flow 

rates of one to two cubic metres of water per second  

can be generated with larger dimensioned pumps of this 

type. However, to achieve a substantial climate-impacting 

throughput, at least one million cubic metres of deep  

ocean water per second would have to be pumped to the 

surface.

Higher pumping rates could be achieved using electri-

cally driven propeller pumps. In Norway, such pumps are 

already in use in salmon aquaculture to pump oxygen-rich 

and warmer deep ocean water into the cages in winter. 

The salmon grow faster this way. However, propeller 

pumps have not yet been tested for artificial upwelling 

projects in the open ocean. Electrically powered pumps 

would only be an option if wind or solar power for their 

operation could be generated on-site. 

Moreover, if artificial upwelling were to be used on a 

large scale, the maintenance effort would be considerable, 

because the pumps held vertically in the water column 

would be exposed to tremendous stresses around the 

clock. For example, one of the issues would be the varying 

current strengths depending on water depth. They would 

tug at the pump to varying degrees and put the material 

under constant stress, especially in ocean regions with 

strong currents, such as the subtropical gyres. Resear-

chers from Germany experienced these impacts during 

the first test run of a newly developed wave-powered 

upwelling pump in November 2022. Three hours after the 

200-metre-long pump was deployed, its bottom weight 

detached from its mount and sank. The wave pump then 

failed to operate.

Is  i t  better  to fert i l ize once or  

on an ongoing basis?

 

Apart from the pumping technique, a second important 

parameter is the upwelling mode. In this respect, experts 

distinguish between a one-time supply and a continuous 

supply of deep ocean water, which, according to initial 

test runs, has different effects on the marine ecosystem 

and the production of rapidly sinking biomass. For the first 

method (singular upwelling) the pump would be moored 

at sea, i.e. it would be stationary. The surface water would 

flow steadily past it and each individual unit of water 

would be enriched only once with upwelled nutrients. In 

contrast, with the second method (recurring upwelling) 

the pump would drift freely along with the current and 

could thus continuously supply one and the same body of 

water with nutrient-rich deep ocean water.

Initial results from experiments conducted as part of 

the EU research project Ocean artUp indicate that the 

6.7 > In Norwegian salmon farms, electrically powered pro-

peller pumps are used to create artificial upwelling. The aim 

is to supply the salmon with oxygen-rich and, during winter, 

warmer deep ocean water so that they grow more quickly.



6.8 > In a wave pump 

test off Gran Canaria, 

the scientists poured 

a non-toxic bright 

green liquid made 

of seawater and the 

harmless fluorescent 

dye uranine into the 

upwelling tube in 

order to be able to 

observe how the deep 

water is distributed 

at the sea surface. 

Technical problems 

ultimately caused the 

experiment to fail.
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 biological carbon pump becomes more efficient when a 

body of water is continuously supplied with nutrients. 

This, in turn, would mean that the pumps would have  

to be deployed in a targeted manner and then allowed to 

drift freely along with the water masses – an approach 

that would entail many risks for humans and the environ-

ment and, on top of that, pose logistical and legal pro-

blems.

Simulations of artificial upwelling in flow models  

also suggest that the upwelled nutrient-rich deep ocean 

water does not disperse evenly at the ocean surface. 

Instead, due to its cooler temperature and resulting  

higher density, it probably sinks to medium depths,  

where low light levels limit photosynthesis by phyto-

plankton.

The success of artificial upwelling also depends on the 

nutrient concentration in the deep water. This can vary 

greatly depending on the area of the ocean where the 

pump is deployed and the depth from which the water  

is brought up. Which constellation of nutrients increases 

the carbon dioxide uptake of the sea most efficiently has 

not yet been sufficiently researched.

Impacts on marine ecosystems

 

Artificial upwelling alters nutrient availability in surface 

waters and thus one of the pillars of marine life. Scientists 

have investigated how profound this change can be and 

what differences occur, using comparative experiments in 

the Humboldt Current (a natural upwelling area off the 

coast of Peru) and in a nutrient-poor marine region off  

the coast of Gran Canaria respectively. They focused on 

three parameters: the mixing ratio of nutrient-rich deep to 

nutrient-impoverished surface waters (low to high), the 

upwelling mode (recurrent or singular supply of deep 

 ocean water) and the deep water’s silicate content, which 

in turn is crucial for the growth of diatoms.

As expected by the researchers, all three parameters 

changed the algal growth and species community compo-

sition. The strongest algal blooms occurred when a lot  

of deep ocean water was brought up, this contained a  

lot of silicate and the surface water was fertilized just 

and reduced light penetration in the surface water, as  

well as increasing oxygen deficiency at mid-depths – 

where microorganisms would decompose the sinking 

 biomass.

It is also necessary to investigate the effects an in - 

creased transport of carbon-rich biomass might have on 

ecosystems in the deep ocean and how deep-sea commu-

nities react to possible changes in temperature and water 

mass stratification. Scientists involved in the German 

research mission CDRmare are conducting corresponding 

experiments, lab-based studies and computer simulations, 

the results of which will however only become available 

in the course of 2024.

An unclear legal  f ramework

The legal framework for the use of artificial upwelling  

has not yet been clearly defined at all. For example, the 

once. Under these conditions, the algal blooms even  

stored a particularly large amount of carbon in their bio-

mass. Experts call this phenomenon carbon overconsump-

tion.

However, to the research team’s surprise, in the  

experiments off Gran Canaria the additionally formed 

algal biomass and its beneficial properties did not  

automatically lead to an increase in carbon transport to 

the ocean depths. Zooplankton and other marine orga-

nisms hardly capitalized on the additionally formed algal 

biomass. In other words, unlike in the Humboldt Current, 

whose biotic communities are accustomed to nutrient 

abundance, off Gran Canaria both the hoped-for transfer 

of fixed carbon in the food web and the accelerating effect 

on the downward transport of zooplankton feeding on 

phytoplankton failed to occur. Instead, the carbon-rich 

 biomass formed in the surface water sank only slowly  

and was degraded by microorganisms before it could 

reach great depths.

One explanation for these observations could be the 

experiments’ short duration. This gave the biotic commu-

nity off the coast of Gran Canaria, which is accustomed to 

a lack of nutrients, insufficient time to adapt to the sudden 

increase in food supply. The marine organisms, the resear-

chers reckon, were therefore unable to utilize the sudden 

food surplus and consume the well-armoured diatoms and 

other large algae species. This is an important finding, 

because the scientists expect similar results in the future 

for the use of moored upwelling pumps in nutrient-poor 

marine regions. The surface water would flow past these 

permanently installed pumps and only receive a one-time 

nutrient pulse, which will presumably present the plank-

ton communities with the same problems as in the experi-

ments off Gran Canaria.

Moreover, there are other unanswered questions, 

such as potential risks to marine life that may be  

associated with artificial upwelling, or the length of 

time it would take for the local ecosystem to fully adapt 

and be able to sequester the maximum amount of carbon 

and export it to the ocean depths after one or more  

pumps are put into operation. Experts suggest that  

increasing algal blooms could result in nutrient scarcity 

question arises as to whether the deployment of large 

numbers of upwelling pumps would violate currently 

applicable law or whether their deployment would even 

require a permit. Should permits be needed, then who 

would be allowed to issue these and under what condi-

tions? Consideration must also be given to the fact that 

artificial upwelling constitutes an activity at sea that  

legally falls within the regulatory framework of interna-

tional maritime law, but in substance aims to increase  

the ocean’s potential to sequester CO2 and thus pursues 

an objective of climate law. The international law of the 

sea does not yet take such new marine use plans into 

account. 

For this reason, legal scholars are currently reviewing 

the legal framework for large-scale upwelling operations 

to increase the ocean’s carbon dioxide uptake. Relevant 

conventions and principles in this context include the 

international London Protocol and the German Sea Pollu-



6.9 > With this 

system, consisting 

of a solar-powered 

platform, air-injection 

tubes and numerous 

nozzles, Chinese 

 scientists succeeded 

in transporting 

 nutrient-rich deep 

 water to the sea 

surface in an over-

fertilized marine 

bay. As a result, not 

only did the farmed 

macroalgae grow 

better, but the issue 

of eutrophication also 

diminished. 

Conclus ion

 

Schemat ic d iagram of an a r t i f i c ia l  upwel l ing sys tem

Connect ion between solar plat form 
and a ir- injec t ion tube

Distr ibut ion of a ir- injec t ion tube

Float ing solar plat form Air- injec t ion nozzles
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tion Act (Gesetz über das Verbot der Einbringung von 

Abfällen und anderen Stoffen und Gegenständen in die 

Hohe See – Law on the prohibition of dumping wastes  

and other substances and objects into the high seas). In 

addition, the experts are analysing the extent to which 

artificial upwelling operations could be regulated under 

international law, what decision-making powers rest with 

individual nations, and how artificial upwelling measures 

could be integrated into international marine environ-

mental protection and climate law without compromising 

other forms of marine use and environmental and species 

protection concerns. The legal scholars aim to determine 

what changes would need to be made to the legal con- 

ventions and principles in order to create an appropriate 

regulatory framework for the governance of artificial 

upwelling (for more on legal frameworks please refer  

to Chapter 9).

 

Growth-aid for macroalgae

In view of the comparatively low carbon dioxide removal 

potential, the many and large knowledge gaps and the 

enormous technical and logistical effort that would be 

required to implement artificial upwelling on an industrial 

scale, it is considered rather unlikely that these processes 

will actually be used on a large scale one day to strengthen 

the ocean’s biological carbon pump. In contrast, the use of 

artificial upwelling appears much more useful when it 

comes to the question of supplying sufficient nutrients to 

kelp farms in coastal waters.

This assertion is based, among other things, on expe-

riments conducted by Chinese researchers in the Yellow 

Sea in the period of 2018 to 2020, more precisely in 

 Aoshan Bay in the Chinese province of Shandong, a centre 

of Chinese macroalgae production. So many macroalgae 

are now grown in that region that the amount of nutrients 

in the surface water is no longer sufficient and diseases 

and deficiencies are therefore spreading among the  farmed 

algae populations. In contrast, the bottom water and pore-

water in the seabed are far too nutrient-rich because these 

coastal waters have been over-fertilized for a long time. 

For the farmed macroalgae at the sea surface, however, 

these surplus nutrients are out of reach.

This observation gave the scientists the idea of using 

artificial upwelling to transport the nutrient-rich deep  

ocean water to the surface. They used a moored floating 

solar platform to provide power to an air-injection system 

Artif ic ial  upwell ing −  

the verdict :  “of l imited uti l i ty”                        

“Artificial upwelling” is the term used to describe 

processes that aim to transport nutrient-rich deep 

ocean water to the sea surface in order to boost the 

growth of microscopic algae and thus the ocean’s bio-

logical carbon pump. 

This would store a certain proportion of the now 

newly formed biomass in the depths of the ocean and 

lock away the carbon it contains for several decades 

to centuries.

However, to function as a negative emission tech-

nology the boosted food web must bind and sequester 

more carbon in the depths of the ocean than out-

gasses at the surface from the mostly carbon dioxide-

rich deep ocean water upwelled to the surface –  

a requirement that can presumably only be met 

under very specific conditions, which is why the 

potential for additional carbon dioxide removal is 

 rather low.

There is also a high degree of uncertainty as to 

the technical means by which artificial upwelling 

can be generated on a climate-relevant scale and 

what risks the processes entail for the marine 

 environment – especially for the numerous biotic 

communities at mid-depths and in the deep ocean. 

Uncertainties also surround the regulatory  frame- 

work that would be required for  large-scale deploy-

ment, precisely because the use of many pumps 

would presumably severely restrict other forms of 

marine use. So far, the use of artificial upwelling 

would appear to only make sense and be economical-

ly  worthwhile as an aid in kelp farming. The artifi-

cially generated nutrient input from the depths 

 increases the growth of the macroalgae and helps 

them to absorb more carbon dioxide and bind more 

carbon in their biomass.

that forms a large-scale rising bubble plume for two  

hours each day. The results confirmed the scientists’ 

 working hypothesis: Macroalgae growing in the imme-

diate vicinity of the upwelling site had produced more 

than four times as much biomass as macroalgae harvested 

at a greater distance. At the same time, the macroalgae  

had taken up lots of phosphorus and nitrate from the 

depths and improved the water quality of the over-ferti-

lized marine bay.

Used in the right place, artificial upwelling techniques 

have the potential to increase algal growth and thus the 

oceanic uptake of carbon dioxide, and also contribute to 

improving the environmental status of over-fertilized 

 coastal waters. However, it appears more than question-

able at the present time that this method will ever actually 

be used to enhance phytoplankton growth and thus boost 

the ocean’s biological carbon pump.



  > Complex processes al low the ocean to absorb carbon dioxide from the atmosphere,  che-

mical ly bind much of the carbon it  contains,  and store this carbon in i ts  water masses.  However,  the more 

carbon dioxide the sea absorbs,  the more acidif ied i ts  waters become. This process could be reversed 

through a targeted boost of i ts  natural  acid-binding capacity.  As yet,  however,  l i t t le is  known about the 

impacts that could result .

Targeted interventions  
in marine chemistry  7



7.1 > In September 

2009, hundreds of 

fishers participated in 

a protest against the 

increasing acidifica-

tion of the ocean off 

the southern coast 

of Alaska. The cold 

Alaskan waters absorb 

particularly large 

amounts of carbon 

dioxide from the 

atmosphere and are 

thus severely affected 

by acidification.

7.2 > The alkalinity  

of seawater is deter-

mined by two fun-

damental processes: 

first, by the intro-

duction of dissolved, 

acid-binding disso-

lution products of 

rock weathering; and 

secondly, by the natu-

ral uptake and further 

processing of these 

dissolution products 

by marine creatures 

such as calcareous or-

ganisms (carbonates) 

or diatoms (silicates). 

In the formation of 

carbonate minerals 

(CaCO3) a portion 

of the bound carbon 

 dioxide (CO2) is 

released again. 

Limestone

Limestone is a sedi- 

mentary rock com-

prised primarily of the 

minerals calcite and 

aragonite, which are 

both forms of calcium 

carbonate (CaCO3). 

The overwhelming 

majority of limestones 

are of biogenic origin, 

which means that 

they were formed 

and  deposited by 

living creatures such 

as mussels or corals. 

Limestone can also, 

however, be precipi-

tated directly out of 

the water by chemical 

processes. 
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The laws of marine chemistry

 

The ocean is a gigantic carbon repository. Today, its water 

masses already contain more than 50 times as much 

 carbon as the Earth’s atmosphere, and in recent years it 

has absorbed one-fourth of the carbon dioxide emissions 

produced by humans, thus significantly retarding the 

 progress of global warming.

Carbon dioxide uptake by the ocean occurs at the sea 

surface, and is made possible by the constant exchange of 

gases between the surface waters and the atmosphere. 

The exchange balances out pressure differences that exist 

between the carbon dioxide dissolved in seawater and 

that in the atmosphere. When the concentration of carbon 

dioxide in the atmosphere increases, the ocean responds 

by absorbing more carbon dioxide.

When carbon dioxide dissolves in seawater, a large 

proportion of the gas undergoes a series of chemical 

 reactions. The dissolved gas, which could otherwise 

escape back into the atmosphere at any time, is chemically 

bound rather quickly in the seawater in the form of hydro-

gen carbonates and carbonates. When this has occurred, 

outgassing back into the atmosphere is no longer possible. 

At the same time, as a result of the reactions, the concen-

tration of dissolved carbon dioxide in the surface waters 

decreases and the ocean is able, to some degree, to take up 

more carbon dioxide from the atmosphere.

However, as a consequence of this reaction chain, pro-

tons, or hydrogen cations, are released, a result that con-

tributes to the acidification of the ocean. The amount of 

these that are released depends upon the acid-binding 

capacity of the water, which is also known as its alkalinity. 

The alkalinity of seawater is primarily determined by the 

abundance of acid-binding components of mineral origin 

in the water (hydrogen carbonate, carbonate and others), 

which were previously dissolved over many millions of 

years by the weathering of rocks on land, and transported 

by rainwater through brooks and rivers into the seas. Some 

rocks are also weathered directly at or in the sea. The 

 slowly eroding chalk cliffs on the coast of Germany’s 

island of Rügen in the Baltic Sea provide a  striking  example. 

With a bit of luck visitors to this site can directly observe 

how rain, wind and waves wash chalk residues (friable 

lime stone) from the cliff walls and disperse the highly reac-

tive minerals within the coastal waters. 

When the amount of such acid-binding dissolution 

products of rock weathering in the water is high, a large 

proportion of the acidifying protons are not even released 

in the first place, but are immediately bound by the intro-

duced minerals as part of the chain reaction. In this case, 

Alkal in i ty  enhancement  – an approach in  i t s  in fancy

   > The amount of carbon dioxide the ocean can absorb without substantial ly 

acidifying depends on the alkal inity of i ts  surface waters.  This term refers to the amount of acid-bind- 

ing mineral  components that were previously dissolved by the weathering of rocks and discharged 

into the sea.  This then raises the question: Could a del iberate input of minerals help to increase the 

ocean’s carbon dioxide uptake without disrupting its  chemistry and l i fe in the ocean?

the acidification of the water is buffered. If the water 

 contains a lesser amount of minerals, however, its acid-

binding capacity is limited. The number of free protons 

increases and the water becomes increasingly acidified, 

which causes deterioration of the conditions for many 

marine organisms (as set out in detail in Chapter 2). 

The idea – to accelerate natural  weathering

The weathering of rocks and the resulting dissolution of 

the minerals they contain in the sea are natural processes 

that proceed comparatively slowly, and that influence the 

Earth’s climate over time periods of thousands of years or 

more. It is estimated that they remove 1.1 billion tonnes of 

carbon dioxide from the atmosphere annually. As a long-

term average, this is roughly the same as the amount of 

carbon dioxide that is introduced into the atmosphere 

through volcanic activity and through mineralization pro-

cesses in the Earth’s mantle and in the ocean. In order to 

increase the removal of carbon dioxide to offset unavoid-

able residual carbon dioxide emissions by human societies, 

the natural weathering processes would have to be accele-

rated by a factor of around five. An example calculation:  

If humans could increase the alkalinity of the upper 50 

metres of the world ocean by 0.25 per cent, or five milli-

moles per cubic metre of water, the change in marine 

 chemistry would result in an uptake of one billion tonnes 

of carbon. That corresponds to around 3.7 billion tonnes of 

carbon dioxide, which is one-tenth of the carbon dioxide 

that was emitted globally from fossil sources in the year 

2022.

According to modelling studies, a targeted increase of 

ocean alkalinity through accelerated natural-rock weather- 

ing would indeed be possible. It would require the intro-

duction of additional acid-binding minerals into the ocean. 

This approach is known as ocean alkalinity enhancement.
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The shel l f ish tr ick of the native North Americans

Native peoples on the west coast of North America have been using a 

natural form of alkalinity enhancement for thousands of years to boost 

their shellfish production. They have developed a special technique for 

breeding called clam gardening. The shellfish breeders construct walls in 

marine bays from debris and rocks along the low-water line. When surf 

water flows over this wall at high tide, silt, sand and gravel sediments  

are trapped behind it, settle to the bottom, and over time form a kind of 

terrace. Native clams then colonize the sediments on the terrace.

To encourage growth, the indigenous people have been scattering 

broken shells on the terraces and working them into the sediment for 

generations. The shells are composed of calcium carbonate, an acid- 

binding mineral. This raises the pH value of the pore waters, which 

 especially benefits the acid-sensitive juvenile clams. Furthermore, the 

 calcareous shell remains serve the young clams as a kind of storehouse  

for building material.

The results are impressive. Four times as many native butter clams 

(Saxidomos gigantea) and more than twice as many clams of the species 

Leukoma staminea grow on the terraces that have been spiked with clam 

shells than on a natural stretch of coastline. In addition, the shellfish grow 

faster, which is due not only to the addition of calcium carbonate, but also 

to other effects related to the terraced gardens.

Shellfish harvesters in other parts of North America are now also using 

alkalinity-enhancing methods to prevent production losses related to aci-

dification. The amount of additional carbon dioxide that the clam gardens 

of the natives remove from the atmosphere, however, has not yet been 

measured.

7.3 > Native shellfish species grow faster and with greater densities in 

west-coast native clam gardens than on other stretches of coast without the 

artificial terracing and additional limestone input.

An intervention of this kind into the marine chemistry 

would have the advantage of enabling the ocean to absorb 

more carbon dioxide without additional acidification. At 

the same time, high acidification, which already affects  

a number of marine regions and which is harmful to  

many marine organisms, could be reversed, facilitating a 

recovery for many coral reefs and shellfish beds. Field 

experiments for testing the reduction of ocean acidification 

have already been carried out in the Australian Great 

 Barrier Reef as well as on the coast of Florida. In these 

 studies, researchers were able to demonstrate that calcite 

forma tion increased in both mussels and stony corals 

when the acidification level of the surrounding water was 

reduced by a targeted boost in alkalinity.

 

The entire ocean as a carbon reservoir

 

As a result of increased alkalinity, the surface waters are 

able to absorb more carbon dioxide, which is chemically 

bound and eventually stored, primarily in the form of 

hydrogen carbonate. The hydrogen carbonates, along with 

the weathering products dissolved in the surface waters, 

are dispersed throughout the ocean by marine currents 

(physical carbon pump), and are transported to very great 

water depths. The result is that the entire ocean becomes 

an immense reservoir for the carbon introduced at the sur-

face. Depending on the water depths and current direc-

tions, decades, or even centuries will pass before the car-

bon-rich water returns to the sea surface through natural 

pathways. 

In the upwelling areas of the world ocean, there is  

still water rising to the sea surface whose alkalinity has 

not yet been elevated by human activity. It therefore still 

possesses the full uptake potential for a targeted increase 

in alkalinity and the resulting carbon dioxide absorption. 

And even when water masses return to the surface  

that already contain stored carbon dioxide released by 

humans, in the form of dissolved carbon dioxide or hydro-

gen carbonate, the hydrogen carbonates will still remain 

in the water for as long as 100,000 years. This means  

that the carbon bound up in them could not be emitted 

back into the atmosphere in the form of carbon dioxide.  

7.4 > Discoloured seawater enriched in carbon dioxide 

spreads over corals growing in a shallow-water area on 

Australia’s Great Barrier Reef. In this initial field  experiment 

on ocean acidification, researchers were able to demonstrate 

that acidification inhibits coral growth.



7.5 > For two of the 

promising methods 

for enhancing the 

 alkalinity of the 

ocean, limestones or 

silicate rocks must 

be mined on land 

and ground into rock 

 powder. The carbon 

dioxide emissions 

from these processes 

would have to be 

captured and stored. 

Otherwise, the 

 methods would not 

have a meaningful 

positive impact on 

climate.

7.6 > Basalt is formed 

from cooling lava and 

is generally dark in 

colour. This basalt 

rock comes from the 

Cascade Mountain 

Range in the US state 

of Washington.
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stored in the ocean water is again transformed into a 

greenhouse gas and becomes relevant with regard to the 

climate. 

In the ocean, however, calcite is produced not only by 

clams, corals and calcareous algae. It can also be precipi-

tated directly from the water as a secondary mineral 

through a chemical reaction. If water masses are alkali-

nized too often, or if too many acid-binding minerals are 

introduced at once into a water body, it can lead to an 

oversaturation of the seawater. As a result, depending on 

the initial material, secondary minerals such as carbonates 

or silicates can precipitate. Solid limestone or silicate 

 particles thus form spontaneously. When carbonate mine-

rals precipitate, carbon dioxide is released. Experts thus 

assume that the precipitation of secondary minerals pro-

moted by mineral supersaturation can limit the effective-

ness of alkalinity enhancement as a carbon dioxide remo-

val method, and may even completely cancel it out in 

some conditions.

They therefore draw two important lessons from  

the laws of marine chemistry: For one, in proposals for  

the targeted enhancement of seawater alkalinity, careful 

consideration would have to be given to deciding which 

minerals could be introduced at what locations in the  

sea, at what quantities, and in what form (as rock powder 

or alkaline solution), in order to avoid exceeding critical 

threshold values and to prevent supersaturation and  

the resulting carbonate precipitation. It is known, for  

example, that in marine regions where winds, waves  

and currents thoroughly mix the surface waters, critical 

oversaturation is less likely to occur than in regions  

where the introduced mineral remains near the surface  

for an extended time at high concentrations. Good mixing 

conditions would be found in coastal areas or in the open 

ocean. 

Secondly, alkalinity enhancement measures cannot be 

repeated indefinitely as a way to increase natural carbon 

dioxide uptake by the sea. Presumably they would “only” 

be effective for several decades to a few centuries. Never-

theless, experts say, application over this time frame could 

be quite sufficient to offset residual emissions, and thus 

stabilize the climate.

