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The Global Carbon Cycle



Anthropogenic Effects on the Global Carbon Cycle



Let‘s Play

The Carbon Cycle Game



The Carbon Cycle Game

Pre-Industrial Phase

ATMOSPHERE
1. You have been taken up for photosynthesis by 

a terrestrial plant. Go to LAND PLANT.
2. You have been taken up for photosynthesis by 

phytoplankton in the ocean surface. Go to 
MARINE BIOTA.

3. You diffuse into the surface of the ocean. Go 
to SURFACE OCEAN.

4. You have a long life-time in the atmosphere. 
Stay in the ATMOSPHERE.

5. You have been taken up for photosynthesis by 
a terrestrial plant. Go to LAND PLANT.

6. You have a long life-time in the atmosphere. 
Stay in the ATMOSPHERE.

LAND PLANT
1. The plant that takes you up respires you back 

into the ATMOSPHERE.
2. The plant that takes you up lives long and you 

are stored in its wood biomass. Stay in the
PLANT.

3. The plant that takes you in is cut and made 
into firewood. You go back into the 
ATMOSPHERE.

4. The plant that takes you up dies and begins to 
decompose. Go to SOILS.

5. The plant that takes you up falls into a swamp 
and is buried by mud. You become coal. Go to 
FOSSIL FUELS.

6. The plant that takes you up has fungi in its 
roots, which fix more carbon into the soil. Go 
to SOIL. 

SOIL
1. The soil you are in is undisturbed. You stay for 

a long time in the SOIL. 
2. The organic matter you are a part of is 

decomposed by bacteria. You are oxidized 
and emitted back to the ATMOSPHERE.

3. You dissolve into the groundwater, move into 
a stream and flow into the SURFACE OCEAN.

4. You are incorporated into soil aggregates, 
which are stable and stored in the deeper soil 
for a long time. Stay in the SOIL.

5. You dissolve into the groundwater and are re-
precipitated into the fractures of a ROCK.

6. You are absorbed by a bacterium, which 
respires you back into the ATMOSPHERE.

ROCKS
1. The rocks you are a part of are 

metamorphosed into marble. Stay in ROCKS.
2. The rocks you are a part of are subducted at a 

convergence zone. You get trapped in some 
melt and are erupted from a volcano. Go to
the ATMOSPHERE.

3. The rocks you are a part of are buried. Stay at 
ROCKS.

4. The rocks you are a part of are 
metamorphosed into marble. Stay in ROCKS. 

5. The rocks you are a part of is uplifted in 
mountains and you are exposed to 
weathering, erosion and oxidation. Go back to 
the ATMOSPHERE. 

6. The rocks you are a part of are 

SURFACE OCEAN
1. You are converted by your reaction with 

seawater to carbonate and taken up by 
calcifying organisms. Go to MARINE BIOTA.

2. You are carried with cold waters. Cold water 
can hold you better. Stay in the OCEAN. 

3. You react with seawater and form 
bicarbonate. You cannot escape back to the 
air. Stay in the OCEAN.

4. The water you are in is transported to the 
deep. The current carrying you encounters a 
coastline and you are upwelled to the surface. 
You can escape back to the ATMOSPHERE. 

5. You are transported to the deep ocean and 
carried with deep currents in the ocean for a 
long time. Stay in the OCEAN.

6. You are absorbed by a coral polyp, go to 
MARINE BIOTA.

MARINE BIOTA
1. The phytoplankton, which took you up from 

the air is eaten by fish, which respires you 
back to the ATMOSPHERE. 

2. The organism that you are a part of dies and 
sinks to the seafloor. You are exposed to heat 
and pressure and you become FOSSIL FUEL.

3. The organism that you are a part of dies and 
sinks to the bottom. You become part of the 
carbonate deposits in the seafloor and later 
turn to ROCKS. 

4. The organism that you are a part of dies in 
shallow water. As it decomposes, you are 
released back to the ATMOSPHERE.

5. The organism you are part of dies and clumps 
with other dead organisms. These sink to the 
seafloor turn to ROCK after millions of years.

6. The phytoplankton, which took you up respires 
you back to the ATMOSPHERE

FOSSIL FUELS 
1. The fossil fuels you are a part of are buried. 

Stay at FOSSIL FUELS.
2. The fossil fuels you are a part of are buried. 

