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Investigation of Carbon Flows in Switzerland with the
Special Consideration of Carbon Dioxide as a Feedstock
for Sustainable Energy Carriers
Boris Meier,* Fabian Ruoss, and Markus Friedl[a]
The substitution of fossil energy carriers by renewable hydrocarbons is a promising measure to reduce net CO2 emissions.
The production of renewable hydrocarbons requires hydrogen and carbon. Although hydrogen is easily accessible, the
finding of optimal carbon sources requires an understanding
of natural and anthropogenic carbon flows. However, there
is no overview on the entire carbon flows in Switzerland yet.
Although the potential of carbon from biomass is well
known, it is unknown whether CO2 is the limiting factor for
the production of renewable synthetic fuels. In a comprehensive analysis, 57 carbon paths within Switzerland and across
its borders are identified. The carbon flows are quantified for
2013 and illustrated in a Sankey diagram. The diagram is universal and may be applied to other countries in this form.

From this analysis, optimal carbon sources for renewable
fuels are found. The question is discussed of whether CO2
for synthetic renewable fuels may also originate from nonbiogenic sources. Optimal carbon sources are either biomass
or CO2 from incineration plants or cement-manufacturing
plants. If all accessible CO2 from these plants was used for
the production of CH4, 43 % of SwitzerlandQs road transportation could be powered with only a very low net CO2 emission if the electric power originates from renewable sources.
The limiting factor for the production of synthetic fuel is renewable electrical energy rather than CO2. We propose that
the origin of CO2 does not affect the sustainability of the
synthetic fuel but the origin of the electric power does.

Introduction
As part of the Kyoto Protocol in 1997, Switzerland committed to reduce its greenhouse gas emissions by 2020 to 80 %
of the emissions of 1990 levels. This reduction target and the
measures to achieve it are specified in the Swiss Federal Act
on the Reduction of CO2 Emissions. The main greenhouse
gas emitted in Switzerland is CO2. This gas accounts for
82.1 % of the greenhouse effect in 2013.[1]
The combustion of motor fuels emits 50 % of SwitzerlandQs
anthropogenic CO2 emissions.[1] One way to reduce greenhouse gas emissions is the substitution of fossil fuels by batteries or by “green” fuels such as H2 or renewable hydrocarbons (e.g., methane, methanol, petrol, and diesel). However,
there is no definition of green fuels as their production possibly causes net CO2 emissions. Therefore, to determine effective CO2 reduction, a life-cycle assessment (LCA) has to be
conducted on the green fuel.
The production of green fuels (except H2 itself) basically
requires H2 and carbon. The availability of H2 is practically
unlimited as it may be obtained from water by electrolysis.
The combustion of the fuel converts the H2 back to water.
The availability of carbon is more complex. Even though
carbon is an existential feedstock for green fuels or other renewable hydrocarbons such as green polymers, there is no
comprehensive understanding of the carbon flows in Switzerland so far. As a result of this lack of knowledge, carbon
flow data have been gathered and arranged in a comprehensible Sankey diagram. This knowledge is existential for a ra-
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tional integration of green fuel production plants into the
energy system.
If the carbon required for this synthesis originates from
the atmosphere, the amount of CO2 released during the combustion of the synthetic fuel is exactly the same as that removed from the atmosphere. The availability of carbon in
the atmosphere is practically unlimited (800 X 1012 kg carbon
in the entire atmosphere,[2] 64.7 X 109 kg carbon in SwitzerlandQs share of the atmosphere). However, the concentration
of CO2 in the air is approximately 400 ppm, therefore, the
capture of CO2 requires significant amounts of energy (see
Energy requirements for the capture of CO2). The capture of
CO2 is more efficient if it is present in high concentrations. It
is even more efficient to gain carbon in a higher energy
state, for example, from biomass (e.g., gasification and fermentation).
The potential for fuels made from biomass in Switzerland
has been investigated.[3] The potential for synthetic hydrocarbon fuels made from CO2 is yet unknown. The carbon flow
diagram enables the estimation of this potential.
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Is it justifiable to use CO2 from a nonbiogenic origin as
feedstock for green fuels? An answer to this often discussed
question is proposed in later in Sustainability of synthetic
fuels.

Carbon flows in Switzerland
If we compare the Swiss carbon flows with the situation in
other countries, some particularities become evident:
*

*

*

*

SwitzerlandQs per capita CO2 emissions are equivalent to
the international average, even though it is an industrialized country. In 2011, the world fossil and geogenic CO2
emissions were 34.8 X 1012 kg.[4] The world human population in 2011 was 7.0 billion, which results in a per capita
annual CO2 emission of 5 000 kg. In the same year, the
Swiss fossil and geogenic CO2 emissions were 4.10 X
1010 kg.[1] With a population of 7.9 million, this results in
a per capita annual CO2 emission of 5 200 kg. In the same
year, the average annual emission of EU countries is
7500 kg,[5] which ranges from 3700 (Latvia) to 21 800 kg
(Luxembourg). The reason for this relatively low Swiss
per capita emission is that CO2 emitted in foreign countries in the production of import products for Switzerland
is not taken into account. A further reason is the following:
CO2 emissions of electric power generation in Switzerland
are comparably low with specific CO2 emissions of
21.0 g kWh@1.[6] The reason is that electric power is produced mainly in hydroelectric power stations or nuclear
power plants. This compares, for example, to specific CO2
emissions of 317 g kWh@1[7] for electric power produced in
Germany.
The ratio of anthropogenic (i.e., nonbiogenic) carbon
emissions to the net primary production (NPP; see
Figure 5 in the Experimental Section) of biomass is high
in the international comparison. As stated above, the anthropogenic carbon emissions in Switzerland in 2013 were
4.40 X 1010 kg, which is equal to a carbon mass of 1.20 X
1010 kg. In the same year, the NPP of biomass in Switzerland was 0.96 X 1010 kg (see Carbon flows in Switzerland).
The proportion of the two carbon mass flows is 1.25. The
world anthropogenic carbon emissions are stated above.
The NPP on land is approximately 50 to 60 X 1012 kg of
carbon.[8] This leads to a ratio of 0.16–0.19. The reason for
this discrepancy is the high population density in Switzerland of roughly 200 people per square kilometer in 2013,
which is four times higher than the international average
of roughly 50 people per square kilometer. A further
reason is that substantial areas (19 %), such as the Alps,
have no NPP at all (Table 1).
There are no developed sources of fossil carbon in Switzerland. All fossil carbon is imported, mainly in the form
of petroleum products and natural gas.