Methods of alkal inity enhancement

 

A variety of approaches by which the alkalinity of sea-

water could be increased are presently being developed. 

These include possibilities such as the mining on land of 

naturally occurring minerals like limestone and chalk, or 

siliceous rocks such as basalts and olivine, then crushing 

them to increase their total surface area to enhance 

 weathering (chemical reactions), and then spreading the 

rock powder on beaches or directly on the sea. Residual 

mate rials rich in calcium or magnesium, or waste products 

from cement production could also be used for the same 

pur pose. These may include synthetically produced mine-

rals such as quicklime (calcium oxide), slaked lime (cal-

cium hydroxide), periclase (magnesium oxide), brucite 

(magnesium hydroxide) and sodium hydroxide. Brucite 

and sodium hydroxide, for example, are produced during 

Only the dissolved carbon dioxide would be able to 

escape.

The offsett ing effect  of  l ime formation

 

How long the additional hydrogen carbonates remain  

dissolved in the ocean depends on a number of chemical 

and biological processes: The elevated alkalinity reduces 

the acidity of the water, which inhibits the dissolution  

of calcareous sediments on the seabed and therefore 

improves conditions for calcareous species to secrete  

their calcite shells. Thus, fewer calcareous sediments  

are dissolved and more calcareous shells tend to be  

produced.

The formation of calcium carbonate is the reverse  

process of weathering. This chemical reaction consumes 

hydrogen carbonates dissolved in the water, thus re- 

ducing the alkalinity of the seawater. But at the same time, 

the process of limestone formation releases carbon 

 dioxide, which again increases its concentration in  

the surrounding water. This dissolved carbon dioxide  

could escape into the atmosphere again if it comes into 

proximity with the sea surface. This means that through 

the formation of calcium carbonates, the carbon formerly 
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Electrochemica l  procedures  to  acce lerate  mar ine chemistry  us ing e lectr ic i ty

The dissolution of minerals in seawater takes time. It can require as long 

as several months for alkalinized seawater to exert its chemical effect and 

absorb additional carbon dioxide from the atmosphere. Some experts are 

developing electrochemical procedures to accelerate this process. They 

employ an electrochemical cell through which seawater is passed. The cell 

contains two electrodes. When an electric current is applied to the cell, the 

electrodes become a positively charged anode and a negatively charged 

cathode. The anode attracts bases, while the cathode attracts acids, result-

ing in an “acid current” and a “base current”. Both of these currents can 

be used to influence the carbon dioxide concentration in seawater.  

Depending on the approach, the objective is either to increase the alkali-

nity of the seawater or to remove carbon dioxide directly from the sea-

water.

Two examples – how electrochemical methods can be applied

Scientists at the University of California have developed an electrochemi-

cal cell method by which the dissolved carbon dioxide in seawater reacts 

with and ultimately mineralizes the calcium and magnesium cations pre-

sent in the water. The result is that carbon dioxide is chemically fixed 

through the formation of new rock material. The total carbon content  

of the water is thereby reduced, allowing it to absorb additional carbon 

dioxide from the atmosphere when it is reintroduced into the sea.

To achieve this chemical bonding, the seawater is passed through a 

machine called a flow reactor. In the machine the water flows across a 

network of electrodes that electrically charge it and electrochemically 

increase its alkalinity. In this state, the dissolved carbon dioxide and mine-

ral components in the water can react instantly with one another. One 

result of this reaction is the formation of various solid materials such  

as calcium carbonate – CaCO3 –, magnesium carbonate – MgCO3 – and 

magnesium hydroxide – Mg(OH)2 –, which can be further processed as 

mineral raw materials. Another result is water depleted in carbon dioxide, 

which is reintroduced into the sea. Hydrogen, which is in demand as a 

renewable fuel, is also produced in the process.

The researchers have calculated the scale at which this technology 

would have to be applied if the goal were to remove ten bill ion tonnes  

of carbon dioxide per year from the ocean and thus indirectly from the 

atmosphere. Worldwide, it would require the installation of around 1800 

systems. The costs for the construction and operation of these flow reac-

tors would reach several tri l l ion US dollars. The necessary electricity would 

also have to come from renewable energy sources.

Researchers at the Massachusetts Institute of Technology (MIT) in 

Cambridge, Massachusetts have discovered a much less expensive  solu tion. 

They channel seawater into an electrochemical cell where it is  strongly 

 acidified by protons from a bismuth electrode. This acidification causes the 

breakdown of the carbonates and hydrogen carbonates present in the 

water and frees up the carbon dioxide bound to them. This is then drawn 

off and collected. However, the acidified water has to be neutralized 

before it can be pumped back into the sea. This is achieved by  passing it 

through a second cell with a reversed electrical charge, allowing the pro-

tons from the first pass to be recovered. This slightly basic water can then 

take up new carbon dioxide from the atmosphere. Here, the cost per tonne 

of carbon dioxide removed is 56 US dollars.

In contrast to the former method, however, the carbon dioxide 

re moved is not bound in solid rock, but is gaseous and thus highly volatile. 

So it stil l must be further processed or stored in such a way that it does not 

escape back into the atmosphere. The second process can be conveniently 

integrated into existing seawater desalination plants where the necessary 

water intake and outlet installations are already in place. But before the 

MIT experts can build their first demonstration system there are several 

issues that need to be addressed. One of these is mineral precipitation that 

occurs during the process and contaminates the electrical terminals and 

electrodes of the cells.

7.7 > A flow generator forms the core of an electrochemical approach that has been developed by scientists in the US state of California. In the generator, 

carbon dioxide dissolved in the seawater reacts with and mineralizes calcium and magnesium cations. This decreases the total carbon content of the water 

so that it can absorb new carbon dioxide from the atmosphere when it is released back into the sea. 
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Green hydrogen

For the production of 

green hydrogen, water 

is split into its mole 

cular components 

hydrogen and oxygen 

using electric power 

from renewable 

energy sources (elec-

trolysis). This ensures 

that the hydrogen 

production is climate 

neutral.

7.8 > Complex ocean 

chemistry: The chemi-

cal reactions through 

which the input of 

limestone powder 

and its subsequent 

weathering contri-

bute to reduce ocean 

acidification are illus-

trated schematically 

here. The reactions 

shown would occur 

in carbonate-under-

saturated waters such 

as oxygen-depleted 

regions just below the 

sea surface.
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Carbon dioxide in the air is dissolved in the 
sur face waters. The gas reacts with water 
to form carbonic acid, which immediately 
degrades into hydrogen carbonate and hydro-
gen cations. The former carbon dioxide is 
chemically bound as hydrogen carbonate. 
The free hydrogen cations accelerate the 
process of ocean acidif ication.

Consequence of carbon 
dioxide emissions by 
humans: Absorption of 
carbon dioxide by the 
ocean increases along 
with the number of free 
hydrogen cations.

Alkalinity enhancement: 
Input of rock powder by 
ships, aircraft, or other 
means.

The rock powder weathers in 
the seawater, thus releasing 
dissolution products that bond 
with the free hydrogen cations. 
Additional hydrogen carbonate 
and calcium are produced. 
Acidification in the surface 
waters decreases.

As a consequence of the 
altered concentration of 
hydrogen carbonate ions in 
the sur face waters, the ocean 
can again take up new carbon 
dioxide from the atmosphere.
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the manufacture of green hydrogen and could subsequent-

ly be used for alkalinity enhancement. The minerals 

would be distributed on the sea surface using ships or air-

craft. On beaches, spreading vehicles or even manual 

efforts would be employed.

A second approach would involve the installation of 

chemical reactors on the coasts, on ships, or on platforms 

in the sea. Under the controlled conditions in these reac-

tors, the calcium- or magnesium-rich rock powder would 

weather very rapidly after adding water rich in carbon 

 dioxide, thus creating an alkalic solution. This would then 

be fed into the sea or sprayed onto its surface. In this way, 

the concentration of hydrogen carbonate in particular, as 

well as the amounts of calcium, magnesium or silicate, 

depending on the weathered rocks used, would be in- 

creased. These compounds are already present at high 

concen trations in seawater today, so the changes in these 

caused by targeted mineral input would be proportionate-

ly small. However, the potential impacts of altered mineral 

con centrations on marine ecosystems still need to be 

inves tigated. 

But whether additional carbon dioxide can ultimately 

be removed from the atmosphere through alkalinity 

enhancement in the ocean, and how much might be re- 

moved, also depends on the amount of overall emissions 

produced by the work involved in the process. It is esti-

mated that the extraction potential of alkalinity-enhancing 

processes is 100 million to one billion tonnes of carbon 

dioxide per year. If these were to be applied ocean-  

wide – not limited to particularly suitable areas – the 

removal potential could even exceed one billion tonnes  

of carbon dioxide per year.

Studies indicate, however, that the effectiveness of  

the processes also depends on the marine regions and  

the time of year in which they are applied, because the 

chemical and physical preconditions differ regionally  

and are also subject to seasonal changes. Strong surface 

 currents can rapidly transport the injected minerals into 

regions where the alkalinity of the water is already higher 

and additional carbon dioxide uptake is hampered. Or 

strong mixing of the surface waters by winds and waves 

leads to displacement of the minerals to deeper waters, 

resulting in a merely minimal change to the alkalinity of 

the surface water. Specialists are also cognizant of the fact, 

based on climate simulations, that the effectiveness of 

alkalinity enhancement declines with increasing global 

warming. In a world that warms by more than four 

degrees Celsius by the year 2100, a much greater volume 

of minerals would have to be input into the ocean to effect 

the additional uptake of a given amount of carbon dioxide 

than would be needed if global warming were limited  

to well below two degrees Celsius.

Mineral  requirement – several  ki lograms  

of l ime per person per day

 

Estimates to date assume that to increase surface-water 

alkalinity to a level that would be effective with respect  

to climate, something between one-half tonne and five 

tonnes of mineral products would have to be employed for 

every tonne of carbon dioxide that is fixed. For basalt 

rocks, for example, the removal proportion would be 

around three to one. This means that three tonnes of 

basalt rock would have to be weathered in the sea in order 

for the ocean to remove an additional tonne of carbon 

 dioxide.

The following calculation illustrates how great the 

additional mineral requirement could be for a large-scale 

programme of alkalinity enhancement: If we assume that 

the Federal Republic of Germany still has residual emis-

sion levels of 60 to 130 million tonnes of greenhouse 

gases per year by the year 2045, that would represent  

0.7 to 1.5 tonnes for each of its 83.2 million inhabitants. 

For Germany’s population to compensate for these resi-

dual emissions solely through ocean alkalinity enhance-

ment, each person would have to dissolve 6.5 to 14 kilo-

grams of basalt, or five to eleven kilograms of limestone in 

the sea every day. Extrapolated for Germany’s total popu-

lation, this would result in an additional basalt demand of 

200 to 416 million tonnes or a limestone demand of 150 to 

312 million tonnes per year. If, on the other hand, the com-

pensation process were to be divided among several car-

bon dioxide removal methods, the mineral demand would 

be proportionately smaller.

At this point, the good news is that both lime- 

stone and silicate rocks like basalt and olivine are present 

in sufficient amounts underground. The latter, in fact,  

are the most abundant rocks in the Earth’s crust. It is not 

yet clear, however, how much energy and other invest-

ments would be required to extract the rocks on an indus-

trial scale, process them and transport them to the coast or 

subsequently out to sea – and what greenhouse-gas emis-

sions would be produced by each of the individual steps. 

A study in 2013 concluded that 100 universal bulk  

carriers with capacities of 300,000 dry-weight tonnes 

each would be needed, and that they would have to be  

in practically constant operation in order to distribute one 

billion tonnes of rock powder onto the ocean annually.  

At the time of the study, this demand would have cor-

responded to around four per cent of the total global ship-

ping capacity.

Old and new input materials

 

It is known that limestone does not dissolve in seawater 

because the surface water of the ocean, as a rule, is chemi-

cally supersaturated with carbonates. Acidic and oxygen-

deficient water masses, which occur, for example, in some 

deep areas of the Baltic Sea, are an exception to this rule. 

Often, the water within surface sediments is also very 

 acidic, so that limestone can also be dissolved there. By 

contrast, seawater everywhere is undersaturated with 



Mesocosms

The mesocosms used 

in the experiments are 

transparent, hose-like 

tubes that are fil led 

with seawater and 

float in the surface 

waters. Organisms 

in the tubes are 

thus exposed to the 

same environmental 

conditions (tempera-

ture, l ight, etc.) as the 

organisms in the sea, 

but can be studied 

individually because 

there is no exchange 

of water between the 

sea and the tubes. 
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 silicates, which means that silicate rocks would generally 

dissolve. In order to increase the alkalinity of the ocean as 

rapidly as possible, the silicate rocks would have to be 

very finely pulverized and distributed in shallow coastal 

waters, or dissolved in seawater in chemical reactors at 

high energy input. 

Naturally occurring calcareous and silicate rocks or 

artificially produced minerals (quicklime, slaked lime, 

etc.), however, are not the only options. Researchers are 

now also testing synthetically produced ikaite for its suit-

ability and its weathering properties. Ikaite is a very rare 

form of hydrated calcium carbonate that only forms in 

nature at temperatures below 15 degrees Celsius in sea-

water. If it should prove to be feasible, therefore, it could 

only be applied in marine regions with correspondingly 

cool water masses.

Laboratory and f ield studies of r isks and  

side effects are lacking

To date, the greatest part of our knowledge about the che-

mical and biological consequences of alkalinity enhance-

ment comes from modelling studies (computer simula-

tions). Robust laboratory or field studies on the local, 

regional and global impacts of industrial-scale mineral 

input are lacking. For this reason, very little is known as 

yet about the possible risks and side effects of large-scale 

mineral input. 

It is a well-known fact that the mining of minerals  

in quarries often leads to land-use conflicts and impacts  

on local ecosystems, as well as increased volumes of  

traffic accompanied by increased noise and dust pollu- 

tion. Furthermore, it is also known that silicate rocks  

contain certain nutrients (silicon, iron) and heavy metals 

(nickel, chromium, zinc). The former would influence  

the growth of diatoms and thus impact the marine  

nutrient cycle, while some experts are optimistic that a 

boost in algal growth could stimulate the biological carbon 

pump, allowing the ocean to absorb additional carbon  

dioxide. Heavy metals, for their part, could have a toxic 

effect and thus cause damage to the ocean’s ecosystems. 

There is some optimism, however, that the potentially 

harmful side effects of alkalinity enhancement could  

be avoided through the production of purely synthetic 

minerals.

As part of a German research mission that comprises 

various laboratory and mesocosm experiments, scientists 

are currently studying the extent to which the input of 

mineral materials or the weathering of rocks on the sea-

floor would impact coastal ecosystems in the North and 

Baltic Seas, and the threshold values to which the negative 

effects of alkalinity enhancement on marine communities 

could be avoided. This involves analyses of how phyto-

plankton, zooplankton, and other selected organisms that 

live on or in the seafloor react to the increased mineral 

input. Is there a risk, for example, that copepods or fish 

larvae might mistake the mineral particles for food, eat 

them, and then starve to death with a full stomach? This 

cannot presently be ruled out.

There is also evidence that the mineral type and  

composition would determine which marine organisms 

might benefit from an increase in alkalinity and which 

may tend not to. For example, if minerals rich in calcium 

are input, it becomes easier for the carbonate- forming 

organisms to form their skeletons and shells. Under  

these conditions, they would have a growth advantage, 

while diatoms would not receive much benefit. If, on the 

other hand, the material input contains silicates, diatoms 

would have the upper hand because they need these 

minerals to build their silicon-rich shells. The advantage of 

carbonate formation in the first case, however, would 

bring with it a critical disadvantage. When animals use the 

introduced minerals to construct their skeletons or shells, 

carbon dioxide is released into the seawater rather than 

removed. 

The scientists will ultimately use numerical models to 

project their local research results to regional and global 

scales, and to simulate the application of measures to 

increase alkalinity in German territorial waters and other 

marine areas. With this approach they hope to identify 

risks, delineate critical threshold values, test concepts for 

monitoring and control procedures, and derive appropriate 

possible courses of action at the local, national and inter-

national levels. 

7.9 > Limestone is mined in large quarries like this one. It is 

evident that the possibility of environmental damage on land 

must also be taken into account when considering whether 

alkalinity enhancement of the ocean would be worthwhile as 

an approach to combat climate change.



7.10 > Scientists have 

moored a mesocosm 

in the ocean off the 

coast of Gran Canaria. 

Several years ago, in 

its hose-like tubes, 

they studied the  

reactions of micro- 

algae and zooplankton 

to increasing ocean 

acidification. They  

are now using it to  

investigate the pos-

sible consequences of 

an alkalinity increase. 

Conclus ion
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Much development work also awaits the researchers 

regarding the measurement and monitoring of carbon 

 dioxide uptake by the ocean as a result of alkalinity 

 enhancement. The application of this approach only makes 

sense if the desired effects can be measured and unam-

biguously attributed to the mineral input. In this context, 

scientists refer to the verification and attribution of a 

 change – in this case, a change in alkalinity and increase 

in the carbon content of the ocean. Measuring these, dis-

tinguishing them from natural fluctuations, and attributing 

them to specific interventions is an immense scientific 

challenge for which no reliable method is yet available. 

Further exacerbating matters is the fact that, unlike 

with projects for the restoration of seagrass beds or man-

grove forests, the effects of increasing alkalinity cannot  

be confined within a specific marine region. The world 

ocean is a contiguous global system. Changes in one  

ocean  region lead to interactions with other intercon-

nected  areas. That is especially true for the parameters of 

marine chemistry. For this reason, it is believed that a 

local input of minerals would result in impacts that not 

only extend far beyond the boundaries of the marine area 

originally targeted, but that could also last for very long 

periods of time. What these effects might be is presently 

being studied.

Legal framework

From a legal point of view, distributing acid-binding mine-

rals in the form of rock flour or alkaline lye on the ocean 

would constitute an additional input of substances into the 

sea. Such activities are regulated internationally, primarily 

by the London Convention of 1972 – also known as the 

Convention on the Prevention of Marine Pollution by 

Alkal inity enhancement – understood in 

theory but insuff ic iently tested in the f ield                            

Mineral-rich dissolution products from the natural 

weathering of rocks enable the chemical bonding of 

dissolved carbon dioxide in the ocean, and the sub-

sequent absorption of new carbon dioxide from the 

atmosphere. This natural process of climate regula-

tion could be selectively accelerated if large amounts 

of limestone and silicate rocks were mined and distri-

buted in the sea in the form of rock flour or alkaline 

solutions. Such alkalinity-enhancing processes would 

also have the benefit of reducing acidification in the 

treated water masses and improving the living condi-

tions for many marine organisms.

The chemical processes involved in a targeted 

programme of alkalinity enhancement of the ocean 

are now quite well understood. Its technical feasibili-

ty, however, is difficult to assess because most of our 

knowledge comes from computer simulations and 

small-scale laboratory experiments. Large-scale field 

experiments are still lacking.

In the laboratory, researchers are now testing 

various naturally occurring and artificially produced 

minerals for their suitability and weathering proper-

ties. At the same time, initial studies are being carried 

out on the possible environmental impacts and risks, 

about which very little is yet known. Specialists are 

also working on electrochemical methods of alkalini-

ty enhancement. These require a high input of energy 

but, in contrast to other methods, could be applied 

without the massive input of rock material.

The true potential for carbon dioxide removal 

using alkalinity-enhancement methods is also diffi-

cult to quantify. According to calculations, if the pre-

sently known methods were to be applied world-

wide, an additional 100 million to more than a billion 

tonnes of carbon dioxide could be removed from the 

atmosphere. However, this would be countered by 

new greenhouse gas emissions generated in the 

 activities of quarrying, transporting and processing 

the rocks. As a consequence, potential methods for 

targeted alkalinity enhancement in the ocean are still 

subject to large uncertainties.

Dumping of Wastes and Other Matter – and its 1996 sup-

plement, the London Protocol. However, the Convention 

on Biological Diversity may also apply.

The scope of the London Protocol was expanded in 

2013 such that marine CDR procedures can be regulated 

under the authority of the treaty. However, these changes 

will not take effect until they are ratified by a sufficient 

number of signatory states, which has not yet happened. 

Presently, an amendment to the London Protocol lists only 

iron fertilization as a CDR method that can be regulated. 

According to experts, however, procedures to enhance  

the alkalinity of the ocean could also be regulated under 

the Protocol. For this to happen, the Protocol would have to 

be amended to include them (more on this in Chapter 9).

In Germany, the use of procedures for alkalinity 

enhancement of the oceans is prohibited under current 

law. Similarly, the determining factors here are found in 

the provisions of the German Act on the Prohibition of 

Dumping Waste and Other Substances and Objects into 

the High Seas. Accordingly, it is prohibited for scientists at 

German research institutes to carry out field experiments 

related to this subject, both in national waters and on the 

high seas. This legal framework will need to be revised if 

society decides to increase the carbon dioxide uptake of 

the ocean through the input of acid-binding minerals. The 

fact is that comprehensive knowledge about the risks and 

side effects of such operations cannot be gained without 

field experiments.



     > When carbon dioxide is  captured during industr ial  act ivit ies or is  removed direct ly 

from the atmosphere,  the question of appropriate storage arises.  Because underground land-based 

storage sites harbour r isks and provoke protests from local  communit ies,  the search for storage options 

in rocks deep beneath the sea is  intensifying. The technology for this already exists and has been 

employed for decades in various pi lot  projects.

Injecting carbon dioxide  
deep beneath the sea  8



8.2 and 8.3 > Carbon dioxide capture facilities currently 

 operate mainly in the USA, and are mostly associated with 

the production of natural gas.

Process emissions

“Process emissions” 

refers to the release 

of greenhouse gases 

that are not a result of 

the use of fossil fuels 

and raw materials for 

producing energy, but 

are generated by the 

process-related use of 

carbonaceous source 

materials in making 

certain products. In 

Germany, process 

emissions are produ-

ced primarily in the 

glass, l ime and cement 

industries. These make 

up one-fourth of the 

industrial emissions.
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Carbon dioxide capture –  

a technology with a disposal  problem

 

Theoretically, unavoidable residual emissions can be 

offset by direct removal from the atmosphere of the same 

amounts of the greenhouse gas carbon dioxide that were 

originally released. The technology used for this removal 

is collectively referred to as Direct Air Capture (DAC). 

However, all the methods for doing this are bound by the 

requirement that the extracted carbon dioxide be further 

processed or safely stored. This applies to all carbon 

dioxide released, including that captured on-site from 

steel and concrete plants, waste incinerators, or other lar-

ge emission sources (often referred to as point sources), to 

avoid its escape into the atmosphere. This technological 

option for preventing carbon dioxide emissions is termed 

Carbon Capture and Storage (CCS). 

CCS is not limited to reducing heavy-industry green- 

house emissions from fossil sources. The technology is 

also a key component of energy and heat production in 

biomass-fired cogeneration plants with subsequent car-

bon capture and storage (Bioenergy with Carbon Capture 

and Storage, BECCS), one of the most important land-

based carbon dioxide removal methods to date. Without 

CCS this process would be just as inconceivable as direct 

removal of carbon dioxide from the air or water (Direct Air 

Carbon Capture and Storage, DACCS) would be.

In early 2023 there were 35 plants in operation 

worldwide for the capture or removal of carbon dioxide. 

Their combined removal capacity was 45 million tonnes of 

carbon dioxide per year. This is almost exactly the amount 

of carbon dioxide that companies in Germany emitted in 

the course of their industrial processes in the year 2021. 

Additional removal plants are presently planned or being 

built. According to the International Energy Agency (IEA), 

more than 200 new plants have been announced to begin 

capture or removal operations by the year 2030. Their 

additional removal capacity adds up to more than 220 

million tonnes of carbon dioxide per year. 

There are now a number of technical methods that can 

be employed to capture carbon dioxide from gas streams. 

The most thoroughly tested and widely used capture 

methods are chemical absorption and physical capture. In 

chemical absorption, the carbon dioxide reacts with a bin-

ding chemical, from which it must then be separated  

at a great expense of energy. In physical separation, on  

the other hand, the carbon dioxide either accumulates  

Gas storage in sandstone layers and basalt  rocks

   > Rock layers at  depths of 1000 to 4000 metres underneath the seabed are 

potential  storage sites for carbon dioxide.  These can be depleted oi l  or  natural  gas f ields,  or  rocks 

whose pore spaces are presently f i l led with saltwater.  Two approaches are currently being investiga-

ted.  In one, carbon dioxide is  injected into deep-lying sandstone formations,  a method already used 

in the North Sea.  In the second approach, the gas is  injected into the reactive and porous upper basalt 

layer of the ocean crust in the hope that i t  wil l  mineral ize there relat ively quickly.

on a hard surface (for example, on activated carbon) or it 

is dissolved in a liquid solvent. 