Stay at FOSSIL FUELS.
3. The fossil fuels you are a part of are buried. 

Stay at FOSSIL FUELS.
4. The fossil fuels you are a part of are buried. 

Stay at FOSSIL FUELS.
5. The fossil fuels you are a part of are buried. 

Stay at FOSSIL FUELS.
6. You are trapped in a bog and converted to 

peat. You are harvested to heat homes. You
are released into the ATMOSPHERE. 



The Carbon Cycle Game

Industrial Phase

ATMOSPHERE
1. You have been taken up for photosynthesis by a 

terrestrial plant. Go to LAND PLANT.
2. You have been taken up for photosynthesis by 

phytoplankton in the ocean surface. Go to 
MARINE BIOTA. 

3. You diffuse into the surface of the ocean. Go to 
SURFACE OCEAN.

4. You have a long life-time in the atmosphere. Stay
in the ATMOSPHERE.

5. You have been photosynthesized by a terrestrial 
plant. Go to LAND PLANT.

6. You have a long life-time in the atmosphere. Stay
in the ATMOSPHERE.

LAND PLANT
1. The plant that takes you in respires you back into 

the ATMOSPHERE.
2. The plant that takes you in lives long and you are 

stored in its woody biomass. Stay in the PLANT.
3. The plant that takes you in is cut and made into 

firewood. You go back into the ATMOSPHERE.
4. The plant that takes you in dies and begins to 

decompose. Go to SOILS.
5. The plant that takes you in is burned in a forest 

fire. You go back to the ATMOSPHERE.
6. The plant that takes you in is cut down and 

burned for charcoal. You go back to the 
ATMOSPHERE. 

SOIL
1. The soil you are in is tilled exposing you to air. 

You are oxidized. Go back to the ATMOSPHERE.
2. The organic matter you were a part of was 

decomposed by bacteria. You are oxidized and 
emitted back to the ATMOSPHERE. 

3. You dissolve into the groundwater, move into a 
stream and flow into the SURFACE OCEAN.

4. You are incorporated into soil aggregates, which 
are stable and stored in the deeper soil for a long 
time. Stay in the SOIL.

5. The soil you are in is eroded. You are exposed to 
air. Go to the ATMOSPHERE. 

6. The soil you are in is drained and cultivated. You 
are exposed to air and oxidized. You are released 
into the ATMOSPHERE.

ROCKS
1. You are incorporated in a carbonate rock. You 

are mined and calcinated to produce cement. In 
the process you are released back to the 
ATMOSPHERE.

2. The rocks you are a part of are subducted at a 
convergence zone. You get trapped in some melt 
and are erupted from a volcano. Go to the
ATMOSPHERE.

3. The rocks you are a part of are buried. Stay in 
ROCKS.

4. You are incorporated in a carbonate rock. Acidic 
rain reacts with the rock you are in and you are 
dissolved releasing you back to the 
ATMOSPHERE. 

5. The rocks you are a part of is uplifted in 
mountains and you are exposed to weathering, 
erosion and oxidation. Go back to the 
ATMOSPHERE. 

6. You are incorporated in a carbonate rock. You 
are mined and calcinated to produce cement. In 
the process you are released back to the 
ATMOSPHERE. 

SURFACE OCEAN
1. You are converted by your reaction with 

seawater to carbonate and taken up by calcifying 
organisms. Go to MARINE BIOSPHERE. 

2. The water carrying you is turning warmer and 
warmer. Warm water cannot hold you back. You 
are outgassed to the ATMOSPHERE.

3. The water you are in is transported to the deep. 
The current carrying you encounters a coastline 
and you are upwelled to the surface. You can
escape back to the ATMOSPHERE. 

4. You are transported to the deep ocean and 
carried with deep currents for a long time. Stay in 
the OCEAN. 

5. The pH of the water is sinking. Seawater can 
hold less gases. You are outgassed to the 
ATMOSPHERE.

6. The water carrying you is turning warmer and 
warmer. Warm water cannot hold 

MARINE BIOTA
1. The phytoplankton, which took you up from the 

air is eaten by fish, which respires you back to 
the ATMOSPHERE. 

2. The organism that you are a part of dies and 
sinks to the seafloor. You are exposed to heat 
and pressure and turn,  you become FOSSIL 
FUEL.  