Emissions of CO2 and other greenhouse gases are covered
in detail in SwitzerlandQs greenhouse gas inventory,[1] which
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Table 1. Area of different land-use categories and NPP of carbon in Switzerland.
Land-use category

Area
[km2][1]

Specific NPP (C)
[g m@2 a@1]

Total NPP (C)
[109 kg a@1]

afforestation
productive forest
unproductive forest
cropland
permanent grassland
shrub vegetation
vineyards
copse
orchards
stony grassland
unproductive grassland
surface waters
unproductive wetland
buildings and construction
herbaceous biomass
shrubs in settlements
trees in settlements
other land
total

9
11 430
920
4037
9298
1475
243
812
8
1501
631
1618
253
2081
829
39
223
5880
41 280

300[1]
300[1]
300[a]
470[1]
280[9]
200[a]
200[a]
200[a]
200[a]
200[a]
200[a]
100[a]
300[a]
0
200[a]
200[a]
200[a]
0[b]

0.003
3.43
0.276
1.897
2.60
0.295
0.049
0.162
0.002
0.30
0.126
0.162
0.076
0
0.166
0.008
0.045
0
9.60

[a] Estimation by authors. [b] Areas without vegetation, such as glaciers or
rock.

is updated annually. However, the inventory does not list
carbon flows upstream of the point of emission into the atmosphere. A comprehensive understanding of the entire
carbon flows in Switzerland is useful because
- the origin of the carbon contained in emitted CO2 is
known (i.e., fossil, geogenic, biogenic),
- potentials are visible (e.g., available amount of carbon
from unused biomass),
- proportions are visible (e.g., the proportion between emitted fossil CO2 and CO2 uptake by biomass),
- it enhances the identification of fields in which political
measures can be set (e.g., steering taxes) to reduce nonbiogenic CO2 emissions,
- it enables the simplification and visualization of complex
interrelationships.

Methodology
Carbon flow data were gathered from different sources (described in the Experimental Section). The main references
for carbon flow data are SwitzerlandQs greenhouse gas inventory,[1] which contains data about fossil and geogenic CO2
emissions in 2013, and the study Flows of biogenic goods in
Switzerland,[10] which contains data about flows that contain
biogenic carbon in 2009. The carbon flow from each material
flow is derived from knowledge or assumptions about the
carbon mass fraction. Unless mentioned otherwise, the
masses of carbon or other materials always refer to Switzerland and to 2013. The masses of wood, paper, and other biogenic materials and products refer to dry matter.
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The emission factor EF is the ratio of emitted CO2 mass to
the mass of the individual substance that contains carbon.
This is proportional to the carbon mass fraction wC of the
substance [Eq. (1)]:

EF ¼

MCO2
w ¼ 3:66 wC
MC C

ð1Þ

in which M is the respective molar mass.
All data are listed in Table 2. Of the 61 carbon flows
listed, 57 are individual flows and 4 are accumulated flows.
The main carbon flows in 2013 in the form of a Sankey diagram are presented in Figure 1. The widths of the arrows
are proportional to the respective carbon mass flows. The
scale is shown in the bottom right corner of the diagram.
Each path can be either interpreted as a flow of carbon or as
a flow of CO2. As a result of the different molar masses of C
and CO2 the ratio of the mass flows is 3.66. The numbers
show the quantity of each path in 109 kg carbon per year.
SwitzerlandQs contour only indicates whether a carbon
flow is domestic or runs across the countryQs border
(Figure 1). The diagram does not provide any geographical
information about carbon flows within Switzerland.
To structure the diagram, it is divided into four levels.
Carbon usually passes the levels from bottom (i.e., resource)
to top (i.e., atmosphere). Each level has different characteristics:
1. Resources (R): Resources are natural storages. Biogenic
resources have storage capabilities, which means that incoming and outgoing carbon flows are not balanced. The
fossil and geogenic resources are underground and there
are only outgoing carbon flows.
2. Storage (S): This level consists of man-made energy storage such as petrol tanks or the natural gas infrastructure
as well as goods and buildings. Storage has a storage capacity, but over one year incoming and outgoing carbon
flows are nearly balanced, typically differing only by
a few percent. Biogenic resources (biomass) show characteristics of both levels of resources and storage, which is
why this tile covers both of these levels.
3. Processes (P): In this level, there is a chemical conversion
of the incoming flows, usually by combustion. The outgoing flows are usually CO2 released into the atmosphere.
Processes do not possess any storage capacity, and the incoming and outgoing carbon flows are balanced.
4. Atmosphere (A): As the CO2 concentration in the atmosphere is not constant, incoming and outgoing carbon
flows are not in balance. Incoming flows are usually in
the form of CO2. There are minor components of CO or
hydrocarbons though. To provide a clear overview, flows
are separated by the origin of carbon.
The color of the arrows indicates the origin of carbon.
Fossil (yellow): Carbon from petroleum, natural gas, and
coal reservoirs. Preserved remains of animals, plants, and
other organisms that are older than 10 000 years.
Energy Technol. 2017, 5, 864 – 876