Both chemical and physical capture processes are 

employed in the course of natural gas production, which 

currently accounts for around two-thirds of the carbon 

dioxide captured worldwide. In many places, the natural 

gas extracted from underground contains not only 

methane fuel but also carbon dioxide, in proportions 

ranging from less than three per cent to as much as 80 per 

cent – the latter, however, only in rare cases. This carbon 

dioxide must be separated out before the natural gas can 

be pumped into pipelines as almost pure methane. When 

the gas is eventually burned carbon dioxide emissions are 

again produced. 

Capture systems are also used in other emission-inten-

sive industrial processes, such as energy and heat genera-

tion from fossil fuels and biomass, fertilizer and steel pro-

duction, refineries, and waste incineration. Furthermore, 

carbon dioxide capture will be necessary over the long 

term in the production of blue hydrogen and bioethanol 

fuel. In the future, greater amounts of carbon dioxide will 

arise due to the increasing use of direct air capture 

methods. The world’s first DAC plant will begin opera-

tions in 2024, and should remove more than a million 

tonnes of carbon dioxide per year. 

CCS will also play a key role in the decarbonization  

of the cement and lime industries. The production of  

one tonne of cement clinker (calcium oxide), the main 

component of cement, generates around 0.8 tonnes of 

carbon dioxide as a process emission, regardless of the 

fuel used. If the huge emissions from the cement and lime 

industry are to be avoided – globally, they amount to over 

two billion tonnes of carbon dioxide each year – it is 

important that demand for cement clinker be drastically 

reduced. But it is also essential to capture those emissions 

that cannot be prevented, and then to permanently store 

the gas or use it productively.

The Norwegian cement producer Norcem is presently 

installing the world’s first cement CCS system at its facto-

ry in Brevik. It should begin operations in 2024, and will 

be able to capture 400,000 tonnes of carbon dioxide annu-

ally. The gas obtained will then be liquified and trans-

ported by ship to a carbon dioxide terminal operated by 

the Northern Lights Project on the western coast of Nor-

way. From there, the liquified gas will be pumped  

100 kilometres through a pipeline in the North Sea and 

ultimately injected into a sandstone formation 2600 

8.1 > In BECCS, plant biomass is used to generate electricity 

or heat. CO2 released in the process is separated and stored 

or permanently reprocessed.
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The colours of hydrogen

Hydrogen can be produced in different ways. The most common method 

currently used is steam reforming, by which methane is broken down  

to produce carbon dioxide and hydrogen. If the carbon dioxide is  

ultimately released into the atmosphere as a greenhouse gas emission,  

the hydrogen is termed “grey”. But if the carbon dioxide is stored  

or reprocessed, the hydrogen can be referred to as “blue”. Grey and  

blue hydrogen are both used in industrial processes and for power pro-

duction. 

Blue hydrogen should be replaced by “green” hydrogen over the long 

term. This is produced by the process of electrolysis, which means that an 

electrical current is used to split water into its molecular components, 

hydrogen and oxygen. If the electricity used comes from renewable ener-

gy sources, the process is climate-neutral and the hydrogen produced is 

 termed “green”. 

Another option for making climate-neutral hydrogen is methane 

pyrolysis using energy from renewable sources. In this method, methane 

is split into hydrogen and solid carbon. Solid carbon is a granulate that can 

be safely stored in old mine shafts, for example, and used again later. The 

climate-neutral hydrogen produced by methane pyrolysis is called “tur-

quoise” hydrogen.

8.4 > The four methods for producing hydrogen are distinguished by their 

source material, the energy source, the necessary production steps, and 

ultimately by the balance of emissions.

metres below the sea floor. Large-scale CCS projects are 

also being planned by cement producers in the USA and 

Great Britain.

In view of the ambitious plans for facilities to 

implement carbon dioxide capture and removal, new 

underground storage capacities will need to be developed 

worldwide. Hundreds of these development projects are 

presently planned. The International Energy Agency (IEA) 

projects that, by 2030, it will be possible to store more 

than 420 million tonnes of captured carbon dioxide deep 

underground annually. This storage capacity corresponds 

roughly to the amount of carbon dioxide that, according  

to current estimates, can be captured in 2030 and sub-

sequently needs to be safely stored.

Underground carbon dioxide storage 

The pore spaces in rock layers at depths of 1000 to 4000 

metres are particularly suitable for carbon dioxide storage. 

These are found either in depleted oil and natural gas 

fields or in rocks whose pore spaces are filled with 

saltwater. In order to be useful for storage, however, the 

rock layers must be overlain by an impermeable cover or 

barrier layer. This generally consists of fine clay or salt 

rock and prevents the escape of stored carbon dioxide 

from the reservoir rocks. 

Whether the barrier is effective or not depends on  

the local geological conditions. The necessary conditions 

were not present in Algeria in 2004, when the oil com-

panies BP and Statoil began to inject carbon dioxide  

from natural gas production into rocks at a depth of 1.9 

kilo metres. Seven years after beginning the In Salah  

CCS Project, after the operators had injected 3.8 million 

tonnes of carbon dioxide, the work was discontinued. 

Geophysical and geochemical control measurements had 

reinforced the suspicion that injected carbon dioxide 

might be able to escape from the reservoir rock into the 

300-metre-thick barrier layer through pressure-induced 

cracks and faults in the subsurface. The risk of leakage 

was too great.

Specialists have learned from the debacle, however, 

and have incorporated some of the measurement methods 

8.5 > High-purity carbon powder is formed during pyrolysis 

when methane (natural gas) is heated to over 1000 degrees 

Celsius and split into its elemental components, carbon and 

hydrogen. The powder is used in the production of many 

products, from modern building and construction materials to 

high-tech applications such as energy storage.
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8.10 > This facility 

captures carbon dio-

xide from the ambient 

air and produces 

fuel from it. It was 

developed by the 

Canadian company 

Carbon Engineering, 

which is also involved 

in building the first 

large DAC plant in 

the USA.

 > Chapter 08156 157In ject ing carbon dioxide deep beneath the sea <

8.6 > Worldwide, the number of facilities planned, under construction or in 

operation for capturing carbon dioxide rose continuously during the period 

from 2018 to 2022.

8.8 > There is a large discrepancy, however, between the planned and 

 operational CO2 storage capacities vs. those that would be necessary for a 

Net Zero Scenario in the year 2030, according to calculations by the IEA.

8.7 > The number of planned development projects for geological reser-

voirs has also increased significantly. Projections indicate that sufficient 

storage capacities will be available for captured CO2 in 2030.

8.9 > According to calculations by the IEA, an estimated 7.6 billion tonnes 

of CO2 will have to be captured in the year 2050, of which some 40 per 

cent are energy and process-related emissions by the industrial sector.

employed at that time into their manual of relevant 

preliminary exploration and monitoring methods for 

geological carbon dioxide reservoirs. When all pressure 

thresholds are strictly observed in carbon dioxide injection 

today, at least 99 per cent of the injected carbon dioxide 

remains in the appropriate rock formations. It is also 

known, however, that certain geotechnical risks increase 

during the process of carbon dioxide injection. Pressure 

changes in the subsurface can trigger earthquakes or 

 cause the land surface to rise. It is also conceivable that,  

as a result of carbon dioxide injection, pore waters from 

the deep subsurface could rise up and salinate or other-

wise pollute groundwater layers.

For these reasons, plans to inject captured carbon 

dioxide on land, particularly in densely populated regions, 

are commonly met with rejection and protests from the 

local populations. In addition to the lack of public 

acceptance, however, the high costs and significant  

energy expenditure for carbon dioxide capture have also 

contributed to the fact that such processes have only been 

applied on a large scale in relatively few industrial 

projects.

 

A controversial  method gaining momentum

 

Recently, however, attitudes have changed in politics and 

business. Under increasing pressure to effectively reduce 

their own emissions, more and more countries and compa-

nies are planning to implement CCS. The government of 

the USA, for example, in its infrastructure law of Novem-

ber 2021, has included more than 12 billion US dollars to 

be spent for CCS projects and related activities. Of that 

total, 2.5 billion US dollars are earmarked for search and 

validation of storage sites, eight billion US dollars for 

hydrogen production plants – including those for blue 

hydrogen – and the Department of Energy wants to invest 
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8.11 > Captured carbon dioxide, and particularly the carbon it contains, can be used in a large variety of applications. However, to achieve a positive 

climate effect, the gas or carbon must be processed in such a way that it can no longer escape into the atmosphere.

Carbon d ioxide ut i l izat ion –
 
new ideas  with the long- term goal  o f  a  c i rcu lar  economy

Captured carbon dioxide can be used either directly or it may undergo 

various biological or chemical processes prior to being used as a raw mate-

rial or ingredient in the manufacture of various products (Carbon Capture 

and Utilization, CCU). Currently, according to the International Energy 

Agency (IEA), about 230 mill ion tonnes of carbon dioxide are directly 

 util ized worldwide every year. Almost 130 mill ion tonnes are used to  

make synthetic urea for fertil izers. Oil companies inject an estimated  

80 mill ion tonnes into the subsurface in order to extract oil reserves  

more quickly and as completely as possible (Enhanced Oil Recovery, EOR). 

The remaining carbon dioxide is util ized in the food and beverage indus-

tries or is pumped into greenhouses to enhance plant growth. Carbon 

 dioxide can also be used as an extinguishing agent or refrigerant.

There are some relatively new proposals to use captured carbon 

dioxide as a carbon source in the production of synthetic fuels for ships 

and aircraft, for carbon-based feedstocks in chemical industry, or for 

plastics and construction materials. If these prove to be feasible on a large 

scale, products containing carbon from captured carbon dioxide could 

replace materials formerly made from fossil-sourced carbon. The ultimate 

goal of these ideas would be to establish an added-value chain and circular 

economy for carbon, in which carbon from coal, oil or natural gas is no 

longer needed. 

For the production of chemicals and fuels from carbon dioxide, the gas 

must be synthesized with hydrogen. In this way, methanol and other 

hydrocarbons can be produced that will ultimately be useful in chemical 

industry or as synthetic fuels. A pilot project for this purpose is being 

planned at a refinery in Schleswig-Holstein, for example. If chemical 

industry implements the CCU projects it has already announced, the sector 

could see an estimated five mill ion tonnes of captured carbon dioxide 

being used worldwide for fuel production in 2030. However, almost half  

of the proposed projects are stil l in the early development stage, and in 

many locations the pipelines and other infrastructures for transporting 

hydrogen and carbon dioxide are not yet in place. 

Emissions balance – the devil is in the details

The emissions balances for the various carbon dioxide processing methods 

are highly complex. The products that are made can only be considered 

climate neutral if the carbon dioxide used originates from the atmosphere, 

if green hydrogen is used, and all of the production processes are powered 

by energy from renewable sources. But even under these conditions, the 

reprocessing of carbon dioxide can only be designated as permanent remo-

val in a few exceptional cases. 

This status requires that the manufactured products be used or 

 recycled over a climate-relevant time period (longer than 100 years), and 

they must also retain the carbon they contain for that long. However, 

 these two conditions are very rarely met.

As a rule, CCU products only last for a few weeks or months, and 

 during their use or disposal the carbon they contain is released again in the 

form of carbon dioxide. This is the case, for example, when the synthetic 

fuel product is burned in ship motors or airplane turbines. The climate 

balance of the fuel is only neutral if an equivalent amount of carbon 

dioxide was removed from the atmosphere to make the fuel as was emitted 

during its production and combustion.

If the carbon dioxide used in CCU products originates from oil, natural 

gas or coal, there will even be new emissions created in the long run. This 

means that only a few of the yet known and applied CCU technologies 

actually do result in the removal of carbon dioxide. In its development 

scenario for achieving carbon dioxide neutrality by 2050, the IEA assumes 

that only about five per cent of the captured carbon dioxide will actually 

be reprocessed in 2030. The greatest share of the greenhouse gas must 

therefore be stored underground.

 Poss ib le uses of CO 2 exc luding the p roduc t ion of foss i l  fue ls ( f igure af te r  I EA 2019 )
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8.12 > Rock for- 

mations with large 

pore volumes overlain 

by impermeable 

barrier layers are 

especially well suited 

for the underground 

storage of carbon 

 dioxide. These condi-

tions are only present 

in some regions of 

the world.

8.13 > At this 

liquefied natural 

gas plant on 

Barrow Island, 

Australia, carbon 

dioxide is captured 

during natural gas 

processing and 

injected underground 

some distance away 

at a depth of two 

kilometres.

Area s of the wor ld where CO 2 c an be s tored deep underground

very suitable

suitable

possible

unl ikely
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more than 200 million US dollars in the development of 

new storage technology. Canada has introduced tax 

 incentives for CCS projects, Denmark has committed to 

CCS subsidies of five million Euros, and Norway has 

pledged investments equivalent to 100 million US dollars. 

That money will be spent for the construction of three 

 large hydrogen production plants. The European Union is 

already funding four CCS projects with money from its 

Energy and Innovation Fund, including a BECCS project in 

Stockholm, Sweden, a cement factory in France, a facility 

for producing hydrogen in Finland, and a factory for pro-

ducing hydrogen, ammonia and ethylene in Belgium. 

Seven additional CCS projects have reached the second 

round in this funding competition.

According to new government plans, Great Britain 

aims to capture around 20 to 30 million tonnes of carbon 

dioxide in its industrial sector starting in the year 2030, 

and to inject the bulk of the gas underground in at least 

two storage projects (East Coast and HyNet ). The govern-

ments of Japan, China, Malaysia, Indonesia and Australia 

are also supporting the search for and development of 

 geological carbon dioxide storage and the associated 

 infrastructures. In Australia the oil companies Chevron 

Australia and Exxon have already been operating the 

 Gorgon CCS Project since 2019. This involves natural gas 

retrieved from offshore reservoirs and transported to land 

through a pipeline. The carbon dioxide it contains is then 

separated out and injected beneath Barrow Island off the 

northwest coast of Western Australia.

The oil-producing countries of North Africa and the 

Middle East are also pursuing CCS expansion plans. Three 

facilities for carbon dioxide capture are already operating 

in the region – one each in the United Arab Emirates, 

 Saudi Arabia and Qatar. New storage projects are in the 

planning stage. The future outlook for CCS has never been 

better than it is now, according to the annual report for 

2022 by the Global CCS Institute. Overall, however, the 

think tank draws a sobering conclusion: Global efforts to 

reduce greenhouse gas emissions, including investments 

in CCS, are still woefully  inadequate.

Environmental and climate activists sharply criticize 

government support for CCS, especially for projects 

promoted by oil- and gas-producing companies to capture 

and store carbon dioxide from the burning or processing  

of fossil resources. The critics argue that such projects  

are examples of “greenwashing” and serve only to un- 

necessarily delay the phaseout of fossil-fuel use. The CCS 

opponents say that if all the green energy needed to cap-

ture carbon dioxide from fossil sources in a climate-neutral 

way were fed directly into the power grid, it would 

 probably be sufficient to end the generation of electricity 

from coal, oil and natural gas. Other experts point out that 

CCS is indispensable if carbon dioxide removal methods 

such as BECCS and DACCS are to be employed at indus-

trial levels. They assert that efforts in the search for 

 storage sites, along with infrastructure and technological 

development, would thus have to continue. 

According to the German Energy Agency (dena) 

around 34 to 73 million tonnes of carbon dioxide would 

have to be captured and stored in deep rock layers annu-

ally in the Federal Republic of Germany for the country to 

achieve its goal of greenhouse-gas neutrality by 2045. 

Because political obstacles make the technical storage of 

carbon dioxide on land practically impossible in many 

places, experts are now increasingly considering storage 

in the geological subsurface beneath the seas.

This could be feasible with the help of two approaches. 

In the first, compressed or liquified carbon dioxide would 

be injected into deep-lying sandstone formations, a 

procedure that is possible in all marine regions where 

these very common formations are found. By the second 

method, liquified carbon dioxide or carbon dioxide dis-



8.15 > Four 

mechanisms 

contribute to the 

feasibility of carbon 

dioxide being stored 

in deep-seated rock 

formations. The gas 

is not truly safely 

stored, however, 

until it dissolves 

in the pore waters 

and is ultimately 

mineralized.

Mechanisms for s to r ing c a rbon d iox ide in the deep subsur face

 
An impermeable cap rock prevents the carbon dioxide from 
escaping upward from the reservoir rock.

 
A large par t of the CO2 is trapped in the pore spaces between 
sand grains.

 
Over time, the injected CO2 dissolves in the salty pore waters 
of the reservoir rock. The CO2-rich water becomes heavier and 
sinks downwards.

 
The carbon dioxide dissolved in water reac t s with minera ls 
conta ined in the reservoir rocks, is t ransformed to dissolved 
bicarbonate, and is f ina l ly precipitated in the form of carbo-
nate minera ls. The former carbon dioxide is then f irmly bound 
within these.

The s tored CO2 must be monitored using a var iety of techno-
logies dur ing and af ter injec t ion. 
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8.14 > Since 1996, in the Sleipner Project of the  

Norwegian oil company Equinor, around 0.9 million  

tonnes of carbon dioxide have been captured annually  

during natural gas processing and subsequently stored  

deep beneath the North Sea.

solved in seawater would be injected into the highly 

 reactive, porous upper basalt layer of the ocean crust or 

into rocks called flood basalts. The former are found 

 primarily at the mid-ocean ridges. The latter can also occur 

near the coasts.

Carbon dioxide storage in sandstone formations 

 

Sandstone formations that can be considered feasible to 

use as geological carbon dioxide reservoirs are found both 

on land and in the deep subsurface below the ocean floors 

(800 metres and deeper). Compared to other rocks, these 

sedimentary rock layers are more permeable and contain 

pores between the individual sand grains through which 

the injected carbon dioxide can disperse. A prerequisite 

for permanent storage in this case is also that the reservoir 

rock is capped by a suitable trapping layer composed, for 

example, of clay or salt. This kind of layer seals the reser-

voir rock and prevents the injected carbon dioxide from 

escaping upwards. 

If a storage site fills these and some other geological 

requirements, the captured carbon dioxide can be com-

pressed, liquified if appropriate, and injected through one 

or more boreholes into the storage formation. There, the 

carbon dioxide disperses into the rock pores that are filled 

with saline water. Geologists refer to this salty pore water 

as formation water. Because the injected carbon dioxide is 

lighter than the formation water, it tends to rise in the 

reservoir rocks. It collects at the highest point below the 

sealing cap rock and remains there as long as the cap rock 

is truly impermeable. 

Over time, the carbon dioxide dissolves in the forma-

tion water. The resulting solution is heavier than water, 

and the carbon dioxide no longer rises towards the sur-

face. Finally, the carbon dioxide dissolved in the water 

reacts with minerals contained in the sandstone and is 

converted to dissolved bicarbonate. In this form, the intro-

duced carbon no longer has any harmful climate impact, 

even if the dissolved bicarbonate should escape into  

the sea. How fast the carbon dioxide is converted into 

bicar bonate depends upon how many reactive minerals 

are  present in the reservoir rock. The bicarbonate even-

tually precipitates to form solids in which the introduced 

carbon is permanently bound. However, it can take  



8.16 > Captured 

and compressed 

carbon dioxide can 

be transported to 

the injection site via 

pipeline or ship. 

8.17 > Outside  

the port of Rotter- 

dam, captured 

carbon  dioxide will 

be injected into a 

depleted gas field 

under the North Sea 

beginning in 2026. 

This, however, will be 

mostly to store carbon 

dioxide from fossil 

sources, which only 

prevents additional 

emissions. There is no 

actual removal of CO2 

from the atmosphere.

The CO2 is pumped
to a depth of at
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below the sea f loor
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dissolves in the

sa lty water in the
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transporting it by pipeline to the marine area, and pum-

ping it into the subsurface costs an estimated 80 to 200  

Euros, depending on the location of the site. In the year 

2022, the allowance for emitting the same amount of 

carbon dioxide into the atmosphere cost around 80 Euros. 

Numerous new projects for storing carbon dioxide in the 

subsurface of the North Sea are presently being planned 

and implemented, for example off the coast of Rotterdam 

(The Netherlands), in the Danish and British zones of the 

North Sea, and below Norwegian waters. In each case, 

sandstone formations are investigated that are either satu-

rated with saltwater (for example, Sleipner and Snøhvit ) 

or from which natural gas and oil have previously been 

extracted. 

Because industrial emission sources like cement 

plants or waste incineration plants are not usually  

located at the same place as possible utilizers of the 

captured carbon dioxide or near storage sites, this carbon 

dioxide must be transported. In the Sleipner Project in  

the Norwegian North Sea, the carbon dioxide is captured 

and injected directly on-location at the natural gas produc-

tion site at sea, while in the Snøhvit Project in the Barents 

Sea the carbon dioxide is transported from a processing 

plant on land to the injection wells through pipelines on 

the sea floor. Transport by pipelines or ships is also 

 planned for the storage of carbon dioxide in the Norwe-

gian Northern Lights Project in the North Sea, and in 

 further projects off the coasts of The Netherlands, Den-

mark and Great Britain. 

CCS today is planned and  

implemented cooperatively

 

Although CCS projects in the past were primarily planned 

and implemented for an individual facility for the capture 

of carbon dioxide with its own downstream transport and 

storage system, in recent years, regional alliances of 

companies have been forming to develop and use joint 

transport and storage infrastructures (such as pipelines, 

port facilities, intermediate storage facilities, storage sites). 

A prominent example is the CCS project of the Port of Rot-

terdam, in which many of the companies that operate 

 there are taking part. A similar association has formed  

in Houston, Texas. There, 14 companies are currently 

 working on the construction of a large CCS infrastruc- 

ture, mostly oil-producing companies and the chemical 

giant Dow. They want to capture carbon dioxide in their 

refineries and plants in the Port of Houston, feed it by 

pipeline into the Gulf of Mexico and inject it deep into the 

subsurface there. 

Other companies are planning cross-border carbon 

dioxide transportation networks, on land and in the sea, in 

order to transport the greenhouse gas from the capture 

plants at point sources to the final storage sites. In the 

future, the oil company Santos, for example, wants to 

transport captured carbon dioxide from the northern Aus-

tralian city of Darwin for injection into the maritime terri-

tory of the neighbouring island state, the Democratic 

Republic of Timor-Leste, through a pipeline previously 

used for natural gas.

many thousands of years for this process to be com- 

pleted. 

Carbon dioxide storage projects  

in the North Sea

 

The North Sea has many areas that could be considered 

suitable for the storage of carbon dioxide in the deep 

subsurface. Calculations indicate that around 150 to 190 

billion tonnes of carbon dioxide could be stored in 

underground sandstone formations if the Norwegian and 

Barents Seas are included. As a shelf sea, the waters of the 

North Sea are not especially deep. Its maximum depth  

in German waters is just 60 metres, which would make 

the construction or installation of injection facilities on 

platforms and the seabed comparatively easy.

Some North Sea countries are already injecting carbon 

dioxide deep into the sea floor or will soon begin to do so. 

It began with the Norwegian oil company Equinor 

(formerly Statoil) in 1996. After the Norwegian govern-

ment introduced a national carbon dioxide tax in 1991,  

the company stopped releasing the carbon dioxide con-

tained in the natural gas into the atmosphere, and began 

sepa rating it on-site on the offshore production platforms 

and injecting it into sandstone formations deep below the 

platforms. Since 1996, in what is known as the Sleipner 

Project, around 0.9 million tonnes of carbon dioxide have 

been pumped into the subsurface every year. 

Furthermore, in the Snøhvit Project in the Barents Sea, 

the company has been discharging around 0.7 million 

tonnes of carbon dioxide deep below the sea since 2009. 

This shows that the storage of carbon dioxide in the deep 

subsurface of the North Sea has been technically possible 

for decades. Furthermore, specialists have gained a  

high level of experience and knowledge in carrying out 

these kinds of storage projects in deep-lying sandstone 

 formations.

Other companies and countries have begun to follow 

Equinor’s example because increasing prices for carbon 

dioxide emission allowances are gradually making a 

profitable business out of its storage deep underground  

in the ocean. Capturing one tonne of carbon dioxide, 
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In Europe, the companies Wintershall Dea and   

Equinor want to build a carbon dioxide pipeline extend- 

ing from Wilhelmshaven on the German North Sea coast 

into the Norwegian North Sea. Parallel to this, specialists 

in other projects are investigating whether it would be 

 feasible to deploy tankers with load capacities of 30,000  

to 70,000 cubic metres to transport captured carbon 

 dioxide cost-effectively from more distant sources to 

 storage facilities off the coasts of Norway and other shelf-

sea states. 