3. The organism that you are a part of dies and 
sinks to the bottom. You become part of the 
carbonate deposits on the seafloor and later turn 
to ROCKS.

4. The organism that you are a part of dies in 
shallow water. As it decomposes, you diffuse 
back into the ATMOSPHERE.

5. The organism incorporates you into its 
exoskeleton. The process of shell building 
releases CO2. You are released back to the
ATMOSPHERE.

6. The phytoplankton, which took you respires you 
back to the ATMOSPHERE.

FOSSIL FUELS
1. You are burned to fuel cars. Go to the ATMOSPHERE.
2. The fossil fuels you are a part of are buried. Stay at 

FOSSIL FUELS.
3. You are burned to fuel airplanes. Go to the 

ATMOSPHERE.
4. You are burned to heat houses. Go to the 

ATMOSPHERE.
5. You are burned in factories to produce fertilizer, 

cement and steel. Go to the ATMOSPHERE.
6. The fossil fuels you are a part of are in rocks that are 

uplifted and exposed.  You are oxidized and released 
to the ATMOSPHERE.



The Carbon Cycle Game

CASE 1
Atmosphere Other reservoirs except

rocks and fossil fuels
Fossil 
Fuels

Pre-Industrial 28 (34%) 54 (66%)

Industrial 58 (58%) 41 (41%)

CASE 2 Atmosphere Other reservoirs except
rocks and fossil fuels

Fossil 
Fuels

Pre-Industrial 39 (42%) 53 (58%) 50

Industrial 76 (52%) 70  (47%) 9

Sample Results:

CASE 1 : All C atoms
start in the
atmosphere

CASE 2 : half the C 
atoms start in the
atmosphere the other
half as fossil fuel





CD
R

Emissions reduction vs. Carbon Dioxide  Removal (CDR)



Hard-to-abate emissions

adapted from Schenuit et al. (2023): Carbon Management: Opportunities and risks for ambitious climate policy
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„HARD-TO-ABATE“ 
GREENHOUSE GAS EMISSIONS
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CARBON MANAGEMENT

Some CDR methods
employ CCU or CCS to
re-utilize or store CO2

CCU
Carbon Capture and Utilization

(delays hard-to-abate emissions)

CCS
Carbon Capture and Storage

(reduces hard-to-abate emissions)

CDR
Carbon Dioxide Removal

(counterbalances residual emissions)

Emissions can be directly captured where they are generated

Emissions are difficult to capture where they are produced
(also called residual emissions ) 



Hard-to-abate emissions
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Carbon Dioxide Capture and Storage (CCS) vs. Carbon Dioxide Removal (CDR)
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Emissions reduction vs. Carbon Dioxide  Removal (CDR)

VSEmissions Reduction CO2 – Removal (CDR)

Definition

Methods

ReactivProactiv

CO
2

CO2

CO
2

CO
2

CO2

CO2

Life sentence

CO2

Renewable
energy

Avoiding waste

CO2

Reduction of
CO2-footprints

geochemical
Example: Enhanced 
weathering of rocks

CO2

Geological storage

+ CO2 - CO2

chemical

Direct air Capture

biological

Example: Afforestation

CO2

CO
2

CO
2

CO2C
O
2

C
O
2

CO2

CO2

CO2

CO2

aims to ensure that less
CO2 is released into the
atmosphere

Carbon dioxide, that is already
in the atmosphere is captured
and stored

Less burning of
fossil fuels

Compensating for
Emissions



CDR Methods: an Overview

Biological 
Methods

Chemical 
Methods

Geochemical
Methods

Biological 
Methods

Geochemical
Methods

CO2-negative 
building
materials

CO2-negative 
Forestry

Afforestation/
Reforestation

Agroforestry Soil carbon
sequestration

Peatland
rewetting

Biochar Bio-energy with
CO2-capture and 
storage (BECCS)

Artificial
photosynthesis

Direct air capture
with CO2-storage 
(DACCS)