Geogenic (gray): Carbon from rock, mainly calcium carbonate.
Biogenic (green): Carbon from biomass, which is part of
the natural carbon cycle.
The diagram displayed in Figure 1 only shows carbon
flows greater than 107 kg carbon per year. Smaller flows are
neglected. The diagram does not show carbon flows in foreign countries caused by SwitzerlandQs electric power imports
or product imports.
Figure 2 shows a more detailed view of the carbon flows
within and around tile P7. The tile is split into three subtiles,
P7.1–P7.3.
Example: Plastic cup
The diagram in Figure 1 was illustrated using a plastic cup
made from polypropylene as an example. The cup shall be
produced inland and disposed of by incineration. The carbon
flow goes through the tiles R1!S2!P4!A1. The polypropylene granulate is imported from abroad, where it is produced from fossil resources (R1). In the form of polypropylene granulate, carbon flows to the inland production of the
plastic cup (S2). After use, the cup is disposed of in an incineration plant (P4). Carbon leaves the plant in form of CO2
(A1). If the cup is recycled nothing changes in the schematic
carbon flow. It only remains in tile S2 for a longer period of
time.
Assessment of uncertainty
A detailed assessment of uncertainty for fossil and geogenic
CO2 emissions can be found in Ref. [1]. For the flows of biogenic carbon, no uncertainty assessment was performed in
Ref. [10]. After further consultation, the authors of Ref. [10]
provide an estimated uncertainty of 5 %. The uncertainty of
carbon mass fractions of the biomass flows is estimated by
the authors to be 10 %, which results in a total uncertainty of
15 %. The uncertainty of fossil carbon flows contained in imported and exported products is estimated to be 50 %. All
uncertainties are listed in Table 2.

Sustainable energy carriers made from CO2
Technical synthesis of fuels
All common fuels such as gasoline, diesel, and CH4 (natural
gas) nowadays originate almost exclusively from fossil sources (Figure 1). Therefore, the combustion of these fuels contributes to the increase of the CO2 concentration in the atmosphere. The technical synthesis of fuels is possible though.
This has been proven by various research and demonstration
plants, one of which is located at and operated by our institute.
In electrolysis, water is split into H2 and O2. From H2 and
CO2, CH4 or methanol can be produced in a chemical reactor
in the presence of a catalyst. For the production of petrol or
diesel, the mixture of H2 and CO2 first has to be converted
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geogenic resources (domestic) production of cement
biogenic resources (domestic) storage of energy carrier

biogenic resources (domestic)
biogenic resources (domestic)

biogenic resources (domestic)

biogenic resources (domestic)
biogenic resources (domestic)
biogenic resources (domestic)

biogenic resources (domestic)

biogenic resources (domestic)
storage of energy carrier
storage of energy carrier
storage of energy carrier
storage of energy carrier

storage of energy carrier
storage of energy carrier

storage of energy carrier

storage of energy carrier

goods and buildings
goods and buildings
goods and buildings
goods and buildings
goods and buildings
fuel combustion for heating
fuel combustion for heating
fuel combustion for transport
fuel combustion for transport
fuel combustion for transport
industrial processes

R3!P5
R4!S1

R4!S2
R4!S3

R4!P6

R4!P7
R4!P7.1
R4!P7.2

R4!P7.3

R4!A3
S1!S3
S1!P1
S1!P1
S1!P2

S1!P2
S1!P2

S1!P3

S1!P5

S2!S3
S2!S3
S2!P4
S2!P4
S2!P5
P1!A1
P1!A3
P2!A1
P2!A1
P2!A3
P3!A1

export of goods
export of goods
waste incineration
waste incineration
production of cement
atmosphere (fossil origin)
atmosphere (biogenic origin)
atmosphere (fossil origin)
atmosphere (fossil origin)
atmosphere (biogenic origin)
atmosphere (fossil origin)

production of cement

industrial processes

fuel combustion for transport
fuel combustion for transport

atmosphere (biogenic origin)
export of goods
fuel combustion for heating
fuel combustion for heating
fuel combustion for transport

composting

biogas/sewage plant
sewage plant
fermentation

human/animal metabolism

goods and buildings
export of goods

storage of energy carrier
goods and buildings
human/animal metabolism

storage of energy carrier
storage of energy carrier
storage of energy carrier
goods and buildings

biogenic resources (foreign)
biogenic resources (foreign)
biogenic resources (foreign)

(foreign)
(foreign)
(foreign)
(foreign)

R2!S1
R2!S2
R2!P6

resources
resources
resources
resources

fossil
fossil
fossil
fossil

R1!S1
R1!S1
R1!S1
R1!S2

Destination

Source

Path
natural gas
petroleum products
brown coal
plastics and plastic
products
biofuels, wood fuels
wood, paper
comestible goods,
animal feed
calcium carbonate
forest wood, wood
residues, pellets
wood, paper
comestible goods,
animal feed, animals
comestible goods,
animal feed, animals
biomass
industrial wastewater
residues from food
production, green waste
residues from food
production, green waste
CO2
wood, pellets
fuel oil, natural gas
wood, pellets
petroleum products,
natural gas
aviation fuel
biodiesel, bioethanol,
biogas
petroleum products,
natural gas
petroleum products,
natural gas
fossil goods
biogenic goods
waste
waste
waste
CO2
CO2
CO2
CO2
CO2
CO2

Material

n.s.
45.0
45.0

n.s.[a]
3.50
2.70

fossil
biogenic
fossil
biogenic
fossil
fossil
biogenic
fossil
fossil
biogenic
fossil

fossil

fossil

fossil
biogenic

biogenic
biogenic
fossil
biogenic
fossil

biogenic

biogenic
biogenic
biogenic

biogenic

biogenic
biogenic

0.905
3.42
n.s.
n.s.
n.s.
15.12
2.62
16.51
4.96
0.047
5.62

n.s.

n.s.