The r isks of storing carbon dioxide  

in sandstone formations  

beneath the sea

 

Based on the experience gained from ongoing carbon 

dioxide storage projects and on research from the past two 

decades, scientists know very well the risks associated 

with the injection of carbon dioxide into sandstone 

formations beneath the seas. These include four main 

hazard issues, as follows:

• a portion of the carbon dioxide injected into the 

subsurface rises along faults or through the boreholes 

and escapes at the sea floor (leakage);

• very salty formation water, as well as heavy metals or 

other materials that it may contain and are harmful to 

the environment, escape at the sea floor and impact 

local ecosystems;

• pressure changes within the reservoir rocks reactivate 

existing geological faults and trigger earthquakes, 

which could endanger the stability and functionality 

of infrastructures located on the sea floor;

• marine mammals are disturbed or possibly harmed  

by noise that is made during the search for suitable 

storage formations, in construction of the facilities, or 

in subsequent monitoring of the storage site.

Which of these risks actually develops into a problem and 

to what degree depends on the local conditions, which 

must be thoroughly investigated in advance of any carbon 

dioxide storage project.

When carbon dioxide or formation water 

escapes from the seabed

As a rule, the sea floor of the shelf sea is not a tightly 

sealed surface. On the contrary, natural gas seeps out of 

the seabed in some places. In the North Sea, around one 

and up to a maximum of 70 tonnes of natural gas is 

r eleased per year per seepage site. The origin of this gas  

is not always evident. It can either be formed by micro-

organisms living within the sea floor or it may rise along 

natural faults from gas reservoirs deep in the subsurface. 

In addition to this, in the North Sea natural gas escapes 

through old wells at a rate of one to 19 tonnes per leakage 

site per year.

As yet, there are no known carbon dioxide leaks at 

modern wells that were specially drilled for the purpose of 

carbon dioxide storage. Likewise, in the Norwegian 

storage projects, which have been operating for many 

years, no carbon dioxide has yet been released at the sea 

floor. However, in choosing storage sites, the possible 

existence of faults and other sediment structures in the 

subsurface through which the carbon dioxide and possibly 

formation water could rise to the surface has to be 

investigated. At the same time, it must be determined 

whether old wells are present and, if so, whether they are 

properly sealed. 

In the preliminary stages of a carbon dioxide storage 

project beneath the sea, it is also crucial to chemically 

analyse the formation water in the selected reservoir 

formations. Based on the results, it will be possible to 

assess the environmental risks that could arise if the 

formation water should escape from the sea floor, along 

with the heavy metals or other environmentally harmful 

substances it might contain.

CO2 release experiments on the sea floor of the North 

Sea show that escaping carbon dioxide is immediately 

dissolved in the near-bottom seawater, thus changing the 

chemical properties of the water. The seawater in the 

vicinity of the discharge site becomes acidified, which 

affects the living conditions, especially for mussels and 

other carbonate-forming creatures. The area affected by 

the acidification is comparatively small (approxmately ten 

to 50 square metres), if roughly an equal amount of carbon 

dioxide is released as the natural gas seeping from the 

North Sea leakage sites mentioned above.

When carbon dioxide storage sites in the marine realm 

are rigorously surveyed and selected, it is expected that 

only a very small amount of carbon dioxide would be able 

to escape from the storage facility when it is properly 

 operated. It is presumed that more than 99 per cent of  

the stored carbon dioxide would remain underground over 

the long term.

Nevertheless, leakage must be prevented to the 

 greatest extent possible. Effective early-warning and moni-

toring systems are necessary to detect deviations from the 

expected storage performance in a timely manner so that 

appropriate countermeasures can be taken. In recent years, 

great progress has been made in the research, testing and 

commercial application of monitoring technology. Moni-

toring technologies for the offshore sector in particular 

have been tested and further developed. In experiments by 

the specialists carrying out the testing, carbon dioxide was 

released on or in the sea floor to determine the effective-

ness of a particular technology or method in detecting the 

escaping carbon dioxide. In one experiment in the British 

North Sea, sensors were able to detect carbon dioxide 

released at the very low rate of six kilograms per day in the 

sediment and in the water column.

On the whole, according to experts, a wide range of 

monitoring technologies is now available that can be used 

on a large scale for carbon dioxide storage. However, 

advances in technology are still possible and desirable, for 

example in the areas of sensor technology, data manage-

ment and intelligent autonomous systems, including auto-

nomous underwater vehicles. To date, these have limited 

autonomous decision-making capabilities, and can only 

travel along preprogrammed routes. What is needed, 

however, are fully autonomous underwater vehicles 

 capable of acting intelligently in real time in response to 

sensor readings. Work is already underway to develop the 

required technology. If this could be implemented in the 

near future, the costs of monitoring storage sites would be 

reduced. 

Engineers are also placing great hopes in fibre-optic-

based monitoring systems. These would use fibre-optic 

cables with multiple sensors attached. The cables can be 

laid on the land surface, placed in the ground along pipe-

lines or on the sea floor, and run directly into deep bore-

holes, so that both the injection and the storage of carbon 

dioxide can be closely monitored. Depending on the 

 sensors selected, various parameters can be recorded in 

close temporal succession. Free carbon dioxide or carbon  

dioxide dissolved in water can thus be directly identified. 

The fibre-optic cables will also be used to determine the 

pressure, temperature and gas saturation in the pore 

spaces as well as seismicity and deformation in the subsur-

face. If the optical fibre is used as a geophone, seismic 

measurements can also be obtained. All that is currently 

lacking is informative long-term experience in the applica-

tion of such monitoring cables, especially regarding the 

durability of the fibres and sensors in a harsh environ-

ment. For this reason, the application of these methods 

and others is being tested and further developed in a joint 

European research project. According to experts, their use 

in combination with conventional monitoring methods is 

already practical today. Over the long term, the cables 

could even completely replace conventional monitoring 

technology. The costs for the construction and use of such 

fibre-optic cables are comparatively low. 

When carbon dioxide injection triggers motion 

in the subsurface

When carbon dioxide is injected into reservoir rocks, the 

pressure in the rock formation is increased. This can 

activate existing faults in the formation. This means that 

at some locations, cracks in the rock can expand or rock 

layers can be displaced relative to each other. As a result 

of such movements in the subsurface, paths could be 

created through which the stored carbon dioxide and the 

formation water rise and eventually escape at the sea 

floor. 

In marine regions where earthquakes already occur 

naturally, pressure changes in the reservoir rocks could 

cause changes in the subsurface tension. This could then 

trigger earthquakes, which would endanger the stability of 

wind turbines or pipelines. A carbon dioxide pilot reser-

voir at Nagaoka, in the province Niigata, Japan, withstood 



8.18 > For the explo-

ration and monitoring 

of carbon dioxide 

reservoirs beneath the 

sea, airguns must be 

employed. The noise 

they produce likely 

poses a great danger 

and causes stress for 

harbour porpoises 

and other marine 

organisms.
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a strong earthquake with an intensity of 7 with no dama-

ge. However, drawing conclusions about other storage 

sites is only possible to a limited extent, because the indi-

vidual site-specific conditions need to be considered.

Whether on land or at sea, potential sites for storing 

carbon dioxide deep underground must be thoroughly 

examined. Their geological characteristics, possible leak-

age paths, and the locally prevailing pressure and tempera-

ture conditions must be investigated before a decision can 

be made on their feasibility for carbon dioxide storage. 

Noise pollution for whales, fish and other animals

In the search and exploration for suitable carbon dioxide 

storage sites in the marine subsurface, the same 

geophysical methods are used as those employed in the 

search for oil and natural gas reserves. These include, 

among others, active seismic methods in which, for 

example, airguns are towed through the water by ships. 

These send out a series of sound waves that penetrate 

deep into the substrata and are differentially reflected by 

the rock layers. Through the transmission and reflection  

of the sound waves, scientists are able to map the form 

and structure of the subsurface. 

The drawback to airguns is that their sound waves 

have an impact on marine life that is not yet well 

understood, especially on noise-sensitive North Sea 

inhabitants such as harbour porpoises. Because harbour 

porpoises depend on acoustic signals for orientation, as 

well as for communication and in searching for food, 

underwater noise influences their behaviour and, over the 

long term, could drive them out of their native habitat. 

Very high sound levels at certain frequencies can also 

 injure and possibly even permanently harm the animals. 

The same is true in other shelf seas for the native marine 

mammals and other animals. 

Based on this knowledge, and considering the already 

generally increasing noise levels in the coastal seas, it is 

essential to recognize the risks of high-intensity noise for 

marine organisms and to develop appropriate protection 

measures. The risks of increased noise produced during 

the search for storage sites must be considered, as well as 

sounds caused by injection and monitoring. In the same 

vein, noise levels must be taken into account in marine 

spatial planning – for example, in determining whether  

or not otherwise suitable rock strata underlying marine 

protected areas should be permitted for carbon dioxide 

storage.

Low-noise monitoring methods that are available 

include, for one, passive seismic techniques. These involve 

the placement of highly sensitive devices on the seabed 

that silently record both naturally occurring seismic 

events and those caused by carbon dioxide injection. A 

consideration here, however, is that where passive seismic 

measuring devices are placed on the seabed they need to 

be protected from destructive activities. Fishing and the 

anchoring of ships and boats may have to be prohibited  

in these areas.

Mounting claims upon the North Sea

With shipping, wind parks, fisheries, pipelines, and 

natural gas production, the German North Sea and many 

other marine regions are already being intensively utilized 

by human societies. But most of the areas are also impor-

tant habitats for diverse marine species that must  

be protected and preserved through the designation of 

marine protected areas. To avoid conflicts with marine 

conservation and other uses, potential carbon dioxide 

storage sites need to be integrated into marine spatial 

planning. 

To date, however, marine spatial planning for German 

waters only takes into account the use of the seabed, the 

water column, and the air space above it. Furthermore, an 

expanded use of the marine subsurface at different depths 

is not mentioned in the revised specifications that came 

into force in 2021. But the debate is under way among 

experts on how carbon dioxide  storage can be integrated 

into Germany’s marine spatial planning.

Carbon dioxide storage in reactive basalt  rocks 

in the upper ocean crust

In addition to the Earth’s sandstone formations, iron- and 

magnesium-rich rock layers are also viewed as possible 

carbon dioxide storage sites. Scientists refer to these as 

“mafic” or “ultramafic” rocks, terms derived from the ele-

ment symbols “Ma” for magnesium and “Fe” for iron. 

Magmatic rocks are particularly rich in iron and 

magnesium. This is especially true for basaltic volcanic 

rocks, either solid or unconsolidated. They are widely dis-

tributed, occurring on land (e.g. in India, Australia, Cana-

da, and South Africa) as well as in the sea floor. The 

Earth’s upper oceanic crust, for example, is composed of 

basaltic rocks. 

If you imagine dark cobblestones when you hear the 

word basalt, then you do actually have basalt rock in 

mind. The rocks of the upper 100 to 400 metres of ocean 

crust, however, have little to do with the dense, fine-

grained rocks that are used to pave marketplaces or 

driveways. By contrast, these rock layers are highly 

porous, and in places are riddled with millimetre-sized 

bubbles and cracks. 

This open-pored structure develops early in the 

formation of the six- to eight-kilometre-thick ocean  

crust. The crust is generated in areas called spreading 

zones, such as the Mid-Atlantic Ridge. These are zones  

on the Earth where two tectonic plates move slowly  

apart while hot magma from inside the Earth flows out 

between them. When it comes into contact with cold 

seawater, the surface of the magma abruptly cools and 

solidifies. In the process, the structure of the rock near  

the surface is fundamentally altered. In many places, 

bubbles, fissures or shrinkage cracks are formed. This 

creates a network of tiny hollow spaces and pathways, 

which from then onwards pervade the upper part of the 

basalt rock.
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Seawater circulates through this subsurface net- 

work of pores. The upper 400 metres of basalt rock is  

like an extensive conduit system for fluids (liquids  

and gases). It constitutes the largest water-bearing rock 

formation (aquifer) on earth, directly beneath the ocean. 

Its pore spaces thus offer sufficient storage volume for  

the injection of enormous amounts of liquified carbon  

dioxide or carbon dioxide-rich water, according to specia-

lists. 

There is a distinct advantage to storing carbon dioxide 

in basalt rocks rather than in porous sandstone forma-

tions. Because of their chemical composition, alkaline 

basalt rocks react relatively quickly when they come into 

contact with carbon dioxide-rich solutions. The magmatic 

rocks contain minerals such as olivine, plagioclase, 

pyroxene and volcanic glass. These, in turn, contain the 

primary components calcium, magnesium and iron, 

among others. 

If seawater is enriched with carbon dioxide or if 

injected carbon dioxide slowly dissolves in the pore 

waters, the water is acidified and becomes “sparkling 

water”. When water in this state comes into contact with 

the basalt rock, the acid in the water corrodes the basalt 

surface, dissolving out the iron, magnesium and calcium 

components. These then react with the dissolved carbon 

dioxide to form carbonates, which initially remain dissol-

ved in the water. But as the dissolution reaction continues, 

the water will eventually become oversaturated, and the 

carbonates will precipitate out to form carbonate minerals 

such as calcite, dolomite or ankerite. These, simply put, 

are mineral rocks in which the former carbon dioxide is 

tightly bound, in the best-case scenario, for many millions 

of years.

Scientists refer to this process as the mineralization of 

carbon dioxide. It proceeds much more rapidly and 

thoroughly in mafic rocks than in sandstone formations, 

where the injected carbon dioxide remains for a very long 

time as a separate phase (liquified carbon dioxide) or 

dissolved in the formation water. A further positive aspect 

of basalt rocks is that natural mineralization can be 

technically accelerated through the systematic input of 

more carbon dioxide.

Successful  project  on Iceland

 

The amount of carbon dioxide that can theoretically be 

stored in the upper ocean crust has not yet been thoroughly 

investigated, and any estimates of its capacity are therefore 

fraught with huge uncertainties. Currently, however, 

experts believe that the theoretical mineral carbon dioxide 

storage capacity of the mid-ocean ridges of our planet is 

many times greater than the amount of carbon dioxide 

that would be released by the burning of all the Earth’s 

fossil resource deposits. And potentially suitable rock 

layers are found not only on the mid-ocean ridges but also 

in areas known as flood-basalt provinces, which often 

form underwater plateaus with high porosity or a high 

proportion of vesicles. 

Since 2014, captured carbon dioxide dissolved in 

water has been injected into the upper ocean crust as 

part of the CarbFix Project in Iceland. The volcanic island 

lies directly on the Mid-Atlantic Ridge, so that young, 

still-warm and thus quite reactive basalt rocks can be 

accessed through comparatively shallow boreholes. The 

mineralization rates are correspondingly high. Because 

of the high reactivity of Iceland’s hot crust, around 98 per 

cent of the injected carbon dioxide mineralizes and is 

thus per-manently bound in the subsurface within two 

years. CarbFix has said that by April 2023 it had injected 

more than 90,000 tonnes of carbon dioxide into the 

Earth’s crust, although the process has consumed a great 

deal of geothermal energy and large quantities of fresh 

water.

An example calculation: In order to dissolve one  

tonne of carbon dioxide in water using the CarbFix pro-

cedure, a pressure of 25 bars and a water temperature  

of 25 degrees Celsius are required. Given the present state 

of research, it is difficult to estimate the amount of addi-

tional energy required for the water injection. This 

un certainty factor is not of crucial importance in Iceland 

because the availability of renewable geothermal energy 

is practically unlimited. But this is far from the case in 

other regions. Experts therefore advise that for future 

 storage projects in which these injection methods are 

 considered, the costs and the availability of large amounts 

8.19 > Iceland is an island where the young, reactive 

rocks of the upper ocean crust rise above the sea surface – 

recognizable by the black basalt rocks of these steep coasts.



8.20 > This pipeline 

is part of the CarbFix 

Project in Iceland. 

Since 2014, cap-

tured carbon dioxide 

dissolved in water 

has been injected into 

the upper ocean crust 

there.

8.21 > To test  

whether carbon 

dioxide  storage in the 

deep sea is a tech-

nically feasible and 

economically viable 

process, scientists are 

conducting a deep-sea 

research experiment 

on carbon dioxide 

 storage on a cooled 

flank of the Mid-

Atlantic Ridge.
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of water and energy need to be taken into account during 

the planning stage and must be included in cost-benefit 

assessments.

 

Large basalt  deposits in the deep sea

 

Because there are only a few places in the world where 

the ocean crust rises out of the water above sea level (e.g. 

on Iceland and the Azores), science is turning its attention 

to greater water depths where there are tens of thousands 

of kilometres of mid-ocean ridges with young, reactive 

basalt crust in which carbon dioxide could be stored.

This idea is reinforced by the fact that high pressures 

exist at greater water depths. The pressures can help to 

facilitate dissolution of the injected carbon dioxide in 

seawater that is circulating in the basalt crust, resulting  

in denser and heavier water – or they can promote the 

liquification of the carbon dioxide. The density increase is 

such that at a pressure of 280 bars or greater (water depths 

below around 2800 metres) carbon dioxide would be 

 heavier than the seawater at a comparable depth, and no 

longer able to rise out of the sea floor. Thus, carbon dioxide 

leakage from the subsurface would be improbable, but 

 there would be a residual risk depending on the local 

 temperature and pressure conditions.

In order to be able to completely rule out the possibili-

ty of leakage over time, only basalt layers that lie beneath  

a layer of sediment several hundred metres thick should 

be selected as carbon dioxide reservoirs in the future.  

At large distances from the coasts, this sediment layer 

 consists predominately of very fine clay material, which 

provides an effective seal for the basalt layer. 

Their typically large distance from any coasts would 

represent still another advantage for storage at mid-ocean 

ridges. If the injection of carbon dioxide into the upper 

basalt layer of the ocean crust should trigger small earth-

quakes, which cannot be ruled out, their occurrence in  

the depths of the ocean would not endanger people or 

infrastructures. On land, by contrast, they would present 

a risk. 

Carbon dioxide storage in the deep-sea subsurface, 

however, would also have certain disadvantages. In the 

cooled basalt crust, injected carbon dioxide would minera-

lize at a significantly lower rate than in warm rocks such 

as those on Iceland. In addition, many aspects of working 

in the deep sea would be very costly and would be pushing 

the limits of technical feasibility.

Due to this complex situation, the objectives of 

potentially storing carbon dioxide in the upper part of the 

ocean crust must be carefully weighed. The most cost-

effective method would certainly be to dissolve carbon 

dioxide in seawater and inject it into the ocean crust at 

shallow water depths and low concentrations with high 

mineralization rates – as is already being done on Iceland. 

The few areas where a mid-ocean ridge rises above sea 

level, however, are generally located far from the indus-

trial centres where large volumes of carbon dioxide are 

produced. The greenhouse gas would therefore have to be 

transported over long distances in liquified form before it 

could be injected into the basalt rocks. 

If, on the other hand, the liquified carbon dioxide 

were to be injected directly into the pore spaces of the 

basalts at greater water depths, there would be additional 

advantages beyond the larger number of potential storage 

sites. It would also be possible to store large amounts of 

carbon dioxide within a short time, which, due to the 

ambient pressure and temperature conditions, would auto-

matically remain in the reservoir rocks, even though  

it would mineralize very slowly there. The rate of minera-

lization, in turn, could be increased by mixing the carbon 



8.22 > On Iceland, 

the path of the Mid-

Atlantic Ridge can 
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away from each other 

here.
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dioxide with seawater to dilute it – then again, with this 

approach it would take significantly more time to inject a 

given amount of carbon dioxide, because the ocean crust 

on the ridge flank is colder than at CarbFix on Iceland, for 

example.

Research intensif ies to f i l l  gaps in knowledge

 

The range of options for storing carbon dioxide in the 

upper basalt layer of the ocean crust is currently being 

examined in a number of research projects. The 

researchers want to find out:

• whether all theoretical prior considerations on carbon 

dioxide storage in the upper oceanic crust are correct 

and appropriate, and whether carbon dioxide injection 

into the deep sea floor is actually feasible;

• what concentration and amount of carbon dioxide 

should be injected into the basalt rocks to achieve 

optimal reaction processes;

• how fast injected carbon dioxide would disperse and 

mineralize in the rocks;

• what procedures could be used to reliably monitor the 

storage site over the long term and what costs they 

would entail;

• whether there are possible pitfalls in the conceptual 

considerations that have not yet been taken into 

account and

• whether carbon dioxide storage in the deep sea would 

be a more sustainable, effective, and long-term cost-

effective option compared to storage on land or in the 

deep sandstone formations beneath the shelf seas.

These research projects are being carried out at CarbFix 

on Iceland, on the Vøring Plateau off the coast of Norway, 

in the Cascadia Basin off the west coast of Canada, and  

on Reykjanes Ridge a few hundred kilometres south of  

Iceland. The different project teams are working closely 

together and sharing scientific data on the structure, com-

position and geochemical processes taking place in the 

basalts. This knowledge is critical to determining, with the 

subsequent help of computer models, how much carbon 

dioxide can be stored at which sites in the upper ocean 

crust, the costs that will be incurred in the process,  

and what technical environmental problems, risks and  

damages might be involved. A concrete search for suit- 

able sites can only begin when these numerous questions 

have been answered, and when society makes the con-

scious and informed decision to store carbon dioxide in  

the upper ocean crust.

The legal  f ramework for storage of  

carbon dioxide under the sea

 

Injecting carbon dioxide into the basalt layer of the upper 

ocean crust or into deep-seated sandstone formations 

involves intervention into the ocean floor, and thus into  

a legal landscape that is governed by the provisions of 

international maritime law. Experts also point out that, 

under certain conditions, CCS projects in the sea could 

result in the escape of carbon dioxide and formation water 

from the sea floor and cause harm to marine ecosystems. 

The legal framework for carbon dioxide storage in the 

subsurface beneath the sea must therefore also pay 

particular attention to the requirements of marine 

environmental protection.

The provisions of international maritime law

From the perspective of international maritime law, the 

initial question that arises is whether states are allowed to 

store carbon dioxide in the seabed and, if so, where they 

can do it. Answers to this question are provided by  

the United Nations Convention on the Law of the Sea  

(UNCLOS). It divides the sea into different zones within 

which the rights of the coastal states are precisely defined. 

These include:

• the internal waters and territorial seas of a state,

• the contiguous zone,

• the exclusive economic zone (EEZ),

• the continental shelf,

• the high seas and „the Area“ (the sea floor in inter-

national waters).

Because the internal waters and territorial seas are subject 

to the sovereignty of the individual coastal states, these 

can freely approve CCS projects there and regulate them 

as they wish. The legal situation becomes more complex 

when extended to the exclusive economic zone (EEZ), 

which borders on the territorial sea, and the continental 

shelf. These are zones in which the coastal state is only 

assigned particular, although exclusively sovereign, rights 

and jurisdictional powers. These include, among others, 

the exclusive right of a coastal state to drill into the marine 

subsurface and to construct tunnels on its continental 

shelf. According to experts, this also infers the exclusive 

right of the coastal state to subject the storage of carbon 

dioxide on its continental shelf to its national law, to regu-

late such storage under its own laws and to enforce the 

national provisions.

No state possesses exclusive rights in the zones 

 designated as high seas and deep-sea floor (or simply “the 

Area”). At sea, both in the water column and on the seabed 

of international waters, the principle of freedom of the 

high seas is in effect. An exception to this is the research 

and exploitation of mineral resources on the sea floor. 

 These activities are subject to regulation and oversight by 

the International Seabed Authority (ISA), which is based 

in Kingston, Jamaica.

The storage of carbon dioxide in the marine subsurface 

of the high seas, on the other hand, falls under the regime 

of the high seas. This gives every state the basic right to 

inject and store carbon dioxide in the subsurface in 

international waters. 

Aspects of marine protection 

under international law

By signing the UN Convention on the Law of the Sea, all 

Parties have committed to protecting and preserving the 

marine environment. The provisions laid out in the Con-
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vention apply to all marine zones and are chiefly aimed  

at preventing pollution of the sea. There is now an over-

whelming consensus that the precautionary principle 

should apply. This means that the requirements for marine 

environmental protection are in force when the mere pos-

sibility of pollution is present.

For a long time, it was questionable whether the 

injection of carbon dioxide into the marine subsurface 

should be considered as pollution of the seas or dumping 

of substances. However, these questions were resolved at 

the international level in 2006. Since that time, the Proto-

col to the London Convention on the Prevention of Marine 

Pollution by Dumping of Wastes and Other Matter – which 

specifies the standards of the Convention on the Law of 

the Sea – has permitted the underground storage of car-

bon dioxide on the continental shelf of a coastal state and 

in other areas of the marine subsurface, provided permis-

sion is given by the appropriate authority under the rele-

vant national law. 