Enhanced 
weathering

Blue carbon Artificial
upwelling

Ocean 
alkalinization

Artwork: Björn Maier, CDRSynTra
Rita Erven, CDRmare



CDR 
Method

Technical 
readiness

Side effects Permanence

+ -
Afforestation

BECCS

Biochar

Enhanced 
weathering

DACCS

Soil carbon
sequestration

Minx et al., Environ. Res. Lett., 2018; Fuss et al., Environ. Res. Lett., 2018 

Possible Side Effects and Risks



Possible Side Effects and Risks

Minx et al., Environ. Res. Lett., 2018; Fuss et al., Environ. Res. Lett., 2018 

Air pollution

Biodiversity

AlbedoGround/
Water pollution

Soil quality

Food security Mining and
extraction

N2O
CH4

Trace GHGs

Ecosystem
changes



CDR 
Method

Technical 
readiness

Side effects Permanence

+ -
Afforestation

BECCS

Biochar

Enhanced 
weathering

DACCS

Soil carbon
sequestration

Minx et al., Environ. Res. Lett., 2018; Fuss et al., Environ. Res. Lett., 2018 

Ground/Water pollution

N2O
CH4

Air pollution

Biodiversity

Albedo

Soil quality

Food security

Mining and extraction

Trace GHGs

Ecosystem changesN2O
CH4

N2O
CH4

N2O
CH4

Possible Side Effects and Risks



VSEmissions Reduction CO2 – Removal (CDR)

Obstacles to Implementation

ReactivProactiv

Risks

Food security

CD
R

Problem: Upscaling

High costs

Low public acceptance

Greenwashing

CO
2

Permanence of storage

Hesitance in the
politics

CO
2

Lack of willingness to
change habits

Delaying climate measures

Overestimation of
the capacity of CDR

Competition for resources

CO2CO2
Double counting of
emissions reductions

High costs

Will widen the gap between the rich and the
poor

Between
people

and

Between
countries

Emissions reduction vs. CDR



Let‘s play

The CDR Simulation Game



CDR Simulation Game Fact Sheets



CDR Simulation Game CDR Portfolio

 

Line 
 

1 

CDR (Carbon Dioxide Removal) Portfolio 
Starting Budget of each Group 800 million Euro 

2 Methods 

Affores-
ta+on 

BECCS En- 
hanced 
rock 
weathe-
ring 

Ar+ficial 
upwelling 

   

3 max. Potential 
(Mt CO2/Year) 2 12 4 10    

4 Cost 
(Mio €/ Mt CO2) 30 160 135 40    

5 Investment 
(€ Mio) 

      Sum 

6 
Target amount of CO2 to 

be removed  
(Mt CO2/year) 

      Sum 

7 

Am
ou

nt
 o

f C
O

2 
ef

fe
ct

iv
el

y 
re

m
ov

ed
 (M

t C
O

2/
ye

ar
) 

2025-2030 
(Phase 1) 

      Sum (x5) 

8 2031-2035 
(Phase 2) 

      Sum (x5) 

9 2036-2040 
(Phase 3) 

      Sum (x5) 

10 2041-2045 
(Phase 4) 

      Sum (x5) 

11 2046-2050 
(Phase 5) 

      Sum (x5) 

12 
Sum of CO2 effectively 

removed in 25 years 
(Mt) 

      Total 

Instructions: 
1. Read the descriptions of the methods on the fact sheets. Pay attention to the additional benefits and 

possible risks, as these will play an important role in determining the effectiveness of the CDR 
measures you choose. 

2. Discuss how best to allocate the money (€800 million) to the different CDR measures. Enter in Line 5 
(investment) how much you want to spend on a method and how much CO2 this investment is 
expected to remove from the atmosphere in Line 6 (target amount of CO2). 

3. Make sure that 
- the total amount of investment does not exceed €800 million. 
- the target amount of CO2 to be removed does not exceed the maximum potential/year of a method 
(see line 3).  

4. Funds, which are not spent will be forfeited.   
5. Your portfolio will be evaluated every 5 years starting from 2025.  Your teacher will read out what 

events will occur during each phase and what the consequences will be: 
a. A method was not affected ---- the target amount of CO2 removed is reached 
b. A method was affected positively ---- the amount of CO2 effectively removed is double the 

targeted amount 
c. A method was affected negatively --- CO2 effectively removed is 0 or 50% of target amount.  

6. Enter in lines 7-11, the CO2 effectively removed for every phase.   
7. Enter in line 12 the sum total of CO2 effectively removed for each method and the total CO2 effectively 

removed by your portfolio.  
8. The team with the highest amount of CO2 effectively removed in 25 years wins the game. 

 



Experiments



Link to the materials

https://cloud.geomar.de/s/wN43EBTcBKKpPHi
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