1.58
n.s.

@15.76
0.119
n.s.
n.s.
n.s.

n.s.

n.s.
n.s.
n.s.

8.52

1.55
0.501

58.4
45.0
n.s.
n.s.
n.s.
27.3
27.3
27.3
27.3
27.3
27.3

n.s.

n.s.

85.7
n.s.

27.3
50.0
n.s.
n.s.
n.s.

n.s.

n.s.
n.s.
n.s.

45.0

50.0
45.0

n.s.
50.0

70.4
86.0
61.7
58.4

2.82
11.81
0.192
1.67

2.14
1.65
n.s.
n.s.
n.s.
1.00
1.00
1.00
1.00
1.00
1.00

n.s.

n.s.

3.14
n.s.

1.00
1.83
n.s.
n.s.
n.s.

n.s.

n.s.
n.s.
n.s.

1.65

1.83
1.65

n.s.
1.83

n.s.
1.65
1.65

2.58
3.15
2.26
2.14

0.528
1.54
0.608
0.551
0.055
4.13
0.715
4.51
1.35
0.013
1.53

0.310

1.53

1.35
0.013

@4.3
0.060
4.13
0.715
4.51

0.119

0.427
0.188
0.122

3.83

0.773
0.225

0.532
0.737

0.067
1.58
1.22

1.99
10.15
0.117
0.976

1.94
5.63
2.23
2.02
0.203
15.12
2.62
16.51
4.96
0.047
5.62

1.13

5.62

4.96
0.047

@15.76
0.218
15.12
2.62
16.51

0.436

1.56
0.689
0.447

14.05

2.83
0.826

1.95
2.70

0.245
5.77
4.45

7.28
37.20
0.429
3.58

: 50
: 30
: 32
: 32
: 32
:3
: 30
:2
:2
: 30
:8

:8

:8

:2
: 30

: 15
: 15
:3
: 30
:2

: 15

: 15
: 15
: 15

: 15

: 15
: 15

:5
: 15

: 15
: 15
: 15

:7
:2
:8
: 50

Mass flow (material) C mass fraction Emission Mass flow (C) Mass flow (CO2) Uncertainty
[109 kg a@1]
[%]
factor
[109 kg a@1]
[109 kg a@1]
[%]

geogenic n.s.
biogenic 1.47

biogenic
biogenic
biogenic

fossil
fossil
fossil
fossil

Origin

Table 2. Table of 61 carbon flows within Switzerland and across its borders in 2013. Material mass flow refers to dry matter. The emission factor is the ratio of CO2 mass flow to material mass flow.
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atmosphere (biogenic origin)

A3!R4

[a] n.s.: not specified.

biogas/sewage plant
fermentation
composting
fermentation
fermentation
fermentation
biogas/sewage plant
sewage plant
fermentation
composting
sewage plant
fermentation

P7!S1
P7.2!S1
P7.3!S1
P7.2!P3
P7.2!P4
P7.2!P5
P7!A3
P7.1!A3
P7.2!A3
P7.3!A3
P7.1!P7.2
P7.2!P7.3

fermentation

P7.2!R4

composting

waste incineration
waste incineration
production of cement
production of cement
human/animal metabolism
human/animal metabolism
human/animal metabolism
human/animal metabolism
human/animal metabolism
biogas/sewage plant

P4!A1
P4!A3
P5!A1
P5!A2
P6!R4
P6!P7
P6!P7.1
P6!P7.2
P6!A3
P7!R4

P7.3!R4

Source

Path

Table 2. (Continued)

biogenic resources
(domestic)

atmosphere (fossil origin)
atmosphere (biogenic origin)
atmosphere (fossil origin)
atmosphere (geogenic origin)
biogenic resources (domestic)
biogas/sewage plant
sewage plant
fermentation
biogas/sewage plant
biogenic resources
(domestic)
biogenic resources
(domestic)
biogenic resources
(domestic)
storage of energy carrier
storage of energy carrier
storage of energy carrier
industrial processes
waste incineration
production of cement
atmosphere (biogenic origin)
atmosphere (biogenic origin)
atmosphere (biogenic origin)
atmosphere (biogenic origin)
fermentation
composting

Destination

biogas, wood pellets
biogas
wood pellets
sewage sludge
sewage sludge
sewage sludge
CO2
CO2
CO2
CO2
sewage sludge
residues from fermentation
CO2

CO2
CO2
CO2
CO2
manure
biomass
excrement
manure
CO2
residues from fermentation, compost soil
residues from fermentation
compost soil

Material

biogenic

biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic

biogenic

biogenic

fossil
biogenic
fossil
geogenic
biogenic
biogenic
biogenic
biogenic
biogenic
biogenic

Origin

35.17

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
1.191
0.520
0.517
0.154
n.s.
n.s.

n.s.

n.s.

2.23
2.02
1.34
1.95
2.65
n.s.
n.s.
n.s.
13.65
n.s.

27.3

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
27.3
27.3
27.3
27.3
n.s.
n.s.

n.s.

n.s.

27.3
27.3
27.3
27.3
45.0
n.s.
n.s.
n.s.
27.3
n.s.

1.00

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
1.00
1.00
1.00
1.00
n.s.
n.s.

n.s.

n.s.

1.00
1.00
1.00
1.00
1.65
n.s.
n.s.
n.s.
1.00
n.s.