In order to meet the requirements of the precautionary 

approach, the signatories agreed to develop specific 

guidelines for the application of Carbon Capture and 

 Storage. A new annex to the London Protocol now speci-

fies three conditions that must be met when issuing the 

required storage permit:

• First, carbon dioxide may be introduced into sub-

surface rock formations, but not into the water 

column.

• Second, the stored gas must consist mostly of carbon 

dioxide.

• Third, the addition of other substances to the carbon 

dioxide intended for storage, with the purpose of 

disposing of these as well, is prohibited.

The London Protocol requires the Parties to meet these 

three requirements before the issuance of a storage 

permit. Moreover, the approval of carbon dioxide storage 

does not absolve the Parties from making further efforts to 

reduce the need for undersea storage.

Where the injection of carbon dioxide into the seabed 

is allowed, the responsible state authority must require a 

listing of all other substances contained in the carbon 

 dioxide stream. Otherwise, it cannot issue a permit. 

Among other things, the listing must contain information 

on the composition, form, total amount, origin, properties, 

toxicity, stability and bioaccumulation potential of all sub-

stances. If the required list is incomplete or not sufficient-

ly accurate, such that a full assessment of the risks to 

human health cannot be made, the injection cannot be 

approved.

In addition, the London Protocol requires the signa-

tories to draw up a national action list. This should 

 des cribe how the carbon dioxide stream in question  

and its components can be tested, for one, with respect  

to possible impacts on human health and the marine 

environment. Secondly, threshold values must be 

established for every substance so that a decision can  

be made in each individual case as to whether these are 

met and whether the injection of carbon dioxide can 

therefore be permitted. If the thresholds are not met, 

conditions can be imposed or the injection may be 

prohibited altogether. 

The London Protocol also makes stipulations for the 

selection of the storage site. Among others, the physical, 

chemical and biological parameters of the water column 

and the marine subsurface must be evaluated, as well as 

any special aspects of the site and the economic and 

operational feasibility. When assessing the potential 

impacts of carbon dioxide storage, not only must the 

impacts of injection into the marine subsurface be 

considered, but also any possible disposal alternatives on 

land. 

The impacts of carbon dioxide storage, and any work 

associated with it, on human health, the marine 

environment and other uses in the ocean should be 

assessed as conservatively as possible, and should also 

take into account contingencies such as accidents. If the 

assessment indicates that the impacts are too hazardous, 

approval should be refused. However, refusal is not 

mandatory. 

If approval is granted for the undersea storage  

of  carbon dioxide, the London Protocol requires the   

establishment of a monitoring and surveillance pro- 

gramme. This is to ensure that the previously assumed 

conditions and impacts are actually valid. Permits  

issued are to be reviewed regularly based on the 

monitoring results. If the actual developments do not cor-

respond to the prior assumptions, the approval may  

be revoked. 

The signatories to the London Protocol have also 

adopted a framework for risk assessment and risk 

management in relation to carbon dioxide storage in the 

marine subsurface. This specifies the application or 

implementation of monitoring requirements, and is 

intended, among other things, to assist official decision-

making under conditions of scientific uncertainty. With 

respect to site selection the framework requires, for 

example, that storage capacity, storage security, 

sustainability and potential leakages as well as their 

effects be documented. 

In the assessment of consequences for the marine 

environment, the sensitivity of native species and the 

impacts on human health, among other things, should be 

analysed, and the related temporal and spatial scope  

must be indicated. With the aid of control measurements 

within the storage reservoir, in the overlying marine 

subsurface, and at the seabed, leakages should be 

recognized in a timely manner and their occurrence 

avoided through preventive measures, but there should 

also be advance planning for reaction measures in case  

of an emergency. Even after shutdown of the borehole,  

the storage site should continue to be directly monitored 

over the long term. With growing certainty over time that 

carbon dioxide is not escaping from the deposit, the 

frequency of the measurements can be gradually 

decreased. 

May states export  carbon dioxide for  

offshore inject ion?

Whether carbon dioxide injection into the seabed is 

permissible at all must be distinguished from the question 

of whether international law allows sequestered carbon 

dioxide to be exported to other states for storage. Under 

Article 6 of the London Protocol the signatories are 

prohibited in principle from exporting waste and other 

substances to other states for dumping or incineration at 

sea or in the sea floor.

Article 6, however, was amended in 2009 with spe-

cific regard to the cross-border export of carbon dioxide 

for the ultimate purpose of storage. Because the amend-

ment has not yet been ratified by a sufficient number of 

states, it has not yet entered into force. In 2019 the signa-

tories to the Protocol therefore agreed that Article 6 can be 

applied provisionally.

The provisional application of an agreement in 

international law, however, requires a corresponding 

declaration by the individual state. Such a declaration has 

so far only been submitted by Norway, The Netherlands, 

Denmark and South Korea. Finland and Belgium are cur-

rently preparing these (as of: September 2022). If Germa-

ny wanted to export captured carbon dioxide to one of 

these two states, it would also have to submit the appro-

priate declaration. Moreover, if applied provisionally, the 

amended Article 6 of the London Protocol requires the 

conclusion of a specific agreement between the exporting 

and importing state.

Based on this legal framework, experts conclude  

that the signatories to the London Protocol have 

established all of the legal requirements for the storage  

of carbon dioxide in the marine subsurface and also that  

it may be exported for this purpose. Final decisions on  

the legitimacy of storage and possible carbon dioxide 

transport, however, will continue to be made at the 

national level.

How the legal framework will be applied at the 

national level for member states of the European Union 

currently also depends on the EU Carbon Capture and 

 Storage Directive. This allows the geological storage of car-

bon dioxide in the territories of the EU member states, in 

their Exclusive Economic Zones (EEZ), and in their conti-

nental shelves, as defined by the UN Convention on the 

Law of the Sea. However, every storage project must be 

approved by the appropriate national authority.

In August 2012, the German government transposed 

this EU directive into national law in a very restrictive 

manner, in part in conjunction with the German Carbon 



Conclus ion
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Capture and Storage Act (German: Kohlendioxid- 

Speicherungsgesetz, KSpG ). The Act currently presents  

a two-pronged obstacle to carbon dioxide storage  

projects in the German North and Baltic Seas. Firstly,  

it contains a clause stating that proposals for approv- 

ing carbon dioxide storage must have been submitted  

by the end of the year 2016. Secondly, the federal 

 legis lature grants Germany’s federal states the right  

to exclude certain areas from possible carbon dioxide 

storage. 

The federal states of Mecklenburg-Western Pomera-

nia, Lower Saxony and Schleswig-Holstein have exercised 

this right to exclude all marine areas under their authority 

from subsurface carbon dioxide storage. By doing so, they 

have virtually imposed a ban on underground carbon 

 dioxide storage in the coastal area of the German North 

and Baltic Seas.

Article 44 of the Carbon Capture and Storage Act 

requires that an evaluation report be produced every four 

years on the application of the Act and the national and 

international experience acquired with regard to Carbon 

Capture and Storage (CCS). In the current second evalua-

tion report produced in 2022, the authors concluded  

that the applicable German legal framework at that time 

prevented the actual application of CCS in practice.  

At the same time, the report points out that CCS and  

CCU technology could contribute in varying degrees to 

Germany achieving its goal of greenhouse-gas neutrality 

by the year 2045. 

The importance of procedures for carbon capture  

and storage, or subsequent processing, is currently (as  

of: summer of 2023) being discussed in the debate on a 

German carbon management strategy. This strategy shall 

include the determination of potential areas of application 

for CCU and CCS technology as well as the development 

of economic and regulatory frameworks for its rapid and 

large-scale implementation. 

In this context, Germany’s federal government recom-

mends an expansion and adaptation of the Carbon Capture 

and Storage Act such that it provides a suitable legal  

basis for CCS and CCU, from the source of the  

carbon dioxide to its transport and ultimate permanent 

storage or use. This legal framework is urgently needed.  

A draft amendment to the German Climate Change  

Act stipulates that the storage of carbon dioxide deep 

underground should become an integral part of natio- 

nal climate policy and that, for the first time, storage 

 targets should be set for the years 2035, 2040 and 2045 

(as of: June 2023). The goals of climate protection, which 

include greenhouse-gas neutrality by 2045 and net carbon 

dioxide removal after 2050, should also be enshrined  

in the Act.

Pressure for action also comes from a new initiative  

of the EU Commission. In March 2023, the Commission 

announced its intention to establish by the year 2030 

geological capacity for long-term storage of 50 million 

tonnes of carbon dioxide. The plan is part of the new 

 Net-Zero Industry Act of the Commission, in which CCS  

is identified as a bridging technology for sustainable deve-

lopment.

In the proposed legislation, the Commission would 

require European Union member states to publish timely 

data on areas where carbon dioxide storage sites could be 

approved, and to report annually on the progress made  

in developing carbon dioxide storage projects in their ter-

ritories. The necessary exploration and development work 

would be undertaken and financed by oil- and gas-  

pro ducing companies. Simply put, this means that oil and 

gas producers are held accountable by policymakers. The 

companies rather than the states should explore more 

geolo gical reservoirs to ensure the necessary storage 

 capacity for at least 50 million tonnes of carbon dioxide 

per year.

The reactions to this proposed legislation were 

divided. While proponents of CCS welcomed the initiative, 

critics pointed out that it is much more important to 

fundamentally restrict the generation of greenhouse 

gases. All efforts should therefore be directed toward 

appropriate technologies and changes in behaviour rather 

than relying on CCS. 

One thing is certain: the political and societal debates 

on CCS will continue in the coming months and years, and 

will very probably lead to new regulations and laws, par-

ticularly in Germany. 

Carbon dioxide storage beneath the sea – 

a controversial  pract ice on the horizon                         

Carbon dioxide can be captured either directly from 

the air or from exhaust streams. Both approaches are 

now playing an increasingly important role in the 

development of climate policy. Their application is 

hoped to offset residual emissions from industry and 

agriculture that are difficult to avoid, or to prevent 

their release in the first place. Moreover, carbon 

dioxide removal methods like widely-discussed 

combined electricity and heat production in biomass-

fired cogeneration plants can similarly only con- 

tribute to offsetting emissions if the carbon dioxide 

produced during combustion is captured and then 

further processed into durable products, such as 

 carbon fibres, or is safely stored. Carbon capture  

and  storage (CCS) technology is therefore of vital 

importance in achieving the goal of greenhouse- 

gas neutrality by the year 2050.

The number of capture facilities operating 

worldwide is steadily increasing, but it is uncertain 

where the carbon dioxide that is removed can be  

permanently stored. Experts agree that most of  

the gas cannot be further processed over the long  

term, but instead must be stored, preferably 

underground in rock layers that are sealed by an 

impermeable cap rock to prevent the carbon dioxide 

from escaping upwards. On land, there is strong 

resistance to such storage plans in many locations 

because the injection of carbon dioxide could 

increase the risk of earthquakes and of groundwater 

pollution. 

Experts are therefore now directing their search 

for suitable storage rocks more toward the marine 

subsurface. The two most promising candidates here 

are sandstone formations and the porous upper basalt 

layer of the ocean crust. The technology for carbon 

dioxide storage in sandstone formations has been 

implemented successfully since 1996, mostly in 

Norwegian waters. To date, carbon dioxide has only 

been injected into the upper ocean crust in Iceland, 

because the basalt rocks there rise above sea level 

and are thus easily accessible. In contrast, there is 

still much that is not known about the storage 

potential of basalt rocks in the deep ocean subsurface. 

This is now being studied in various research 

projects.

One fundamental difference, however, is already 

known: Carbon dioxide injected into sandstone  

may linger for many thousands of years in the pore 

waters of the rock before it mineralizes and is safely 

bound in solid form. In the more reactive basalt 

rocks, on the other hand, the processes that facili- 

tate mineralization operate much more rapidly. 

Carbon dioxide injection beneath the sea is not 

without its risks. Reservoirs must be thoroughly 

investigated, carefully selected, and ultimately moni-

tored for an extended time and in an environ- 

mentally responsible manner (noise). Furthermore, 

under some circumstances the injection of carbon 

dioxide may also conflict with other kinds of marine 

utilization in the area.

Legally, carbon dioxide storage under the sea is 

regulated, for the most part, by new guidelines in the 

Protocol to the London Convention on the Prevention 

of Marine Pollution by Dumping of Wastes and Other 

Matter (London Protocol). For example, it establishes 

what may be injected and how the monitoring of the 

storage site should be ensured. The final decision on 

approval of proposed projects, however, rests with 

the national authorities who are responsible for 

implementing the London Protocol at the national 

level.



  > There is  no longer any doubt that humanity must remove carbon dioxide from the 

atmosphere i f  i t  is  to achieve i ts  c l imate targets.  However,  this removal must meet exacting requirements: 

neither nature nor people should be harmed, and the removal should be permanent and have a posit ive 

cl imate impact at  the same t ime. Init ial  proposit ions,  pr inciples and regulatory approaches have already 

been developed, but the debate has only just  begun. 
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use of marine CDR procedures 9



9.1 > The search for 

genuine wilderness 

on Earth will soon 

be futile: 77 per cent 

of land (excluding 

Antarctica) and 87 per 

cent of the ocean has 

already been modified 

by human interven-

tions in the natural 

environment. 

The few spot s of wi lde rness remaining wor ldwide terrestr ia lRemaining wilderness : mar ine

Arc t ic tundra
(Alaska) Boreal forest

(Canada)

Amazon
(Brazi l )

Okavango Delta
(Botswana)

Deser t
(Austra l ia)
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Unaccustomed dynamics

 

Right now, the increasingly dramatic impacts of climate 

change are creating unaccustomed parallels between 

political and scientific processes. To take two examples: in 

Germany, the government is already consulting an array 

of experts on amending the legal frameworks to enable 

deep subsea storage of carbon dioxide, while marine 

scientists are in the process of assessing the suitability of 

geological formations beneath German waters as potential 

storage sites and developing appropriate monitoring sys-

tems. Meanwhile, one of the topics being discussed  

at the international level is which removal and storage 

options may be eligible for certification, although there is 

still no scientific consensus on the length of time that 

must elapse for carbon dioxide removal and storage to be 

classed as genuinely permanent and therefore climate-

relevant. 

In politics and business, the hope appears to be slowly 

growing that through the use of carbon dioxide removal 

(CDR) methods or the capture and storage of carbon 

 dioxide from fossil sources (CCS), it will be possible to 

claw back the time wasted by our decades of constant foot-

dragging on effective climate action. With so much pres-

sure to take action, the much-needed social debate on  

the use of ocean-based CDR is falling short. This much is 

already certain: this is not an easy debate, for there are 

numerous aspects to consider. 

On the one hand, we face the increasingly urgent  

need for drastic emission reductions. On the other,  

there are justified concerns about marine and species  

conservation, and about potential utilization claims and 

conflicts. On top of that, there are issues of climate and 

distributive justice. And finally, a further task is to 

 establish legal frameworks and develop institutions and 

mechanisms to steer and control the possible use of ocean-

based CDR methods. 

It is almost impossible for casual observers to keep 

pace with the scientific and political debate about CDR 

methods. Almost every week, new scientific findings or 

new policy strategies, recommendations and debates 

emerge at both the national and the international level. In 

most cases, it is not immediately foreseeable which role 

these findings and strategies will play further down the 

line. Seemingly innocuous technical details may acquire 

immense significance – for example, when it comes to the 

question of how much time must elapse for carbon dioxide 

storage to qualify as “permanent”. Some experts are  

proposing a minimum period of 200 to 300 years. Others 

argue that removal with subsequent storage for 50, 60 or 

100 years helps to offset emissions in the short term; in 

their view, this makes an important contribution and 

should be supported through the allocation of subsidies  

or the granting of time-limited removal certificates, for  

example. 

This chapter can therefore do no more than provide a 

snapshot of the current state of knowledge and debate. We 

are guided by the following questions. Should ocean-based 

CDR methods be deployed if they prove to have a positive 

impact on the climate? And if the answer is yes, which 

legal and policy instruments may be suitable for steering 

and regulating their use – and who are the key stakeholders 

in this process? 

The ocean is not an untouched void

In early June 2023, a leading British daily newspaper 

published a passionate appeal against over-hasty use of 

How to regulate increased CO2 uptake by the ocean?

   > Humanity faces a di lemma. Having ignored the threat posed by cl imate 

change for decades,  we now need solutions more urgently than ever.  Ocean-based methods to remove 

carbon dioxide from the atmosphere may help us to offset a proport ion of our residual emissions. 

However,  implementing the corresponding measures in a control led,  fair  and responsible manner is  a 

mammoth task.  As the conservation and management of the oceans are only possible on a col lect ive 

basis,  c learly defined international rules and principles are essential .

marine CDR procedures. The main argument put forward 

was that the ocean is viewed by a growing number of 

politicians and corporate stakeholders as a vast empty 

space and hence as an untapped resource, ripe for human 

exploitation and, with a large measure of inventiveness, 

for transformation into something useful. 

This is an extremely dangerous view, the article 

 continued. Firstly, it ignores the ocean’s central role  

in ensuring the continued existence of life on Earth.  

And secondly, it overlooks the close linkages between 

physical, chemical and biological processes in the sea, as 

well as the fact that marine organisms are already under 

pressure. Any use of CDR methods will therefore bring 

about changes in the marine environment on a scale that 

is almost impossible to predict precisely because we do 

not yet understand how all these processes work and 

interact. 

As scientific observers of the political debate about 

marine CDR procedures will confirm, proponents of 

increased use of ocean-based CDR often argue that  

the ocean is a realm of unlimited possibilities and that  

its use to offset emissions creates fewer problems and con-

flicts compared with land-based measures. An aspect 

 ignored by these supporters of ocean-based CDR, however, 

is that the world’s oceans are already an intensively used 

space and that the human footprint is visible in almost 

every marine region. For example, a study published  

in 2018 revealed that by that point in time, 87 per cent  

of the ocean had already been modified by human activi-

ties. Only in the Arctic and Antarctic oceans were there 

a few remaining areas of marine wilderness which, by 

then, had seen little or no fishing and no shipping and 

where there was still no evidence of chemical or plastic 

pollution. 

The prospect of industrial-scale use of ocean-based 

CDR methods also awakens fears that coastal waters  

could be privatized for commercial purposes, with 

displacement of local communities. These concerns have 
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9.2 > Stilt fishing is a centuries-old tradition in Sri Lanka and 

a source of food and income for many artisanal fishing fami-

lies. Their claims to the sea must be taken into account when 

the use of CDR methods is considered and discussed. 

sparked an international debate about “ocean grabbing”, 

demonstrating just how important issues of distributive 

and climate justice are in this context as well.   

A possible framework for discussion –  

nine proposit ions on the ethics of CDR 

 

The current scenario, then, is as follows: intensive use by 

humans has already modified large areas of the ocean and 

its biocoenoses. At the same time, the mounting impacts 

of climate change compel us to take effective mitigation 

measures at long last – with the aid of the ocean where 

possible. This dilemma, philosophers argue, raises two 

crucial moral questions for our society: if CDR methods 

can contribute to the mitigation of climate change, does 

this mean that we should actually deploy them? And 

which of the potentially feasible methods are permissible 

or, indeed, imperative? German climate and environmen-

tal ethicists have attempted to encapsulate this philosophi-

cal debate in the following nine propositions which serve 

as a framework for discourse in society:

1. A generalized assessment of CDR methods is 

not possible – instead, a nuanced approach is 

required.

 In the philosophers’ view, there is neither a convinc- 

ing argument justifying CDR methods in all cases and 

contexts, nor a convincing argument proving that the 

use of these methods should never be permitted. The 

potentially positive climate impact of these methods is 

of such moral significance that a considerable number 

of practical CDR projects are probably permissible or 

even imperative from a moral perspective.

2. An overly cautious approach misjudges the 

threat posed by climate change.

 Climate change has the potential to become one of  

the most cataclysmic disasters in human history. 

 Furthermore, the ethicists say, the hazardous effects  

of climate change are no longer a future scenario; on 

the contrary, in many parts of the world, they are 

already harsh reality. Nevertheless, humankind can 

still take action to curb climate change. A non-inter-

ventionist position, by contrast, is less convincing: 

there is far too much at stake for that. If CDR methods 

should indeed prove suitable as a means of lessening 

the immense threat posed by climate change, this 

would weigh heavily in favour of their use. Negative 

spillover effects and other concerns should be 

measured against the potential benefits of using CDR 

methods. In the ethicists’ view, understanding that  

in order to mitigate climate change, it may be morally 

imperative to deploy measures that are themselves 

morally problematical means having a clearer under-

standing of the tragic predicament into which human-

kind has manoeuvred itself by failing to take more 

timely and resolute action.

3. An insufficiently cautious approach underrates 

the risks associated with CDR methods.

 Nevertheless, from a moral perspective, humankind 

does not have carte blanche to undertake climate-

regulating interventions in the ocean, for two reasons. 

Firstly, other options are available to us. There is 

scope to achieve larger emissions reductions and to 

invest more resources in adaptation. And even hard-

to-avoid residual emissions could be avoided if, as a 

society, we were willing to pay the price for this, both 

economic and non-economic. And secondly, CDR 

measures could have knock-on effects that are highly 

problematical from a moral perspective. As CDR 

methods may differ considerably, the extent to which 

this applies to each method varies. A nuanced 

assessment of individual methods and specific usage 

scenarios is therefore required, the experts say. And as 

they point out, the moral situation is complicated  

by the fact that the people who may be impacted by 

the use of CDR methods are not necessarily those who 

are otherwise at risk from climate change itself. The 

message here, then, is that even the most serious 

condition (the impacts of climate change) does not 

justify administering every potentially beneficial 

remedy (use of CDR methods) if third parties are 

harmed as a result.



9.3 > Toxic algal 

blooms caused by 

eutrophication of 

coastal waters are 

becoming increa-

singly common and 

can cause mass fish 

die-offs. Successful 

human intervention 

to minimize these 

additional stress 

factors would improve 

the health of the 

ocean and increase its 

natural carbon dioxide 

uptake. 
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4. The use of CDR methods must not  

hinder decarbonization. 

 Highest on the list of priorities, from a moral per- 

spective, is decarbonization, which ultimately means 

the avoidance of anthropogenic greenhouse gas  

emissions. In this context, one argument often put  

forward in the debate about CDR measures relates to  

“mitigation deterrence”. This refers to the concern  

that the prospect of CDR methods becoming available, 

and their subsequent use, could result in humankind 

making less effort to avoid greenhouse gas emissions. 

While climate researchers present very clear argu- 

ments showing that avoiding emissions is a much 

more effective method to limit global warming than 

removing carbon dioxide from the atmosphere after  

it has been emitted, the ethicists draw attention to 

another important moral question which they see 

underlying this debate – namely the issue of which 

emissions may legitimately be offset by CDR measures 

and which may not. In the philosophers’ view, certain 

forms of offsetting may well be morally acceptable as 

a transitional solution – notably for particularly hard-

to-avoid residual emissions in food production and 

cement manufacturing.

5. Climate change is a major environmental 

disaster – and not the only one.

 Climate change is an environmental disaster which 

gives rise to major global injustices and may provide 

moral justification for the use of CDR methods. Never-

theless, the goal of greenhouse gas neutrality is not 

the only imperative at present, the ethicists say. In 

view of the sixth mass extinction which is occurring  

at the same time (more on this topic in Chapter 1), eco-

logical neutrality must be the goal, in their view. In 

other words, climate change mitigation and its techno-

logies must notcome at the cost of environmental and 

species protection. These two dimensions require 

joined-up thinking in order to preserve our planet’s 

natural resources and identify a solution to the envi-

ronmental crises.

6. CDR measures that also support  

nature conservation deserve particular  

consideration.

 Precisely because the climate and the biodiversity 

 crises can only be solved in tandem, measures that  

are compatible with nature conservation goals and 

simultaneously achieve a positive climate impact 

deserve particular consideration, the experts say. 

Morally speaking, these are “low-hanging fruit”; in 

other words, there are strong arguments in favour  

of these measures from multiple perspectives. It is 

essential, therefore, to investigate and leverage their 

potential.

7. The burdens resulting from the use of  

CDR methods should be shared equitably.

 The use of CDR methods will undoubtedly give rise to 

burdens, the experts note. Firstly, economic resources 

(money, energy, raw materials, etc.) will be consumed; 

and secondly, any use of CDR on a global scale will 

likely have substantial negative side-effects as well. 

Who will these burdens fall on? This is a key issue of 

distributive justice in the context of carbon dioxide 

removal measures. At this juncture, the ethicists point 

to the “polluter pays” principle and propose that the 

9.4 > Long condensation trails (contrails) over the North Sea 

reveal the flight paths taken by passenger aircraft to and from 

Europe. International aviation is one of the fastest growing 

sources of greenhouse gases, accounting for around 2.5 per 

cent of global CO2 emissions in 2018. 
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burdens should mainly fall on those stakeholders that 

have contributed most to the problem of climate 

change since it first came to light. This, they say, 

applies first and foremost to the prosperous strata  

of society, who often, although not invariably, live  

in affluent countries. It is unacceptable to expect 

demographic groups that would benefit most from the 

positive climate effects of the use of CDR to cover the 

costs – for in the main, these are poor and particularly 

vulnerable communities.