0.278
0.244
0.209
0.037
0.185
0.104
0.082
1.191
0.520
0.517
0.154
0.586
0.033

0.076
0.067
0.057
0.010
0.051
0.028
0.022
0.325
0.142
0.141
0.042
0.160
0.009

35.17

0.007

0.002

9.60

2.23
2.02
1.34
1.95
4.37
0.480
0.418
0.062
13.65
0.286

0.608
0.551
0.365
0.532
1.19
0.131
0.114
0.017
3.73
0.078

: 15

: 15
: 15
: 15
: 15
: 15
: 15
: 15
: 15
: 15
: 15
: 15
: 15

: 15

: 15

: 32
: 32
:8
:5
: 15
: 15
: 15
: 15
: 15
: 15

Mass flow (material) C mass fraction Emission Mass flow (C) Mass flow (CO2) Uncertainty
[109 kg a@1]
[%]
factor
[109 kg a@1]
[109 kg a@1]
[%]

into syngas (H2 and CO) through
the reversed water gas shift reaction. From there, the Fischer–
Tropsch synthesis allows the production of petrol, diesel, kerosene, and other hydrocarbons.
Pure H2 can also be used as
a fuel. However, (pressurized)
hydrocarbons have a higher volumetric energy density than other
sustainable energy carriers such
as H2 or batteries.

Sustainability of synthetic fuels
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A life-cycle assessment has to be
conducted to quantify the sustainability of a synthetic fuel. As
a measure for sustainability, different indicators can be used,
such as the net CO2 emission or
the environmental impact. The
main factor for net CO2 emissions
is the production of the electric
power used for electrolysis. Its
sustainability may be assessed by
guarantees of origin.
The Swiss regulations on mineral oil taxes (Mineralçlsteuerverordnung) define a green fuel for
tax purposes. i) The life-cycle
greenhouse gas emissions have to
be at least 40 % lower than emissions from fossil petrol and ii) the
environmental impact (according
to
the
ecological
scarcity
method)[11] must not be more
than 25 % over that of fossil
petrol.
The life-cycle greenhouse gas
emissions
of
petrol
is
302 gCO2 -eq kWh@1
(292 gCO2 kWh@1) related to the
upper heating value.[12] If we consider a power-to-gas plant that
produces methane at an efficiency of 54 % (upper heating value
of CH4
flow/electric input
power), the electric power greenhouse gas emissions must be less
than 98 gCO2 -eq kWh@1, which neglects the life-cycle emissions of
the plant buildings and infrastructure. Electric power emission
from
photovoltaics
is
79 gCO2 -eq kWh@1 and that from
wind is 17 gCO2 -eq kWh@1.[12]

868

Figure 1. Mass flows of carbon in Switzerland in 2013. The numbers indicate millions of tons of carbon per year. The shape of the country indicates only whether a flow is purely inland or crosses the border. The diagram contains no further geographical information.
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Figure 2. Detailed view of biogenic carbon mass flow around and within tile P7. Tile P7 is subdivided into tiles P7.1–P7.3.

Does the origin of CO2 (fossil, geogenic, biogenic) influence the sustainability of the fuel? In other words, is only
CO2 of biogenic origin allowed to be a source material? The
answer proposed in this study is: no, the origin of the carbon
does not matter.
The reuse of CO2 for the synthesis of a renewable fuel
may be considered as an additional loop before CO2 is emitted into the atmosphere. Burning the fuel releases the same
amount of CO2 that has been captured before the synthesis.
With regard to the system of CO2 capture–fuel synthesis–fuel
combustion, the carbon cycle is closed. Indeed there are still
net CO2 emissions with regard to the origin of the electrical
energy and the plant infrastructure. These are covered by the
LCA, which has to be conducted in any case.
For example, an (absurd) installation that uses electricity
and CO2 from a gas power plant to produce CH4 (an expensive investment for the production of waste heat) can never
produce sustainable CH4. The reason is the high net CO2
emission of the electric power.
Another (absurd) example is the production of nonbiogenic CO2 for the sole purpose to be a source material for fuel
synthesis. In this case, CO2 production has to be taken into
account in the synthesis plant LCA. The LCA will never declare the fuel to be sustainable.

Energy requirements for the capture of CO2
For the following calculation CO2 (1) and air without
CO2 (2) are assumed to be ideal gases. The conditions are
a temperature of 20 8C and an absolute pressure of 1 bar. If
the two separate gases 1 and 2 are mixed homogeneously,
the increase in entropy is [Eq. (2)]:[13]
Energy Technol. 2017, 5, 864 – 876

+
. . -*
n
n
DS ¼ R n1 ln
þ n2 ln
n1
n2

ð2Þ

in which R is the universal gas constant, n is the total mol
number, and ni is the mol number of gas i. The molar masses
(M) of gases 1 and 2 are 44.0 and 28.9 g mol@1, respectively.
If we assume a molar fraction of CO2 in the air of 400 ppm,
a specific entropy difference DS can be obtained based on
the mass of CO2 [Eq. (3)]:
DS ¼ 1667 J kg @1 K@1

ð3Þ

Separation is assumed to be adiabatic, DH = 0. Therefore,
the theoretical specific work for the separation of CO2 from
air is (based on the mass of CO2) [Eq. (4)]:
W ¼ DST ¼ 0:136 kWh kg@1

ð4Þ

If CO2 is used for the synthesis of CH4, the theoretical
work for separation is 2.4 % of the upper heating value of
CH4 or 2.7 % of the lower heating value. The theoretical
work for the separation of CO2 for different volume fractions of CO2 is shown in Figure 3.
In practice, the energy required for the separation is much
higher than the theoretical value. The company Climeworks
specifies the energy consumption for its CO2 collector on its
website:[14] The consumption of thermal energy (based on
the mass of CO2) is 1.8–2.5 kWh kg@1 and the consumption of
electrical energy is 0.35–0.45 kWh kg@1. The separation is realized by pressure swing adsorption (PSA).
In theory as well as in practice, the energy required decreases with the increasing CO2 concentration. Typically, the
CO2 volume fraction in flue gas is approximately 10 %.
Amine gas treatment is the state-of-the-art for separation.
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Table 4. Main types of concentrated sources of CO2 in Switzerland and its
emission of carbon mass flow.

Type
cement-manufacturing plants
waste-incineration
plants
biogas plants
sewage-treatment
plants

Figure 3. Minimal thermodynamic work for the capture of CO2 in a mixture of
gases at 20 8C. The theoretical work for the capture of 1 kg of CO2 from air is
136 Wh.

The consumption of thermal energy (based on the mass of
CO2) is 0.9–1.1 kWh kg@1, and the consumption of electrical
energy is 0.04–0.07 kWh kg@1.[15]

Potential for sustainable synthetic fuels in
Switzerland

Number Emission of carbon
[109 kg a@1]

Volume fraction of
CO2 [%]
14–35[17]

6

0.84

29

1.16

~ 10[16]

~ 145
~ 900

0.02
0.02

25–55[18]
~ 33[19]

CO2 volume fraction in the flue gas of a typical incineration
plant is approximately 10 %.[16]
Other sources that have a high CO2 concentration but relatively low mass flows are biogas and sewage gas plants. The
respective carbon mass flows and concentrations are listed in
Table 4. The total carbon mass flow of all these plants in
Switzerland annually is 1.90 X 109 kg, of which 98 % is emitted
from incineration plants and cement-manufacturing plants.
Amine gas treatment allows the capture of as much as 75–
90 % of the CO2 in the flue gas.[20, 21] In our scenario a capture
ratio of 75 % is assumed. This leads to a carbon mass flow of
1.50 X 109 kg that can be captured from these plants annually.

To find the limiting factor for synthetic fuels in
Switzerland, a scenario is considered in which CH4
is produced from all available “easily” accessible
CO2. CH4 has the highest (upper and lower) heating values per carbon mass of all fuels (Table 3).

Accessible amount of CO2
The separation of CO2 from air requires a significant amount of energy. A more efficient way is to
capture CO2 directly where it is emitted in high
concentrations. Another criterion is the mass flow
rate of CO2. The separation from small mass flows
is economically inefficient. More interesting are
large CO2 sources such as incineration plants or
cement-manufacturing plants, which have an approximate CO2 mass flow of 5 kg s@1 per plant. The

Figure 4. Natural gas pipeline system and important sources of concentrated CO2 in Switzerland. Important sources are 6 cement-manufacturing plants and 29 waste-incineration
plants.

Table 3. Energy content of different energy carriers that contain 1 kg of
carbon. These amounts of materials can be produced using 3.66 kg of
CO2 (at 100 % carbon conversion efficiency). Lower heating values at standard conditions.

Energy carrier

Mass [kg]

Lower heating value [MJ]

carbon (pure)
petrol
diesel
methanol
methane

1.00
1.16
1.16
2.67
1.34

32.8
49.6
50.0
53.1
66.8
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All of these 35 plants are located close to the natural gas
grid (Figure 4). This means that CH4 can be fed directly into
the natural gas grid. Geographical information about the
Swiss natural gas grid and more than 500 sources of CO2 in
Switzerland is published in an interactive map on our website.[22]
Limiting factor
We used the carbon mass flow of the scenario above for the
synthesis of CH4 to result in an amount of 2.00 X 109 kg meth-
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ane per year. For this, an amount of 8.99 X 109 kg water is required. The water consumption in Switzerland in 2013 was
917 X 106 m3.[23] Thus, the amount of water required to produce the calculated quantity of CH4 would be approximately
1 % of the Swiss water usage.
The lower heating value of the amount of CH4 of the scenario above is 1.00 X 1017 J (upper heating value = 1.11 X
1017 J). The lower heating value of the fossil products used
for transportation in Switzerland in 2013 is 2.32 X 1017 J.[24]
Therefore, the amount of CH4 in the scenario above could
cover 43.1 % of the energy required for road transportation.
From the separated CO2, other hydrocarbons, such as
diesel, petrol, and methanol, could be produced instead of
CH4. The lower heating value of the respective amount of
the product is lower than that of CH4. The mass and lower
heating value of these products, based on the mass carbon in
the captured CO2, are given in Table 3. If only petrol was
produced from CO2, it would cover 32.0 % of the energy required for road transportation.
There is a substantial amount of electrical energy that has
to be invested for the production of CH4. The Audi e-gas
plant in Werlte (Germany) reports an overall efficiency
(upper heating value of CH4 divided by electrical input
energy) of 54 %.[25] If we assume this efficiency, the electrical
energy required to produce the amount of CH4 annually in
the scenario above is 2.06 X 1017 J, which is mainly used for
electrolysis.
Additional energy is used for the amine gas treatment. If
we assume that waste heat is provided at the incineration
and cement-manufacturing plants, the electrical energy requirement based on the separated mass of CO2 is
0.07 kWh kg@1 (see above). This leads to an annual electrical
energy of 1.38 X 1015 J (additional 0.7 % of energy for powerto-gas plant). For comparison, if the same amount of CO2
was captured from air annually, the additional energy would
be 2.17 X 1016 J (an additional 10.5 %), if we assume the use
of waste heat and a specific electrical energy consumption
per mass of CO2 of 1.1 kWh kg@1.
The scenario requires a total amount of energy that is
97 % of SwitzerlandQs consumption of electrical energy
(2.14 X 1017 J in 2013).[24] The energy for the production of
CH4 corresponds to an average permanent electric power of
6.6 GW. This would require a massive expansion of the existing power plants as well as the electric power grid.