8. Procedural equity is important –  

but challenging in practice.

 The issue of procedural equity plays an important  

role in the CDR debate. This includes the ambition  

that CDR methods will not only be transparently 

researched but will also be implemented fairly, should 

the situation arise. The requirement for transparent 

communication is uncontentious, in the ethicists’ 

view. Unless there are compelling reasons against 

such an approach, the mechanisms and the anticipated 

and actual impacts of CDR use should be made public 

so that those affected are able to reach an informed 

position. 

    A second and much-discussed requirement is that  

all stakeholders who may be affected by the possible 

use of CDR should have the right to make their  

voices heard in the relevant decision-making pro- 

cesses. However, this raises a number of questions: 

who qualifies as “affected”, and what kind of right to 

have a say is required – does this mean a right of veto 

or a weaker option? It can be plausibly argued that  

at the very least, people who will suffer the negative 

spillover effects of CDR use and those who will benefit 

from its positive climate impact count as stake- 

holders. However, the ethicists argue that the group of 

beneficiaries may be extremely large and widely 

distributed in time and space. Involving them in 

decision-making processes will therefore be very 

difficult. Yet excluding them is not a convincing 

approach either. There are therefore good grounds  

for at least allowing representatives or ombuds-

persons from communities benefiting from the posi-

tive climate impacts to participate in decision-making 

processes. 

9. The debate reveals our moral failure.

 In the ethicists’ view, the climate crisis is not only the 

result of the emissions produced over the last 200 

years; it also stems from the inadequate climate 

policies pursued in recent decades. There is thus a 

broad consensus in the field of climate ethics that the 

hitherto inadequate responses to climate change are 

morally reprehensible. Our situation, in other words, 

is characterized by moral failure. Nevertheless, there 

is still an opportunity to respond in a morally 

acceptable way to climate change, at least from this 

moment onwards. 

     The unwillingness to talk about responses to climate 

change that are themselves morally problematical is 

understandable, the ethicists say, but it fails to do 

justice to the situation. A key challenge for a moral 

debate about the use of CDR methods is therefore  

to acknowledge the severity of the situation without 

falling into fatalism, the sense that “we can do what-

ever we like today because it will all be too late  

tomorrow”. 

Key principles for the governance and 

regulation of CDR methods

 

Based on this philosophical line of argument and a wealth 

of information from the environmental and social sciences, 

researchers have developed four key principles to guide 

the governance and regulation of land- and ocean-based 

CDR. According to these principles,

• the reduction and avoidance of greenhouse gas 

emissions should be prioritized in all decision-making,

• the climate effectiveness and permanence of carbon 

dioxide removal should always be ensured, 

• the environmental integrity of the corresponding 

measures should be considered, and

• potential goal conflicts should be managed.

Prioritize emissions reduction

Given that removing carbon dioxide from the atmos- 

phere does not address the real cause of climate change 

(high greenhouse gas emissions), the goal of emissions 

avoidance must be prioritized in all climate policy 

decisions, for three reasons. Firstly, preventing the 

emission of one tonne of carbon dioxide limits global 

warming far more effectively than removing the same 

amount of carbon dioxide from the atmosphere. This is  

due to the multiple interactions in the Earth’s climate  

system. Secondly, merely removing carbon dioxide 

 certainly does not mean that the gas will not escape back 

into the atmosphere and affect the climate at some future 

time. And thirdly, the removal of carbon dioxide from the 

atmosphere or the ocean by technological means necessa-

rily involves the use of energy and resources and may 

undermine environmental goals. It also releases additional 

amounts of greenhouse gases, limits opportunities for 

emissions avoidance or takes up areas (of the sea) that 

could be used for other purposes.

For this reason, climate policy-makers must ensure 

that emissions avoidance and reduction are prioritized at 

all levels. A key step would be to require governments  

to list their carbon dioxide removal targets separately  

from their emissions reduction targets, so that it can be 

determined at any time whether sufficient efforts have 

been invested in avoiding emissions.

A clear differentiation must be made in the corporate 

sector as well: firms should not be permitted to use  

CDR measures as they see fit in order to offset avoidable 

emissions. Otherwise, emission reductions could all too 

easily be neglected in favour of offsetting measures –  

a strategy known as “mitigation deterrence” in the  

debate about CDR. This can be prevented by stringent 
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rules in European emissions trading, among other things. 

Without a more rigorous focus on prioritizing emission 

reduction measures, the experts conclude, there is a fear 

that efforts to tackle the causes of the climate crisis will 

decrease. 

Effective and permanent carbon dioxide removal

As carbon dioxide can linger in the atmosphere for very 

long periods of time while continuing to affect the climate, 

it is essential to ensure, when CDR methods are applied, 

that the removal of carbon dioxide from the atmosphere is 

permanent wherever possible. If this cannot be guaranteed, 

potential leakage pathways along which the removed car-

bon dioxide can escape back into the atmosphere  

must be considered in decision-making – for example, by 

accounting for these deductions when inventorizing  

carbon dioxide removals. In the experts’ view, carbon  

dioxide storage sites must be continuously monitored, and 

funding for this monitoring must be secured for the long 

term. In order to assess the specific contribution of a given 

method to carbon dioxide removal, all greenhouse gas 

emissions that are caused indirectly must also be accoun-

ted for. This includes emissions from transport and the 

manufacturing of precursor products, but also from the 

generation of the energy that is used.

Comprehensively assess CDR methods – from a climate, 

environmental and social perspective 

The use of marine CDR methods consumes energy, resour-

ces and space. In some cases, it may adversely affect 

 coastal areas and their ecosystems or, indeed, the ocean as 

a whole, particularly if the methods are to be applied on a 

global scale. It may also have potentially negative social 

impacts which can arise if human communities that are 

heavily dependent on marine resources are suddenly no 

longer able, or are no longer permitted, to access them to 

the full extent. The impacts of a technology may often also 

vary according to local conditions. 

For these reasons, CDR methods should not only be 

assessed in terms of their potentially positive climate 

impact. Their effects on people and the environment must 

also be comprehensively reviewed – the experts are 

almost unanimous in voicing this demand. What is lacking 

at present, however, are adequate strategies for achieving 

this goal. One proposal is to set minimum criteria for 

specific technologies or groups of technologies to ensure 

the intervention’s climate effectiveness and minimize 

 possible environmental impacts and resource consump-

tion. Experts from a German research mission are current-

ly developing review guidelines which are intended to aid 

decision-makers in conducting this type of assessment of 

CDR methods and specific projects. 

Successfully resolve or avoid goal conflicts

On their own, however, minimum criteria will not be 

 sufficient as a steering mechanism to resolve or avoid the 

goal conflicts that will arise from the use of interven-

tionist, resource-intensive CDR methods. The problems 

associated with the climate and biodiversity crises  

and, simultaneously, the ongoing overexploitation of our 

 natural resources are far too complex for that, the  

experts say. It is crucial, therefore, to conserve the spaces 

and resources that we have left, or at least to use them as 

efficiently as possible. Should there be a case, nonetheless, 

for resorting to minimum criteria for the governance and 

regulation of CDR measures, these criteria must be 

 regularly reviewed and amended to bring them into line 

with the best available science and technology. And  

on a cautious note, the experts point out that it is also  

important to consider, from the outset, the option of 

 exiting from less sustainable methods and consistently 

implement this approach if a method proves to have 

adverse effects.

It may be expedient to hold a competition in order  

to identify the most sustainable solutions, which should 

then be integrated into the criteria-led selection or  

funding of the methods concerned. Here, it is essential to 

consider not only the climate-specific advantages and 

disadvantages of all the natural and technological CDR 

options but also the positive impacts on biodiversity  

and ecosystems. As a desired outcome of this approach, 

the measures selected should mainly be those which 

strengthen natural carbon sinks, thus generating 

additional benefits for ecosystems. 

What is needed is a clear strategy for managing 

 residual emissions. The fact is that the use of CDR methods 

on the required scale cannot be organized as an after-

thought: it will take time and will require targeted incen-

tives, international cooperation and clear rules for all 

 stakeholders. Consistent implementation of the key prin-

ciples outlined above may help to ensure that carbon 

 dioxide removals from the atmosphere make an additional 

contribution to combating the climate crisis without 

 worsening the existing environmental crises. Under these 

circumstances, any delay in reducing avoidable emissions 

must be ruled out; the same applies to any further 

 weakening of terrestrial and marine ecosystems through 

the use of CDR.

Exist ing regulations on marine  

CDR procedures

 

Procedures for the removal of carbon dioxide from the 

atmosphere have featured as a topic in various internatio-

nal bodies and negotiations at least since the signing of  

the Paris Agreement in 2015, although the Agreement its-

elf does not refer specifically to carbon dioxide removal 

and its possible regulation. The main focus of the 

Agreement is the mitigation of greenhouse gas emissions 

and the goal of global greenhouse gas neutrality in the 

second half of this century. The text of the Agreement 

leaves unanswered the question of how the desired 

“balance between anthropogenic emissions by sources 

and removals by sinks of greenhouse gases” is to be 

 achieved. Nor does it differentiate explicitly between 

 natural sinks (terrestrial vegetation and ocean) and techno-

logical sinks. According to expert opinion, therefore, the 

Paris Agreement does not give rise to a legal obligation to 

perform technical procedures for carbon dioxide removal. 

If the Paris Agreement is in future to serve as a glo- 

bal regulatory framework for carbon dioxide removal 

methods – which is entirely conceivable – the Parties 

would have to adopt a corresponding amendment to the 

existing Agreement or agree its revision by passing resolu-

tions at the annual Conference of the Parties. To date, only 

the Article 6.4 mechanism has been negotiated in earnest. 

Its purpose is to establish a regulatory framework spe-

cifying the conditions for the issuing of emission reduction 

and carbon removal certificates to countries, companies 

and individuals, as well as for the trading of these certi-

ficates within and between states.

At the present time (autumn 2023), the development 

of a global regulatory framework for CDR methods under 

the Paris Agreement seems a fairly unlikely prospect, 

largely because the individual land- and ocean-based  

CDR technologies differ from each other in fundamental 

ways. Developing a common regulatory framework  

that would be appropriate for all the various CDR  

methods would be an extremely challenging task. A fur-

ther factor to consider is that not all countries are in  

a position to implement ocean-based procedures. Land-

locked countries such as Switzerland and Austria have no 

coastal waters of their own where they would be able to 

sequester captured carbon dioxide in subsea formations  

or massively expand the coastal ecosystems. Does this 

mean that land-locked countries should be excluded from 

possible negotiations on a global regulatory framework for 

marine CDR? 

International environmental law, too, does not 

currently include any binding CDR-specific norms which 

would regulate the exploration and use of these 

technologies on a comprehensive and overarching basis. 

Experts doubt that the international community will ever 

agree on a universally applicable regime for climate 

engineering in international law that would then also 

regulate the use of marine CDR procedures. At present, 

there are two factors mitigating against such an approach. 

Firstly, the provisions of international environmental law 

are already highly fragmented. Interventions which, in 

essence, involve the discharge of substances into the sea 

are regulated by the Protocol to the Convention on the 

Prevention of Marine Pollution by Dumping of Wastes and 

Other Matter (London Protocol). Other techniques, such 

as the creation of artificial clouds or solar radiation 

management in the stratosphere, are covered by the 

Vienna Convention for the Protection of the Ozone Layer 

and the accompanying Montreal Protocol, or by the 

Geneva Convention on Long-range Transboundary Air 
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scientific certainty about possible risks? Some countries, 

including Germany, apply a highly restrictive approach in 

such cases. They tend to start by prohibiting anything that 

may pose a risk, and then examine, on a case-by-case 

basis, where there is scope for allowing exceptions. In the 

US, by contrast, risks are accepted more readily. This 

involves a trade-off, however: all stakeholders are aware 

that in the event of any harm being done, they face paying 

substantial sums in compensation. 

Despite these differences, many experts in inter- 

national law view the precautionary principle as a vital 

risk management tool. Against the backdrop of climate 

change in particular, one idea being proposed is to opera-

tionalize the precautionary principle as an evaluation 

mechanism that can be used to manage goal conflicts 

between various assets that are protected under 

international environmental law, e.g. between biodiversity 

conservation on the one hand, and mitigation of climate 

change on the other. This view is not yet widely accepted, 

however. 

The cooperation principle

According to this principle, environmental protection is a 

task for all the forces within society; in other words, all 

governmental and social stakeholders should collaborate 

in environmentally relevant opinion-forming and decision-

making processes. 

The guiding principle of sustainable development

The concept of sustainable development was recognized 

as a guiding principle by the international community 

at the United Nations Conference on Environment and 

 Development (UNCED) in Rio de Janeiro, Brazil, in 1992. 

Since then, it has informed environmental law at national, 

transregional and international level. Sustainable, envi-

ronmentally compatible development is human- centred 

in prin ciple. It aims to satisfy everyone’s socioecono-

mic needs and guarantee decent living conditions for all 

the world’s people. However, these goals should not be 

 achieved at the expense of future generations. 

A further key element is that due to the close link- 

ages and interactions between them, all the various envi-

ronmental, economic and social objectives can only be 

achieved on a sustainable basis through a holistic approach. 

Economic development and poverty reduction have thus 

become key topics in international efforts to protect the 

environment. 

Individually assessing and regulating  

ocean-based CDR methods

 

Based on these six principles of international environ- 

mental law and the provisions of the United Nations 

 Convention on the Law of the Sea (UNCLOS),  

experts identify a need for very detailed regulation  

of ocean-based methods of carbon dioxide removal.  

But which specific form should a regulatory mechanism 

take? That must be assessed and determined for  

each CDR method on an individual basis. Method- 

specific answers must therefore be found to a multi- 

tude of questions. The most important include the 

following: where can the method be applied with the  

least possible risk? What should a prior risk assessment 

look like? Would it be feasible to suspend a method once  

it has begun? Are there any best practice examples that 

would serve as a basis for identifying regulatory 

approaches? And how can predictable harms be 

minimized? 

Pollution. Secondly, most efforts made in recent years to 

reduce this fragmentation through the development of 

new overarching treaties have failed. A positive exception 

is the new global Agreement on the Conservation and 

Sustainable Use of Marine Biological Diversity of Areas 

Beyond National Jurisdiction (BBNJ Treaty), adopted in 

June 2023.

Legally binding norms and principles of 

international environmental  law

 

The thematic area of “marine CDR procedures” is not 

 entirely unregulated at present, however, as various 

 general norms and principles pertaining to the manage-

ment of the environment – most of which are recognized 

in customary international law – apply, which would regu-

late the use of marine CDR procedures both for research 

purposes and for large-scale deployment to offset residual 

emissions. They include:

• the prevention principle,

• the notification and consultation requirement,

• the duty to conduct an environmental impact assess-

ment before initiating a planned intervention,

• the precautionary principle,

• the principle of cooperation, and 

• the guiding principle of sustainable development.

The prevention principle 

The prevention principle is based on the prohibition of 

significant transboundary environmental harm and im- 

poses a duty on states to take all possible and reasonable 

measures, prior to a planned activity, to prevent probable 

transboundary environment harm, and to do so by 

exercising due diligence. This means that technical 

standards, such as “best available techniques” and “best 

environmental practices” must be adhered to. 

The notification and consultation requirement

In order to safeguard compliance with the prevention 

principle, information-sharing and communication are 

essential. Countries that are planning an intervention 

which involves a risk of significant transboundary  

environmental harm therefore have a duty to provide  

prior and timely notification about these activities to 

potentially affected countries. They must then engage in 

consultations.

The requirement to conduct an  

environmental impact assessment before  

initiating a planned intervention

Environmental Impact Assessment (EIA) is a statutory 

multi-staged process involving the timely identification, 

characterization and evaluation of all the direct and indi-

rect effects of a given project on specific environmental 

factors, including its cumulative ecological impacts. For 

projects with transboundary environmental impacts, the 

environmental impact assessment must be conducted in  

a cross-border context. It is thus a key element of the 

 prevention principle. However, general international law 

does not specify precisely which criteria should apply to 

environmental impact assessments in individual cases. 

This may, however, be determined from specialized inter-

national treaty law, European Union law and/or the natio-

nal law of the states concerned. The gaps existing at the 

global level will in future be closed by the provisions of 

the Agreement on the Conservation and Sustainable Use 

of Marine Biological Diversity of Areas Beyond National 

Jurisdiction (BBNJ Treaty), provided that it enters into 

force. It defines minimum standards for environmental 

impact assessments which all Parties must comply with  

in future. 

The precautionary principle

The precautionary principle states that the environment is 

protected most effectively when conceivable harms are 

avoided from the start. It thus supports risk assessment 

and takes effect at an earlier stage than the prevention 

principle, namely as soon as an environmental hazard 

potentially exists but there is scientific uncertainty about 

its occurrence. The precautionary principle is enshrined in 

international treaties in a variety of ways, which hinders 

its operationalization. A key question, for example, is this: 

how should states proceed if there is a lack of conclusive 
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As the answers to these questions will vary consi-

derably depending on the CDR method concerned, legal 

experts recommend regulating marine CDR procedures 

separately by integrating them into their respective speci-

fic regulatory contexts. This is a feasible approach, as the 

example of the London Protocol shows. This international 

agreement, which originally solely covered waste disposal 

and incineration at sea, is in essence applicable to all 

 activities involving the discharge of substances into the 

marine environment. This includes technologies to boost 

the alkalinity of the ocean, as well as artificial upwelling 

techniques, methods to expand carbon-rich coastal eco-

systems, and concepts for carbon dioxide storage in deep 

sub-seabed formations.

The London Protocol model 

 

The United Nations Convention on the Law of the Sea 

(UNCLOS) requires States Parties to adopt globally applica-

ble laws, regulations and standards to prevent,  reduce and 

control pollution of the marine environment from the 

introduction of substances and materials. The internatio-

nal community complied with this requirement with the 

adoption of the Convention on the Prevention of Marine 

Pollution by Dumping of Wastes and Other Matter (Lon-

don Convention) in 1972. In 1996, the Convention was 

amended and modernized by the London Protocol –  

at least for all 53 States Parties that have so far ratified the 

Protocol, enabling it to enter into force in 2006. The 

provisions of the London Protocol follow a clear logic: in 

essence, any discharge of materials and substances is 

prohibited. However, there is scope for exemptions from 

this provision where convincing grounds exist. 

The London Protocol has its own scientific working 

groups whose members monitor international develop- 

ments in marine and environmental policy and make 

recommendations to Parties on the extent to which the 

Protocol would need to be amended in order to guarantee 

that a scientifically informed regulatory framework is in 

place. In this way, legal principles and procedural rules on 

carbon dioxide storage in sub-seabed formations were 

introduced in 2006. This was followed three years later by 

further provisions specifying the conditions under which 

countries with no sub-seabed carbon dioxide storage sites 

of their own may export the captured greenhouse gas for 

the purpose of sub-seabed storage in other countries. Due 

to an insufficient number of ratifications, these latter pro-

visions have not yet entered into force; however, Con-

tracting Parties have agreed to allow provisional applica-

tion of these provisions. To that end, they must deposit a 

formal declaration with the International Maritime Orga-

nization (IMO), which is the Secretariat for the London 

 Protocol. 

Legal developments which came about between 2008 

and 2013 are of key importance for any future regulation 

of marine CDR procedures under the London Protocol, 

however. Initially, they related solely to ocean fertilization 

activities. At the time, there were serious concerns that 

companies might apply this technique on a large scale in 

pursuit of their commercial interests, without sufficient 

knowledge being available on how the methods might 

work and what kind of risks they posed to the environment. 

In 2013, a formal amendment to the London Protocol was 

then adopted which, provided that it enters into force, will 

potentially be applicable to all marine geoengineering 

methods. It brings together the following key amendments 

in particular. 

Firstly, marine geoengineering interventions were 

included in the Protocol’s scope of application. A new 

 article now defines “marine geoengineering” as “a delibe-

rate intervention in the marine environment to manipu- 

late natural processes, including to counteract anthropo-

genic climate change and/or its impacts, and that has the 

potential to result in deleterious effects, especially where 

those effects may be widespread, long lasting or severe”. 

Nowadays, the term “marine geoengineering” is consi-

dered obsolete, but in essence, it refers to marine CDR 

 procedures. 

Secondly, the Contracting Parties agreed to establish 

an approval process, initially for scientific research only. 

At the present time (autumn 2023), commercial uses of 

ocean-based CDR methods aimed at offsetting greenhouse 

gas emissions from fossil sources are still prohibited. And 

even the fundamental willingness to assess research 

projects is strictly limited: it merely encompasses those 

ocean-based CDR methods which are listed in a new 

annex to the Protocol, namely Annex 4. Ocean fertiliza-

tion is, however, the only activity included in the listing at 

present.

For research projects on ocean fertilization, the 

London Protocol’s Contracting Parties agreed a clearly 

defined assessment process back in 2010, which was 

formally integrated into the London Protocol with its 

amendment in 2013. The assessment process must be 

integrated by the Contracting Parties into the approval 

procedures conducted under their respective national 

laws and entails the following: 

1. an assessment of the proposed project in order to 

determine whether a proposed activity is covered by 

the listing in Annex 4 and is thus eligible to be 

considered for evaluation as a research project;

2. a detailed environmental impact assessment of the 

planned research project; 

3. a decision on whether the given experiment may be 

conducted or not;

4. subsequent review of the project; the findings should 

inform future decision-making and improve future 

assessments. 

This assessment process relies heavily on elements of risk 

characterization and risk management; in essence, the 

London Protocol states that marine researchers may 

 conduct experiments on ocean fertilization if they are able 

to clearly estimate the potential harm and apply appropri-

ate precautionary measures for its prevention. In all cases, 

however, they require a government permit for their 

research projects. The assessment process thus embodies 

and implements the precautionary principle and forms an 

indirect link between the international law of the sea and 

international environmental law. The key principle which 

applies here is: “If the risks and/or uncertainties are so 
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great that they are deemed to be unaccept able in terms of 

protecting the marine environment with due regard for the 

precautionary principle, a decision should be taken to 

review or reject the proposal.” 

But which risks or uncertainties may be deemed 

unacceptable? The provisions of the London Protocol do 

not provide clarification here. According to experts in 

international law, this circumstance and the explicit 

reference to the precautionary approach show that the 

assessment process may be informed by recourse to the 

stipulations of international environment law, as well as 

by social policy discourses that extend beyond the purely 

legal aspects. 

It is also important to note that planned research pro-

jects are not assessed by the London Protocol’s own inter-

national experts. This task and the final decision on 

whether a permit will be issued are a matter for the 

authority responsible for implementing the London 

Protocol on behalf of the Contracting Party under whose 

jurisdiction the experiment would be conducted. In the 

case of a project by German marine researchers, for exam-

ple, this would be the German Environment Agency 

(UBA, Umweltbundesamt ). 

The competent authority at the national level, in turn, 

must respect the stipulations of the London Protocol. One 

such stipulation is that permission may only be granted to 

research projects which comply with all the provisions of 

the Protocol. Legal scholars term this a decision “ad refe-

rendum”. In accordance with Article 210, paragraph 6 of 

the United Nations Convention on the Law of the Sea, the 

provisions of the London Protocol apply to all States  Parties 

to UNCLOS, not only those which have acceded to the 

 Protocol. 

To recapitulate: the regulatory mechanism for marine 

geoengineering under the London Protocol currently 

applies solely to research projects on ocean fertilization.  

In the experts’ opinion, however, it would be relatively 

straightforward to extend this mechanism to other ocean-

based CDR methods – firstly, because the regulations on 

ocean fertilization have already proved their worth; and 

secondly, because it is quicker to elaborate rules dealing 

with this type of specific issue than to develop an 

overarching treaty, thereby enabling all the competent 

bodies to agree on specific provisions fairly swiftly. 

Initial discussions on extending the Annex 4 listing 

are already under way. Experts from the GESAMP Wor-

king Group 41 on Ocean Interventions for Climate Change 

Mitigation have proposed the inclusion of other proce-

dures to the London Protocol’s scientific bodies and deve-

loped criteria for method-specific risk assessments. In 

October 2022, the London Protocol’s Contracting Parties 

identified four of these proposed techniques for priority 

evaluation. However, only two of them involve carbon 

dioxide removal. The other two focus on management of 

solar radiation on the surface of the sea. The proposals 

involve: 

• the application of substances to enhance ocean alkali-

nity (goal: to increase carbon dioxide uptake by the 

ocean – CDR), 

• macroalgae cultivation combined with artificial upwel-

ling (goal: to increase carbon dioxide uptake by the 

ocean – CDR),

• spraying tiny seawater droplets on the surface of the 

sea; this is known as marine cloud brightening (goal: 

to increase the ability of the sea’s surface to reflect 

incoming sunlight back into space – SRM),

• production of microbubbles in surface water, or 

introduction of reflective particles/material (goal: to 

increase the ability of the sea’s surface to reflect 

incoming sunlight back into space – SRM).