Conclusions
The comprehensible presentation of carbon flows, for example, in a Sankey diagram, improves the understanding of
complex inter-relationships. The diagram is universal and
could be adapted to other countries, probably by adding
a tile in the process level for thermal power plants. By showing the whole picture instead of only nonbiogenic CO2 emissions, the diagram complements the greenhouse gas inventory.
The diagram shows that the potential of biomass is limited,
therefore, CO2 as an additional carbon source should be conEnergy Technol. 2017, 5, 864 – 876

sidered. It further shows that all carbon taken from resources
sooner or later ends up in the atmosphere. The only (shortterm) way back is the net primary production of biomass.
The reuse of CO2 for synthetic fuels could be a second
option, and a third option is carbon capture and storage
(CCS).
From the scenario above, if we consider todayQs available
CO2 flows and power grid, the limiting factor for the production of synthetic fuels is electrical energy rather than carbon
as the source material. The surplus of renewable energy determines if the capacity of plants for the production of synthetic hydrocarbons is reasonable in a technical and economical sense.
The potential water supply is practically unlimited, as the
scenario above illustrates. The potential for CO2 is also practically unlimited, because it can be obtained not only from
35 incineration and cement-manufacturing plants that supply
large amounts of CO2 but it can also be captured from air by
using an appropriate device, which is commercially available.
The capacity of installed renewable electrical energy is
almost physically unlimited, therefore, the concept of the
production of synthetic hydrocarbons from CO2 remains
a promising option with a high potential to reduce net CO2
emission.

Experimental Section
Explanation of the individual carbon flows
R1!S1: Import of natural gas
The natural gas imported has a total upper heating value of
39 823 GWh[26] and a total lower heating value of 33 543 GWh.[24]
The total mass of natural gas is 2.82 X 109 kg. This originates
mostly from fossil reservoirs from EU member countries,
Norway, and Russia.[26] The emission factor is 2.58,[27] and therefore, the mass fraction of carbon in natural gas is 70.4 %. The
carbon mass is 1.99 X 109 kg.
A natural gas quantity of 79 170 GWh transits Switzerland from
Germany and France to Italy. The transit pipes are owned and
operated by the company Transitgas AG. This transit carbon
mass flow is not shown in Figure 1.

R1!S1: Import of petroleum products
An amount of 12 382 X 109 kg of petroleum products is imported.[28] The main products are petrol and diesel. The petroleum
products originate from reservoirs in foreign countries. An
amount of 0.575 X 109 kg petroleum products is exported. The net
import (gross import minus export) is shown in Figure 1. For the
main petroleum products there is a common emission factor of
3.15,[27] and the mass fraction of carbon is, therefore, 86.0 %. The
carbon mass of the net import is 10.15 X 109 kg.

R1!S1: Import of brown coal
An amount of 0.192 X 109 kg of brown coal is imported,[26] which
originates from fossil reservoirs in foreign countries. The emission factor is 2.26,[27] and therefore, the carbon mass fraction is
61.7 %. The carbon mass is 0.117 X 109 kg.
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R1!S2: Import of plastics and plastic products
An amount of 1.67 X 109 kg of plastics and plastic products is imported.[29] Carbon contained in plastics originates from fossil resources abroad. The emission factor is 2.14,[27] and therefore, the
carbon mass fraction is 58.4 %. The carbon mass is 0.976 X 109 kg.

R2!S1: Import of biogenic fuels (biofuels)
Motor fuels: Imported biogenic motor fuels have a lower heating
value of 284 TJ.[24] Above all, the products are biodiesel from
Germany and bioethanol from Norway.[30] There is no biogas imported. The average emission factor is estimated as 72.5 t of CO2
per TJ (lower heating value). This leads to a carbon mass of
0.006 X 109 kg.
Combustibles: In 2009, 0.122 X 109 kg of biogenic combustibles
were imported.[10] The main product is wood fuel. A carbon mass
fraction of 50 % is assumed.[31] The carbon mass is 0.061 X 109 kg.
This quantity is assumed to be the same in 2013.

carbon mass fraction of 50 % is assumed.[31] The carbon mass is
0.737 X 109 kg. This quantity is assumed to be the same in 2013.

R4!S2: Production of goods and buildings from domestic biogenic resources
In 2009, 1.55 X 109 kg of domestic biogenic resources were used
for the production of goods and buildings.[10] This mainly concerns stem wood of conifers. A carbon mass fraction of 50 % is
assumed.[31] The carbon mass is 0.773 X 109 kg. This quantity is assumed to be the same in 2013.

R4!S3: Export of biogenic resources
In 2009, 0.501 X 109 kg of biogenic resources such as comestible
goods, animal feed, and animals were exported.[10] A carbon
mass fraction of 45 % is assumed. The carbon mass is 0.225 X
109 kg. This quantity is assumed to be the same in 2013.

R2!S2: Import of wood, paper and other biogenic products
In 2009, 3.50 X 109 kg of wood, paper, and other biogenic products were imported,[10] which originate from biogenic sources
from abroad. The carbon mass fraction of wood (dry matter) is
0.40–0.50, and the carbon mass fraction of paper is 0.30–0.40.[32]
An average mass fraction of 0.45 is estimated, which leads to an
emission factor of 1.65. The carbon mass is 1.58 X 109 kg. This
quantity is assumed to be the same in 2013.