If these methods are adopted at any point in future, the 

corresponding research projects would be assessed in the 

same way as scientific projects on ocean fertilization. 

However, to enable commercial/large-scale CDR inter- 

ventions to be regulated under the London Protocol, its 

scope would have to be expanded accordingly. Will the 

Contracting Parties agree this move? That remains to be 

seen. So far, not even the 2013 amendment to the Protocol 

has entered into force. For that, it would have to be ratified 

by at least two-thirds of the London Protocol’s Contracting 

Parties. Unofficially, however, most Parties operate as if 

the new provisions were already in force.

  

Which stakeholders now come into play?

Regardless of whether or not marine CDR procedures are to 

be deployed on a large scale at some future time, the inter-

national community should do its utmost to establish a 

common regulatory framework in good time. The world’s 

ocean, with its international waters as the “common heri-

tage of mankind”, concerns us all and, like the climate, it 

can only be protected effectively and managed sustainably 

on a collective basis. Key steps in establishing a common 

regulatory framework are accession by as many countries 

as possible to the London Protocol, and ratification of the 

agreement and all the amendments already adopted on 

marine geoengineering. Their respective provisions must 

then be transposed into national law; this is the responsi-

bility of national governments and parliaments. 

According to some experts, market-based incentives 

are also required. Often, what such statements imply is  

a call for a market for the trading of carbon removal  

credits or certificates. Stakeholders would be issued with 

certificates for their carbon dioxide removals and would be 

able to sell them on to producers of hard-to-avoid emissions. 

If this type of market were initiated or carbon removal 

certificates integrated into the existing emissions trading 

systems, this might spur countries and companies to boost 

their investment in the research and application of CDR 

methods, supporters argue. 

The German Environment Agency (UBA) and other 

experts, for their part, criticize proposals that would enable 

emitters to offset their emissions, whether hard-to-avoid or 

not, by purchasing CDR certificates. These mechanisms, 

they argue, could deter companies from reducing their avo-
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idable emissions – particularly if that required high-cost 

interventions. Instead, carbon dioxide removal interven-

tions should be accounted for separately from emissions 

trading, and the use of removal certificates for the purpose 

of fulfilling emission reduction commitments should not be 

permitted. Stakeholders that voluntarily engage or invest 

in carbon dioxide removal could be given support in the 

form of government subsidies, for example. However, 

 these funds should only be disbursed if the CO2 removals 

are properly certified. 

Notwithstanding the above, anyone intending to issue 

emissions certificates for a specific carbon dioxide removal 

will require a harmonized procedure to measure, document 

and verify the actual carbon dioxide fluxes in a removal 

project. Successfully establishing a harmonized system 

worldwide would make it possible to reduce legal un- 

certainties, prevent abuse and introduce appropriate envi-

ronmental standards for CDR methods.

There are high expectations of the scientific communi-

ty as well. Scientists should provide core data as the basis  

for the proper conduct of the environmental impact assess-

ments stipulated by the London Protocol. They are also 

 tasked with developing concepts and technologies for a 

reliable monitoring, documentation and verification sys-

tem, which is fundamental for the issuing of emissions 

 certificates. In addition, all the findings must be shared in  

a transparent and timely manner with decision-makers  

and the general public alike.  

A long overdue public debate

A far more intensive public debate is also required, 

however, focusing on whether humankind should inter- 

vene in the ocean system for the purpose of mitigating 

 climate change, and if so, which risks and harms we are 

willing to accept to achieve this objective and how we 

intend to compensate those affected. This highly signifi-

cant social debate is not yet taking place. It is unclear, 

 therefore, how the public would react to various CDR 

methods or to specific plans for their deployment. 

Researchers note that when forming an opinion, 

people are often led by their emotional responses to 

interventions in nature rather than by rational arguments. 

In many cases, opinion-forming is also coloured by a close 

attachment to social norms. People’s positions on CDR  

will depend, among other things, on whether they per-

ceive a technique to be “natural” or “unnatural”. For 

 example, if the capture of carbon dioxide from the ambient 

air and its subsequent storage are described as “removal 

by artificial trees”, the method will encounter far more 

support than if it is depicted as a chemical process in a 

technical installation. When it comes to ocean-based CDR 

techniques, experience shows that methods involving the 

restoration and expansion of mangrove forests, seagrass 

beds and salt marshes or intensive macroalgae cultivation 

are perceived to be “natural”, whereas ocean alkalinity 

enhancement is more likely to be viewed as unnatural and 

risky even though this technique is also based on natural 

processes. 

The general level of public awareness of individual 

CDR methods and the opinions that people form on this 

basis will be crucial in determining how we move forward 

with methods to remove carbon dioxide from the 

atmosphere. It is already clear that the political and social 

debate about marine CDR procedures will not be easy; 

firstly, because there are not always clear and 

straightforward answers that would provide clarity on 

questions about possible risks; this applies even if these 

methods are tested in large-scale field trials at some point 

in the future. And secondly, in view of ongoing global 

warming and the associated harms, it is surely quite 

apparent that we have delayed taking effective climate 

action for far too long and that under the present 

circumstances, we can no longer preserve the full array of 

environmental assets. Our overarching goal can only be to 

reduce greenhouse gas emissions as swiftly as possible 

and do the best we can to adapt to the new climate in 

order to minimize the risks it poses to ourselves and the 

natural world. 

To succeed, we must engage in new discussions about 

the trade-offs arising from the entirely new challenges we 

face. To take one example: if our society considers it 

necessary to use marine CDR procedures, we will probably 

have to accept that this will involve some residual risk. 

9.9 > In a bay in south Alaska, sediment-loaded meltwater 

from the Taku Glacier mingles with the clear water of the 

Pacific Ocean. These influxes of sand and rock particles natu-

rally increase the alkalinity of the seawater. 
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The EU Emiss ions  Trading System (EU ETS)  –  
Europe’s  most  e f fect ive  c l imate  change mit igat ion mechanism 

The European Union is the third largest producer of carbon dioxide 

emissions worldwide and is simultaneously pursuing an ambitious 

climate goal: it aims to significantly reduce its greenhouse gas emis- 

sions by 2030 and achieve net zero emissions by 2050. A key mecha-

nism on the pathway towards greenhouse gas neutrality is the  

EU Emissions Trading System (EU ETS), established in 2005. It covers  

not only the 27 EU Member States but also Norway, Iceland and 

Liechtenstein, as well as electricity generators in Northern Ireland. The 

EU ETS has also been linked to the Swiss emissions trading system since 

1 January 2020. 

The EU ETS enshrines the “polluter pays” principle and currently 

requires operators of around 9000 European power plants and energy-

intensive industrial installations, as well as intra-European aircraft 

operators (since 2012), to submit an emission allowance for each tonne 

of greenhouse gas that they emit. One allowance gives the right to emit 

one tonne of carbon dioxide equivalent.

The EU ETS reporting period is a calendar year. By the end of March 

each year, operators calculate the greenhouse gas emissions from their 

plants for the preceding year. These data are checked first by nationally 

accredited verifiers and are then forwarded to the national authority 

responsible for the implementation of the EU ETS; in Germany, this is the 

German Emissions Trading Authority (DEHSt, Deutsche Emissionshan-

delsstelle). The data are also entered into the Union registry for emis-

sions trading. The operator must surrender sufficient allowances by the 

end of April to cover its reported emissions for the preceding year.

Companies may obtain emission allowances at primary market auc-

tions run at the European Energy Exchange (EEX) in Leipzig. Emission 

allowances are auctioned here on a more or less daily basis by individual 

Member States and by the European Commission. Since the start of the 

third trading period (2013 to 2020), auctioning has been the basic prin-

ciple for allocating allowances Europe-wide in the EU ETS. Emissions-

intensive industries and heat producers continue to receive a free allo-

cation of allowances for a transitional period, based on a “benchmarking” 

approach. Product benchmarks are based on the average greenhouse gas 

emissions of the best performing installations manufacturing that pro-

duct. Free allocation is intended to reduce the risk of “carbon leakage”, 

i.e. the shifting of emissions to other countries. However, there are plans 

to phase out free allocation in the coming years. 

market, such as gas suppliers and petroleum industry companies (so-

called upstream emissions trading). 

The two emissions trading systems will in future cover 85 per cent 

of all the EU’s greenhouse gas emissions. It has also been agreed that 

the total number of emission allowances available will be reduced by  

62 per cent by 2030 compared to 2005. 

Concepts for the inclusion of carbon dioxide removal credits in the EU ETS

In view of this reduction in the number of emission allowances, 

businesses and experts are asking whether and how it might be possible 

to util ize carbon dioxide removals in the EU ETS system in order to offset 

greenhouse gas emissions and prevent an excessively rapid rise in the 

price of emission allowances over the long term. The assumption is that 

overly high emission prices might disadvantage Europe’s economy and 

reduce public acceptance of emissions trading as a climate policy 

instrument.

Currently, carbon dioxide removals achieved by CDR methods are 

not covered by the EU ETS. Experts are now considering how carbon 

dioxide removals could be integrated into emissions trading. One 

proposal is to establish a central carbon agency which would, in the near 

future, start acquiring and accumulating carbon dioxide removal credits 

Emission allowances can also be traded by market participants on 

the secondary market, e.g. on the exchange or through bilateral trans-

actions. This has given rise to the term “emissions trading”, but strictly 

speaking, it is the allowances – i.e. the right to emit the corresponding 

quantity of greenhouse gases – rather than the emissions themselves 

which are traded. Trading is the price-forming mechanism for green-

house gas emissions, and it is the price which is intended to motivate 

participating companies to reduce their emissions. 

So that it becomes increasingly costly to emit greenhouse gases, the 

total number of available emission allowances decreases year on year. 

This reduction is determined at the political level. Germany has a share 

of around 22 per cent of this Europe-wide auction volume. In 2021, 

approximately 101 mill ion emission allowances with an average price of 

52.59 Euros were auctioned for Germany. The following year, 85 mill ion 

allowances were auctioned; the average price was 80.32 Euros. In the 

first half of 2023, Germany auctioned around 45 mill ion emission 

 allowances at an average price of 87.11 Euros per allowance. 

The financial pressure generated by the EU ETS is now having the 

desired effect; by 2021, emissions from installations covered by the  

EU ETS fell by 38 per cent compared to 2005. 

From 2027, emissions from buildings and the transport sector  

will also be covered 

Up to 2023, the installations covered by the EU ETS produced an 

 estimated 40 per cent of the EU’s greenhouse gas emissions. In order  

to increase the share of emissions covered by the trading system, the 

European Parliament and the governments of the Member States  

agreed in spring 2023 to extend mandatory emissions trading to  

small industry and maritime transport (incrementally from 2024). In 

addition, a second emissions trading system (EU ETS 2) will be introdu-

ced in 2027. EU ETS 2 will cover carbon dioxide emissions from fuel 

combustion in buildings and road transport. It will have its own 

quantitative limits and probably also different price levels and will 

operate independently of the existing EU ETS. Participants in EU ETS 2 

will also be able to acquire emission allowances and trade them with 

each other. Unlike the existing EU ETS, which covers companies  

that produce emissions themselves (so-called downstream emissions 

 trading), the new system will involve businesses that place fuels on the 

on Europe’s behalf. A corresponding certification process is currently 

being developed at EU level. The agency would then release the removal 

credits to the EU ETS if the price of emission allowances rose above a 

specific level. 

Currently, however, only Direct Air Carbon Capture and Storage 

(DACCS) and Bioenergy with Carbon Capture and Storage (BECCS) are 

being discussed as reliable methods for the generation of these removal 

credits; both involve the subsequent storage of carbon dioxide in deep 

geological formations. There are two reasons for focusing on these 

methods. Firstly, DACCS and BECCS are technically advanced and ready 

for use. Secondly, these two methods are most likely to allow controlled 

removal and permanent storage of carbon dioxide in the amounts 

needed to have a tangible impact on prices in the EU ETS. For that to be 

achieved, both methods would have to be deployed on a much larger 

scale than at present. 

The proposal to use BECCS on a larger scale has met with criticism, 

however. The German Environment Agency (UBA, Umweltbundesamt), 

for example, in its Evaluation of the Commission Proposal on Certifica-

tion of Carbon Dioxide Removals, voices clear opposition to certifica-

tion of bioenergy with carbon capture and storage removals, given the 

limited availability of sustainable biomass. 

9.10 > In Europe’s emissions trading system, the price of an emission allowance was far lower than expected for some considerable time. In recent years, 

however, the participating companies have had to pay much higher prices, creating more incentive to invest in emission reduction measures. 
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However, if new scientific findings then show that this 

may have entirely unexpected negative consequences, the 

competent authorities must intervene immediately. For 

this reason too, intensive scientific control and monitoring 

of individual CDR projects are so crucial.

An informed and transparent social debate also 

requires clarity on what terminology and definitions are 

used. The plethora of specialist terms, often with highly 

diverse definitions and usages, makes it much more 

difficult for casual observers to follow the scientific and 

political debate at present. This lack of terminological 

clarity simultaneously impedes rapid progress on the 

development of effective interventions, legal provisions, 

funding guidelines and regulations. This is exemplified by 

the discussion about when the term “residual emissions” 

should be used, and when we should be talking about 

“hard-to-avoid” emissions. 

Experts from a German research mission, for example, 

define “residual emissions” as merely denoting anthropo-

genic greenhouse gas emissions that will enter the atmos-

phere during and after the target year for net zero. They 

differentiate between residual emissions and hard-to- 

avoid emissions. Which emissions are classed as “hard-to- 

avoid”? Definitions vary across stakeholder groups and 

depend on the individual motives, the experts say; the  

reasoning underlying categorization often differs as well. 

Other stakeholders, by contrast, still use the terms  

“residual emissions” and “hard-to-avoid emissions” as 

synonyms. 

A matter of human survival

 

Following the political, technological and social debates 

and developments around land- and ocean-based CDR 

methods is and will remain a challenge. However, this 

should not act as a deterrent, given that ultimately, nothing 

less than our survival is at stake. If we wish to prevent 

even more serious climate-related loss and damage to 

people and nature, we must succeed in our efforts to keep 

global warming below two degrees Celsius – and ideally 

limit it to 1.5 degrees Celsius. We will only achieve this 

target if we emit less carbon dioxide from 2050 onwards 

than we remove from the atmosphere by various methods. 

From a scientific perspective, this is now beyond reason-

able doubt. 

Ocean-based removal methods may help us to offset 

residual emissions. However, it is already clear that we 

cannot rely on one single method to remove the very large 

quantities of carbon dioxide from the atmosphere in an 

environmentally friendly and equitable manner that 

would enable us to limit global warming to well below 

two degrees Celsius Instead, we will have to use a broad 

mix of land- and ocean-based CDR methods – deploying 

each one wherever its use, including all its positive and 

negative spillover effects, is most compatible with the goal 

of sustainable development. Methods which rely on the 

restoration and expansion of carbon-rich coastal eco-

systems could even be implemented relatively soon. Tech-

nological processes such as alkalinity enhancement, by 

Ten key terms in the CDR debate

Anyone wishing to have a voice in the debate about emission reductions and carbon dioxide removal needs  
to understand the concepts behind the following ten technical terms:

Term Brief definition

Carbon neutrality or net 
zero CO2 emissions

Arithmetically, net zero anthropogenic carbon dioxide emissions are achieved when residual CO2 emissions 
are balanced by CO2 removals from the atmosphere.

Greenhouse gas neutrality 
or net zero greenhouse 
gas emissions (commonly 
known as climate neutrality)

Arithmetically, net zero anthropogenic greenhouse gas emissions are achieved when residual emissions 
of all relevant greenhouse gases are balanced by removals of equivalent climate-relevant greenhouse gas 
emissions.

Fossil carbon dioxide 
sources

Burning of fossil fuels, such as coal, oil and natural gas, and industrial processes in which carbon-based 
components (e.g. limestone) are used and carbon dioxide is released during the processing of these 
materials (e.g. cement manufacturing). 

Biogenic carbon dioxide 
sources (known as land-use 
emissions)

Microorganisms, flora and fauna which naturally emit carbon dioxide, e.g. when they break down 
biomass and oxidize carbon. These natural processes have always formed part of the Earth’s carbon cycle. 
However, many of them are additionally initiated or amplified by human activity, e.g. in land-use changes, 
intensive soil use in agriculture, drainage of wetlands, or overexploitation and degradation of carbon-
storing forests and coastal ecosystems such as mangroves and seagrass beds. 

Carbon Dioxide Removal 
(CDR)

The IPCC defines CDR as anthropogenic activities removing CO2 from the atmosphere and durably  
storing it in geological, terrestrial (e.g. soil/vegetation) or ocean reservoirs, or in products. CDR experts 
additionally identify three fundamental principles with which CDR interventions must comply: 
1. The carbon dioxide that is removed must come from the atmosphere. 
2. The subsequent storage of the removed carbon dioxide must be permanent; the CO2 must not escape 

back into the atmosphere later. 
3. The carbon dioxide removal must result from human efforts and be additional to the Earth’s natural 

CO2 uptake processes.

Net (carbon dioxide) 
removal

Difference between the amount of removed carbon dioxide and all new greenhouse gas emissions 
(calculated in carbon dioxide equivalent) resulting from the removal process. 

Net negative (greenhouse 
gas) emissions 

Net negative (greenhouse gas) emissions are achieved when, as a result of human activities, more green-
house gases (particularly CO2) are removed from the atmosphere than are emitted into it. 

Conventional CDR methods 
(known in Germany as 
natural climate protection; 
known at EU level as carbon 
farming) 

All the sustainable agricultural and forestry methods that have been used for centuries and enhance 
carbon storage in soil and terrestrial vegetation. Examples are afforestation/reforestation, restoration of 
degraded ecosystems, sustainable forest management and soil-conserving farming practices. Many of 
these methods are already deployed on a large scale and are listed in national climate action plans. They 
account for more than 99 per cent of current removals globally.

        

Novel CDR methods Methods that involve the storage of captured carbon dioxide in geological formations, in the ocean 
or in products. At present, these techniques are only deployed on a small scale and some have not yet 
been tested. Examples of novel CDR methods are Bioenergy with Carbon Capture and Storage (BECCS), 
Direct Air Carbon Capture and Storage (DACCS), production and use of plant-based biochar, and ocean 
alkalinity enhancement. Novel CDR methods currently account for a 0.1 per cent share of total global 
carbon dioxide removals. 

Carbon management Carbon management typically refers to the following three process chains: 
• Carbon Capture and Storage (CCS),
• Carbon Capture and Utilization (CCU) and
• Carbon Dioxide Removal (CDR).



9.11 > In November 

2018, climate activists 

at the Aletsch Glacier 

in Switzerland used 

a postcard covering 

2500 square metres 

and made up of 

125,000 regularly-

sized postcards from 

children and young 

people from more 

than 35 countries 

to demonstrate for 

 effective climate 

action and compliance 

with the 1.5-degree 

target. 

Conclus ion
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Regulating potential  uses of CDR –  

c lear strategies and rules are vital                     

In view of the increasingly dramatic impacts of cli-

mate change, humankind must do its utmost to keep 

global warming to a minimum. This will need to 

include the employment of promising ocean-based 

CDR methods. They are not the only solution to the 

climate crisis, however. They must rather form part 

of a broader programme of action designed to manage 

residual emissions. Above all, it is essential to dras-

tically reduce and avoid anthropogenic emissions; 

this approach facilitates faster, more effective, more 

affordable and less risky mitigation of climate change 

compared to any CDR method.

If ocean-based CDR methods are used, they will 

put further pressure upon an ocean that is already 

subjected to diverse forms of human use and exploi-

tation. In order to conserve ocean ecosystems and 

guarantee fair burden-sharing, carefully considered 

CDR strategies are required at national and internati-

onal level alike, with clear targets and rules for all 

stakeholders. Experts have already developed initial 

principles for the governance and regulation of land-

based and ocean-based CDR. In their view, in addi-

tion to prioritizing emissions avoidance, it will be 

important to ensure in advance that the carbon 

 dioxide removal is permanent and that the interven-

tions will not themselves emit more greenhouse 

gases than the quantity of carbon dioxide removed 

from the atmosphere. The methods must also be 

assessed comprehensively in advance from a climate, 

environmental and social perspective and possible 

goal conflicts avoided or resolved; this will need to be 

achieved in an eco-friendly and equitable manner.

In the experts’ opinion, there are few indications 

at present that the international community will 

agree on a common regulatory framework for all 

forms of carbon dioxide removal. The numerous 

land-based and ocean-based CDR methods vary too 

much for there to be a one-size-fits-all solution. Pro-

posals on separate regulation of ocean-based CDR 

methods in their specific regulatory context appear 

more promising. The London Protocol shows how 

this might work. This legislation has been extended 

in recent years to include marine geoengineering. 

Provisions on ocean fertilization and carbon dioxide 

storage in sub-seabed formations have also been 

included. Such a regulatory approach offers scope  

for similar integration of provisions on other CDR 

methods involving the introduction of substances or 

technologies in the sea.

Harmonized procedures for monitoring, docu-

menting and verifying the carbon dioxide fluxes that 

arise in removal projects are also urgently required. 

Monitoring is essential because it can reduce legal 

uncertainties and prevent abuse while offering scope 

for certification of permanent CO2 removals. A robust 

system of this sort would encourage companies to 

invest in ocean-based CDR projects if certified CO2 

removals were to attract public funding or came with 

other benefits.

At the same time, we need a broad debate 

 involving all sections of society about the possible 

use of carbon dioxide reduction methods. So far, this 

debate has merely involved scientists, businesses 

and a small number of political institutions. Yet 

strong public engagement is essential for successful 

climate change mitigation for many reasons. This 

applies particularly to social groups living in areas 

where CDR interventions may be implemented. The 

struggle against climate change is now a struggle for 

human survival. We must all play a part in mastering 

this challenge.

contrast, are still largely untested. It is likely to take some 

years, if not decades, for the majority of these processes to 

reach a level of technological advancement that would 

allow their large-scale and controlled deployment. 

The common feature of all CDR methods – those with 

which we are already familiar, and those which are still 

being developed – is that in each case, their feasibility and 

carbon dioxide removal potential will depend on local, 

context-specific conditions. This includes the locality’s 

 climate and environmental characteristics, the availability 

of infrastructures and resources, and the level of much-

needed public support. Clear rules governing their use are 

also required, along with political incentives, in order to 

prevent harm to people and the environment, make opti-

mum use of the theoretical removal potential and leverage 

possible additional benefits. 

CDR approaches that look promising must be inte- 

grated into national and international strategies on the 

management of residual emissions. The required transport 

networks and infrastructures will also need to be establis-

hed – a step which must be taken in parallel to the further 

expansion of renewable energies and more broad-scale 

use of technologies and behaviours that boost energy effi-

ciency and conserve resources. In the experts’ view, car-

bon dioxide removal methods can only help us reach our 

2050 goal of global greenhouse gas neutrality if they are 

combined with the maximum feasible greenhouse gas 

emissions reductions and improved energy and resource 

efficiency. And the principle which applies at all times is 

that the lower our residual emissions, the less carbon 

 dioxide removal will be required to offset them. Now for 

the good news: the international community already has a 

mechanism available that would facilitate the governance 

and regulation of, first, research projects and then large-

scale deployments of marine CDR procedures. Yet these 

deployments will not be entirely without risks or conse-

quences. For that reason, careful consideration of trade-

offs is required in all decision-making. This is an immense-

ly challenging task. However, the time for simple solutions 

is long gone, due to our inaction on climate change.



> July 2023 was 

the hottest month 

ever  recorded (as of: 

autumn 2023). For the 

first time ever, the 

globally averaged sur-

face air temperature 

exceeded 17 degrees 

Celsius. The month 

also set a new record 

for the highest global 

sea surface tempera-

ture outside the polar 

regions, at 20.96 

degrees Celsius.
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world ocean review

The Ocean –  
A Climate Champion?
How to Boost Marine  
Carbon Dioxide Uptake

Living with the oceans.                      2024

Summer 2023 in the northern hemisphere brought the 

alarming news and nightmare scenarios that climate 

researchers have been warning about for decades. With 

daytime temperatures climbing as high as 50 degrees 

Celsius and beyond, some regions of China and the 

southern United States resembled a giant hothouse where 

people and animals could only survive by seeking out  

cooler niches. Japan, China, South Korea and the north

western USA experienced extremely heavy rainfall, 

 causing streams and rivers to burst their banks; many 

8



> Figures for the 

global carbon foot-

print: Anthropogenic 

carbon dioxide fluxes 

are shown in pink. 

They are the reason 

that carbon dioxide is 

being enriched in the 

atmosphere and why 

the Earth’s tempera-

tures are rising. 

> The active removal 

of carbon dioxide from 

the atmosphere will 

be necessary to reduce 

net anthropogenic 

emis sions in the short 

term, to achieve the 

goals of carbon-dioxide 

and greenhouse gas 

neutrality in the inter-

mediate term, and in 

the long term to reduce 

the  carbon dioxide 

concentration in the 

atmosphere by negative 

emissions.
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people were swept to their deaths by the floodwaters. 

Meanwhile, in some areas of the Mediterranean where 

summer temperatures soared to lifethreatening levels, 

fire services and volunteers battled recurrent forest fires 

which forced thousands of locals and holidaymakers out 

of their homes. 

A succession of extreme weather events that occurred 

not as oneoffs but in parallel in numerous regions of  

the northern hemisphere: by midJuly 2023, the World 

Meteorological Organization (WMO) was describing this 

striking concurrence as a summer of extremes. A far more 

telling comment from the weather experts appeared as  

an aside in the WMO’s statement, however: in a world 

impacted by climate change, extreme weather on the 

scale observed will become the new normal. 

Climate change is now a feature of everyone’s daily 

lives and has long been harsh reality. At least half the 

world’s population is already suffering the direct effects  

of global warming, particularly population groups which 

lack the financial resources, technical capacities and 

political support that would enable them to take the 

necessary precautionary measures. Simultaneously, 

already ravaged ecosystems are increasingly failing to 

deliver their services. This much is clear: the climate and 

nature make no compromises. For humankind, combating 

climate change is thus a matter of survival. Climate 

 change is proving to be a potentially lethal risk multi 

plier – and its destructive potential, as everyone is surely 

aware, increases with every additional tenth of a degree 

of warming.

The only way out – 

a greenhouse gas-neutral future

Stopping all anthropogenic greenhouse gas emissions  

is the only way out of this selfinduced climate crisis.  

This applies particularly to emissions of climateimpacting 

gases, namely carbon dioxide (CO2), methane (CH4)  

and nitrous oxide (N2O). They are released into the atmo

sphere when we extract fossil resources such as oil, 

 natural gas and coal and burn these fuels to generate  

energy; when we engage in intensive arable and livestock 

farming; when we send our waste to garbage dumps; 

when we slash and burn the forests; and when we  

drain wetlands or perform industrial processes such as 

cement production. If global warming is to be kept to 1.5 

degrees Celsius by 2100 relative to preindustrial levels – 

the bestcase scenario – carbon dioxide emissions must 

be reduced to net zero by the year 2050. All other 

greenhouse gas emissions must decrease drastically at 

the same time – ideally also to net zero. In this scenario, 

the global goal of greenhouse gas neutrality would be 

achieved by 2050. 

There is an abundance of suggestions for how we can 

avoid a significant proportion of our emissions. However, 

these suggestions are not being implemented consistently 

or on the required scale. At the same time, experts now 

agree that it will certainly not be possible for humankind 

to eliminate all greenhouse gas emissions on time and in 

an equitable and sustainable manner, even if great effort 

is invested in achieving that goal. Some human activities 

will continue to produce substantial residual amounts  

of carbon dioxide, methane, nitrous oxide and other 

greenhouse gases beyond 2050. These residual emissions 

will have to be offset; in other words, we will have to 

remove an equivalent amount of climateimpacting 

carbon dioxide from the atmosphere and store it securely 

for time periods ranging from decades to thousands of 

years. Experts are predicting that the targeted removal of 

hundreds of billions of tonnes of carbon dioxide from the 

atmosphere will be necessary by the end of this century 

if global warming is to be kept to well below 2 degrees 

Celsius. This is a challenge of such magnitude that it is 

almost impossible to convey it in words. 

It is important to note that the term “carbon dioxide 

removal” (CDR) should only be applied to methods 

involving the capture of carbon dioxide from the 

Overall - Conclus ion



> Processes of carbon 

dioxide removal from 

the atmosphere could 

be employed both 

on land and in the 

ocean. This figure 

shows the different 

approaches, sorted by 

type of removal and 

by subsequent storage 

medium.

> The Earth’s natural 

carbon cycle: Carbon 

sinks, or reservoirs, in 

which carbon or one 

of its many com-

pounds are stored, 

are shaded in blue. 

The arrows represent 

exchange processes 

through which carbon 

or one of its many 

compounds are bound, 

stored, exchanged or 

released. 
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atmosphere and its subsequent permanent storage; such 

removal must also result from human efforts and be addi

tional to natural CO2 uptake processes.

The ocean – a carbon dioxide uptake champion

The Earth’s climate system uses physical, chemical and 

biological processes to extract carbon dioxide from the 

atmosphere and store it on land, in the seas or in the 

geological subsurface. The world ocean employs these 

processes so extensively that it has been able to moderate 

major changes in atmospheric CO2 concentration through 

out the course of the planet’s history. These equilibration 

processes, however, occur over time spans of millions  

of years. Because of its natural ability to absorb carbon 

 dioxide, the ocean is pivotal to the global carbon cycle.  

It contains around 40,000 billion tonnes of carbon, the 

 largest proportion of which is dissolved in the seawater. 

The ocean is thus the second largest reservoir of carbon  

on the planet. 

There is a continuous exchange of carbon between the 

ocean and the atmosphere. Every year, more than 150 

billion tonnes of carbon pass back and forth in the form of 

the greenhouse gas CO2. Because CO2 concentrations in 

the atmosphere are increasing due to anthropogenic emis

sions, the oceans are absorbing more CO2. In recent 

decades, the world ocean has absorbed around 25 per cent 

of the anthropogenic carbon dioxide emissions from the 

atmosphere, thus significantly inhibiting the progress of 

global warming. However, this carbon dioxide uptake has 

resulted in largescale acidification of its water masses.

Overall - Conclus ion

The untapped potential of soils and  

terrestrial vegetation

Only in the last ten years or so has targeted action to 

enhance the ocean’s natural carbon uptake been the  

subject of more intensive debate. Previously, all hopes 

rested on the carbon dioxide uptake capacity of soils and 

terrestrial vegetation. These terrestrial carbon stores are 

much smaller than the oceanic carbon stores. Even so, 

their carbon fluxes play a key role in the current climate 

crisis. Firstly, humans have always contributed to the 

depletion of natural terrestrial carbon stocks through land

use  change. This depletion occurs wherever forests are 

cleared (slashandburn), wetlands are drained, natural 

grasslands are converted to arable land and soils are 

depleted by intensive agriculture. Each of these activities 

involves the burning or decomposition of organic matter, 

thus creating and releasing greenhouse gases. And  

secondly, the world’s terrestrial vegetation and soils  

still function as a carbon sink, i.e. they continue to absorb 

more atmospheric carbon dioxide and store the carbon  

it  contains than they release through counteracting 

 processes.

Based on this knowledge, various solutions have been 

developed that can largely prevent further greenhouse gas 

emissions from landuse change, increase the size of the 

carbon sinks formed by soils and terrestrial vegetation, 

and offset any residual emissions from human activities. 

Not all these measures are without risk, and competition 
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for the required land and water resources is fierce in some 

places. Properly implemented, however, known landuse 

methods could achieve roughly 20 to 30 per cent of the 

emissions reductions and carbon dioxide removal needed 

by 2050 to keep global warming to below two degrees 

Celsius in the long term. But thus far these measures have 

been implemented on far too small a scale.

Research under time constraints and  

massive expectations

Given that far too little progress has been made on emis 

sions avoidance and landbased carbon dioxide removal, 

the scientific community, policymakers and the private 

sector are now searching for oceanbased solutions – 

 while facing ever more time constraints and expectations. 

As many of the stakeholders involved in this research are 

pursuing commercial interests, a code of conduct has been 

produced for these scientific activities. Its purpose is to 

guarantee transparency and prevent unintended negative 

developments. As another new feature, major research 

projects on marine CDR procedures now apply an inter 

disciplinary approach from the start. 

They investigate not only key aspects of natural 

 science but also relevant  economic, legal, social and politi

cal issues and processes and the interactions between 

them. It is already clear that if the ocean is to make a signi

ficant contribution to offsetting residual emissions, small

scale CDR measures will not be sufficient. Instead, a new 

carbon dioxide removal industry will need to be estab 

lished, which will change the appearance of the landscape 

in affected marine and coastal regions accordingly. It will 

also require massive human intervention in the ocean’s 

natural processes across large areas and for a long period 

of time.

Three categories of ocean-based  

CDR methods

There is scope to enhance carbon dioxide uptake by  

the ocean using a variety of CDR methods. Biological 

methods are based on photosynthesis: here, algae and 

marine or coastal plants break down carbon dioxide, con 

vert the carbon that it contains into organic compounds 

and store it in the form of biomass. Chemical methods  

rely on a chemical equilibrium reaction which starts  

when carbon dioxide dissolves in seawater. In the  

process, the carbon it contains is bound chemically so  

that in the best case, it stays in the ocean for many 

thousands of years. With geochemical methods, by 

contrast, carbon dioxide is liquefied or dissolved in water 

and then injected into geological formations deep under 

the ocean floor. However, this form of carbon dioxide 

storage only qualifies as a removal method if the stored 

CO2 has been extracted from the atmosphere – which is 

rarely the case at present. In current subsea carbon 

dioxide storage projects, almost all the sequestered carbon 

dioxide comes from fossil sources, having been captured 

during the extraction of natural gas, in industrial or 

combustion processes such as cement or steel production, 

or in waste incineration. Storing this carbon dioxide 

merely prevents its release; it does not allow for any 

offsetting of residual emissions.

Coastal ecosystems – marine carbon sinks  

providing indispensable additional services

The world’s tidal marshes, seagrass meadows, mangroves 

and kelp forests make a significant contribution to natural 

capture and storage of carbon dioxide by the ocean.  

Many coastal ecosystems store far more carbon under 

ground than terrestrial forests. However, marine forests 

and meadows can only lock away the carbon securely  

as long as they continue to thrive. By conserving coastal 

ecosystems, we prevent the degradation of their carbon 

stocks and thus the release of large quantities of  

greenhouse gases. At the same time, planting new  

marine  meadows and forests or restoring damaged eco

systems offers hope of enhancing their natural carbon 

 dioxide uptake in such a way that residual emissions can 

be offset. 

The size of the carbon dioxide removal potential of 

coastal eco systems is a matter of debate. One unanswered 

question, for example, is the level of carbon storage in 

individual marine meadows and forests. There is much 

 evidence to suggest that carbon storage depends on local 

environmental factors and varies greatly from place  

> Sustainable land use and the proper use of land-based carbon removal techniques would yield benefits for climate, people and nature. This overview 

shows the extent to which greenhouse gas emissions could be prevented or compensated for by means of 21 selected land-based methods. It also shows 

the estimated annual mitigation potential at a carbon price of 100 US dollars per tonne of carbon dioxide equivalents. Potential co-benefits and trade-offs 

arising from the implementation of the mitigation measures are summarized in the round icons for each of the 21 measures. What is striking is that the 

mitigation potential is greatest in Asia and the developing Pacific region.



> The amount of 

carbon that coastal 

ecosystems store 

underground in the 

long term depends on 

a number of factors. 

These include inputs 

of material from 

terrestrial sources or 

from other marine 

regions as well as the 

amount of biomass 

consumed by animals 

or decomposed by 

microorganisms.

> A variety of 

methods can be used 

to generate artificial 

upwelling. One idea 

is to deploy tube-like 

wave pumps in the 

ocean. They have a 

surface buoy at the 
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and falls, following 

the wave motion. The 

motion transfers to a 

pump in the upwelling 

tube which then lifts 

the deep ocean water 

to the surface.
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to place. New plantings aimed at removing additional 

 carbon dioxide from the atmosphere therefore only make 

sense in locations with optimal growth and storage condi

tions.

Nevertheless, it is essential to invest in the con 

servation and restoration of destroyed coastal ecosystems 

in other locations as well, for a multitude of reasons. Many 

of their cobenefits are vital for humankind’s survival. 

Tidal marshes, seagrass meadows, mangroves and kelp 

forests produce oxygen, clean water, provide habitat and 

food for animals and plants, protect the coasts from erosion 

and provide millions of people with food, wood and an 

array of incomegenerating opportunities. Wherever 

 coastal ecosystems are restored or expanded, there is 

potential to generate dual benefits for society – from addi

tional carbon dioxide removal and from renewed avail

ability of ecosystem services. However, the success of 

 planned restoration and expansion projects depends in 

part on how local communities are involved in all the rele

vant decisionmaking processes. Without their support, 

these project are doomed to fail.

Artificial upwelling – of limited utility 

“Artificial upwelling” is the term used to describe processes 

that aim to transport nutrientrich deep ocean water to the 

sea surface in order to boost the growth of microscopic 

algae and thus the ocean’s biological carbon pump. 

However, to function as a negative emission technology the 

boosted food web must bind and sequester more carbon in 

the depths of the ocean than outgasses at the surface from 

the mostly carbon dioxiderich deep ocean water upwelled 

to the surface – a requirement that can presumably only  

be met under very specific conditions, which is why the 

potential for additional carbon dioxide removal via these 

processes is considered to be quite limited. 

There is also continued uncertainty as to the technical 

means by which artificial upwelling can be generated  

on a climaterelevant scale, what risks the processes  

entail for the marine environment and what kind of 

regulatory framework would be required for largescale 

deployment in future. The operation of thousands of 

pumps would presumably severely restrict other forms of 

marine use. 

So far, the use of artificial upwelling would appear to 

only make sense and be economically worthwhile as  

an aid in kelp farming. The harvested algae are currently  

used mainly as a food or feedstuff and as an additive  

in the manufacturing of various products, however. 

 Techniques for targeted carbon dioxide removal through 

increased kelp farming are still at the research and deve

lopment stage.

Alkalinity enhancement –  

understood in theory but insufficiently  

tested in the field

Dissolution products from the natural weathering of  

rocks increase the ocean’s acidbinding capacity (alkali

nity). They thus enable chemical bonding of dissolved 

 carbon dioxide in the ocean and the subsequent  

absorption of new carbon dioxide from the atmosphere. 

This natural process of climate regulation could be selec

tively accelerated if large amounts of limestone and silicate 

rocks were mined and distributed in the sea in the form of 

rock flour or alkaline solutions. Such alkalinityenhancing 

Overall - Conclus ion



> The alkalinity of 

seawater is deter- 

mined by two fun-

damental processes: 

first, by the introduc-

tion of dissolved, 

acid-binding dis so- 

lution products of 

rock weathering; 

and secondly, by the 

 natural uptake and 

further processing 

of these dissolution 

products by marine 

creatures such as 

calcareous organisms 

(carbonates) or dia-

toms (silicates). In the 

formation of carbo-

nate minerals (CaCO3) 

a portion of the bound 

carbon dioxide (CO2) 

is released again. 

> For two of the 

promising methods 

for enhancing the 

alkalinity of the 

ocean, limestones or 

silicate rocks must 

be mined on land 

and ground into rock 

powder. The carbon 

dioxide emissions 

from these processes 

would have to be 

captured and stored. 

Otherwise, the 

methods would not 

have a meaningful 

positive impact on 

climate.
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processes would also have the benefit of reducing acidi

fication in the treated water masses and improving the 

living conditions for many  marine organisms.

The chemical processes involved in a targeted pro

gramme of alkalinity enhancement of the ocean are now 

well understood. Its technical feasibility, however, is diffi

cult to assess because most of our knowledge comes from 

computer simulations and smallscale laboratory experi

ments. Largescale field experiments are still lacking. In 

the laboratory, researchers are now testing various natu

rally occurring and artificially produced minerals for their 

suitability and weathering properties. At the same time, 

studies are being carried out on the possible environmen

tal impacts and risks, about which very little is currently 

known. Specialists are also working on electrochemical 

methods of alkalinity enhancement. While these methods 

require a substantial amount of energy – which should of 

course come from renewable sources – they could be 

applied without rock material.

If the currently known chemical methods of alkalinity 

enhancement were applied worldwide, it is estimated that 

an additional 100 million to more than a billion tonnes of 

carbon dioxide could be removed from the atmosphere 

annually. However, this would be countered by new 

greenhouse gas emissions generated in the quarrying, 

transporting and processing of the rocks.

Subsea carbon dioxide storage – an up-and-coming 

but controversial method

Carbon capture and storage (CCS) technologies will  

have a vital role to play if the goal of global greenhouse  

gas neutrality is to be reached by 2050. Firstly, they 

prevent the release of carbon dioxide from fossil sources. 

Secondly, CO2 removal methods such as the much 

discussed Bioenergy with Carbon Capture and Storage 

(BECCS) process can only help to offset residual  

emissions if it captures carbon dioxide produced during 

combustion. The CO2 must then be processed into  

longlived products such as carbon fibre or be securely 

stored. 

The number of carbon capture facilities in operation 

worldwide is increasing; the majority of them capture 

carbon dioxide from fossil sources. The question, however, 

is where the captured CO2 should be stored over the long 

term. Experts assume that most of the gas will have to be 

stored underground. This is only technically feasible in 

rock strata that are sealed by an impermeable surface 

layer, preventing the carbon dioxide from escaping from 

these deep formations. 
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Onshore, geological carbon dioxide storage projects 

often encounter local opposition. Experts are therefore 

searching for geological formations that would be suit

able as deep subsea storage sites. Sandstone formations 

and the porous upper basalt layer of the oceanic crust  

can potentially be considered here. Technologies for  

carbon dioxide storage in sandstone formations have 

been deployed successfully since 1996. At present, the 

only place where carbon dioxide is injected into the 

upper oceanic crust is Iceland, where the basalt pro 

trudes above the surface of the sea and is within easy 

reach. By contrast, relatively little is known about  

the storage potential of basalt formations in the ocean 

floor. This is currently being studied in various research 

projects.  

A key difference can already be discerned, however: 

carbon dioxide that is injected into sandstone may, under 

certain conditions, remain in the rock’s pore water for 

many thousands of years before mineralization takes 

place, securely binding the carbon dioxide in solid form. 

In highly reactive basalt, by contrast, mineralization 

occurs far more rapidly.

Nevertheless, CO2 storage in the ocean floor is not 

 without risk. Storage sites must be extensively surveyed, 

selected with care and then monitored over long periods 

using technologies that are as ecofriendly as possible (key

word: noise pollution). Furthermore, carbon dioxide injection 

in one area of the sea may restrict other forms of marine 

use throughout the affected region. Crosssectoral coordi

nation of these storage projects is therefore essential. 

Key principles for the governance and  

regulation of possible CDR

In view of the increasingly dramatic impacts of climate 

change, we must do our utmost to keep global warming to 

a minimum. Emissions avoidance must take the highest 

priority, but the use of promising oceanbased CDR 

methods is likely to have a role to play in the long term as 

well. They are not the only solution to the climate crisis, 

however, but must form part of a broader plan on managing 

residual emissions. 

If oceanbased CDR methods are used, this will impact 

an ocean that is already subjected to diverse forms of 

human use and exploitation. In order to protect the ocean 

and guarantee fair burdensharing, carefully considered 

national and international CDR strategies are therefore 

required, with clear targets and rules for all stakeholders. 

Experts have developed initial principles for the 

governance and regulation of land and oceanbased CDR 

methods. In their view, in addition to prioritizing emissions 

avoidance, it is important to ensure prior to deployment 

that, firstly, the carbon dioxide removal is permanent and 

the interventions will not emit more new greenhouse 

gases than the quantity of carbon dioxide removed from 

the atmosphere. And secondly, the methods must be 

comprehensively assessed in advance from a climate, 

environmental and social perspective and possible goal 

conflicts avoided or resolved; this must be achieved in a 

sustainable and equitable manner. 

Depending on the CDR method used, an array of tech

nical installations and infrastructures would also be re 

quired, such as CO2 pipelines, transport ships and storage 

sites for injection into deep subsea formations, as well as 

reactors for accelerated weathering of rock and capture 

systems for the direct removal of carbon dioxide from 

ambient air. These infrastructures may well take years to 

construct. In reality, however, their construction would 

need to be completed swiftly if CDR methods are to be 

used to remove carbon dioxide from the atmosphere by 

2050 in the very large quantities required under the cli

mate scenarios in which we reach our climate targets. 

As all the regions of the oceans are connected by cur

rents, a harmonised regulatory framework for oceanbased 

CDR deployments would be required at the international 

level. In the experts’ opinion, there is little sign at present 

that the international community will agree on a common, 

overarching regulatory framework for all forms of CDR. 

The numerous land and oceanbased CDR methods vary 

too much for that. Proposals on separate regulation of 

 oceanbased CDR methods appear more promising. The 

London Protocol shows how this might work. This legis

lation has been extended in recent years to include  

“marine geoengineering”. Provisions on ocean fertilization 

and carbon dioxide storage in subseabed formations have 

already been integrated into the Protocol as well. There is 

scope for similar integration of regulations on other CDR 

methods involving the introduction of substances or tech

nologies in the sea. 

Harmonized procedures for accurately monitoring, 

documenting and verifying carbon dioxide fluxes in land 

and oceanbased removal projects are also urgently 

required. Monitoring can reduce legal uncertainties and 

prevent abuse while offering scope for certification of 

 permanent carbon dioxide removals. If certification comes 

with economic benefits, this would encourage companies 

and other stakeholders to invest in oceanbased CDR 

 projects. 

At the same time, we need a broad public debate about 

the possible use of marine CDR procedures. So far, this 

debate has merely involved scientists, some sectors of the 

economy and a small number of political institutions. For 

a multitude of reasons, strong public engagement is a key 

prerequisite for successful climate change mitigation, 

however. In the case of oceanbased CDR methods, this 

applies particularly to the coastal population in whose 

immediate vicinity CDR methods would be deployed or in 

whose neighbourhoods some of the required technical 

installations would be established.

It is already certain that these deployments will not be 

entirely without risks or consequences. For that reason, 

careful consideration of tradeoffs is required in all 

decisionmaking, with due regard for the needs of people, 

climate and nature alike. This is an immensely challenging 

task. However, the time for simple solutions is long gone, 

due to our failure to take action on climate change.

Overall - Conclus ion



 > Appendix220 221Glossar < 



 > Appendix222 223Abbreviat ions < 

ppm parts per million

RCP Representative Concentration Pathways

SDGs Sustainable Development Goals

Si4+ Chemical formula for silicon cation

SiO2 Chemical formula for silicon oxide

SSP Shared Socioeconomic Pathway(s)

UN United Nations

UNCLOS United Nations Convention on the Law of the Sea

UNFCCC United Nations Framework Convention on Climate 
Change

USD Currency code of US american dollar

WMO World Meteorological Organization

ABNJ Areas Beyond National Jurisdiction 

AGGI Annual Greenhouse Gas Index

AUD Currency code of Australian dollar

BBNJ Biodiversity Beyond National Jurisdiction

BECCS Bioenergy with Carbon Capture and Storage

Ca Symbol of calcium

CaCO3 Chemical formula for calcium carbonate (lime)

CaSiO3 Chemical formula for silicate rocks

CBD Convention on Biological Diversity

CCS Carbon Capture and Storage

CCU Carbon Capture and Utilization

CDR Carbon Dioxide Removal

CFCs Chlorofluorocarbons

CH4 Chemical formula for methane

CO2 Chemical formula for carbon dioxide

DAC Direct Air Capture

DACCS Direct Air Carbon Capture and Storage

DACCU Direct Air Carbon Capture and Utilization

EU European Union

EU ETS European Union Emissions Trading System

EEX European Energy Exchange

EEZ Exclusive economic zone

GESAMP Joint Group of Experts on the Scientific Aspects  
of Marine Environmental Protection

Gt Gigatonne

H+ Hydrogen cation (also termed proton)

H2CO3 Chemical formula for carbonic acid

H2O Chemical formula for water

HCO3
– Chemical formula for hydrogen carbonate ion

IAM Integrated Assessment Model

IEA International Energy Agency

IMO International Maritime Organization

IPCC Intergovernmental Panel on Climate Change 

ISA International Seabed Authority

KSpG Kohendioxid-Speicherungsgesetz; German Carbon 
 Capture and Storage Act 

MIT Massachusetts Institute of Technology

N2O Chemical formula for nitrous oxide, also termed  
laughing gas

NOAA National Oceanic and Atmospheric Administration

Abbrev iat ions
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