R4!P6: Domestic production of comestible goods and animal
feed

R2!P6: Import of comestible goods and animal feed

R4!P7: Domestic biogenic substrate flowing to biogas and
wastewater treatment plants

9

In 2009, 2.70 X 10 kg of comestible goods and animal feed were
imported.[10] These originate from biogenic sources from abroad.
A carbon mass fraction of 0.45 is estimated, which leads to an
emission factor of 1.65. The carbon mass is 1.22 X 109 kg. This
quantity is assumed to be the same in 2013.

In 2009, 1.06 X 109 kg of comestible goods and 7.47 X 109 kg of
animal feed were produced.[10] A carbon mass fraction of 45 % is
assumed. The carbon mass is 3.83 X 109 kg. This quantity is assumed to be the same in 2013.

In 2009, a carbon mass of 0.427 X 109 kg was delivered to biogas
plants and wastewater treatment plants.[10] This quantity further
consists of:
R4!P7.1: Organic substances in industrial wastewater. The
carbon mass is 0.188 X 109 kg.

R3!P5: Domestic extraction of calcium carbonate and magnesium carbonate from rock

R4!P7.2: Residues from food production and green waste. The
carbon mass is 0.122 X 109 kg.

An amount of 3.415 X 109 kg of clinker is produced.[1] CO2 emission is 530.56 kg per ton of clinker produced. This leads to an
emitted CO2 mass of 1.812 X 109 kg.

R4!P7.3: Residues from food production and green waste. The
carbon mass is 0.119 X 109 kg.

There are other industrial processes in which geogenic CO2 is
emitted. Namely, the production of lime, glass, ceramics, and
rock wool. In Ref. [1], these processes are listed in category 2A.
The emission data is confidential, and the maximal quantity is
calculated to be 0.145 X 109 kg. These processes are included in
tile “Production of cement (P5)”. Their contributions to the total
geogenic emissions are small (7 %). Total geogenic emissions are
estimated to 1.95 X 109 kg of CO2. The equivalent carbon mass is
0.532 X 109 kg.

R4!S1: Domestic production of biogenic products as energy
carriers
In 2009, 1.473 X 109 kg of domestic biogenic products were produced as energy carriers.[10] These products were forest wood,
wood residues from industrial processes, and wood pellets. A
Energy Technol. 2017, 5, 864 – 876

R4!A3: Domestic direct emission of CO2 from biomass
Emissions of CO2 are mostly from rotting biomass. The quantity
is found by balancing the incoming and outgoing flows in the tile
“Biogenic resources (domestic origin) (R4)”. It has to be taken
into account that the Swiss forest acts as a carbon sink, which absorbed a net carbon mass of 0.597 X 109 kg in 2013.[1] This leads to
a carbon mass for path R4!A3 of 4.30 X 109 kg.

S1!S3: Export of biogenic energy carriers
In 2009, 0.119 X 109 kg of biogenic energy carriers, especially
wood fuels, were exported.[10] A carbon mass fraction of 50 % is
assumed.[31] The carbon mass is 0.060 X 109 kg. This quantity is assumed to be the same in 2013.
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S1!P1: Fuel oil and natural gas as combustibles

S2!S3: Export of biogenic goods
9

Fuel oil and natural gas as combustibles emit 15.12 X 10 kg of
CO2.[1] This quantity is the sum of the categories “Service and
commerce (1A4a)” and “Private households (1A4b)” in the
greenhouse gas inventory.[1] The equivalent carbon mass is 4.13 X
109 kg.

S1!P1: Biogenic products as combustibles
Biogenic products as combustibles cause CO2 emissions of 2.62 X
109 kg.[1] The equivalent carbon mass is 0.715 X 109 kg.

S1!P2 (motor fuels): Fossil energy carriers as motor fuels
Fossil energy carriers as motor fuels for road traffic, agriculture,
and shipping. The quantity of CO2 emission is 16.51 X 109 kg,
which is the sum of the emission categories 1A3b, 1A3c, 1A3d,
1A4c and 1D2 in the greenhouse gas inventory.[1] The equivalent
carbon mass is 4.51 X 109 kg.

In 2009, 3.42 X 109 kg of biogenic products was exported, mainly
paper and wood products.[10] An average carbon mass fraction of
45 % is assumed. The equivalent carbon mass is 1.54 X 109 kg.

S2!P4: Goods that end up in an incineration plant
In incineration plants, fossil CO2 emissions of 2.23 X 109 kg and
biogenic CO2 emissions of 2.02 X 109 kg were generated.[1] The
equivalent fossil carbon mass is 0.608 X 109 kg and the equivalent
biogenic carbon mass is 0.551 X 109 kg.

S2!P5: Alternative fossil combustibles for the production of
cement
For example, tires or waste oil are used as alternative combustibles. The carbon mass is 0.055 X 109 kg.[1]

P1!A1: CO2 from combustion of fossil fuels for heating
This carbon mass is equal to S1!P1 (fossil): 4.13 X 109 kg.

S1!P2 (aviation fuels): Fossil energy carriers as fuel for aviation
9

An amount of 4.96 X 10 kg of CO2 emission was caused by aviation.[1] Only flights that departed from Switzerland are taken into
account. The CO2 emission is the sum of categories “International aviation (1D1)”, “Domestic aviation (1A3a)” and “Other
(Military) (1A5)”. The equivalent carbon mass is 1.35 X 109 kg.

S1!P2 (biogenic fuels): Biogenic fuels as motor fuels
An amount of 0.047 X 109 kg of CO2 emission was caused by biogenic motor fuels.[1] The equivalent carbon mass is 0.013 X 109 kg.

S1!P3: Fossil energy carriers for industrial processes
An amount of 5.62 X 109 kg of CO2 emission was caused by industrial processes, the production of cement not included. This is the
sum of categories 1A1a, 1A1b, 1A2a–1A2g (which excludes
1A2f) in the greenhouse gas inventory.[1] The equivalent carbon
mass is 1.53 X 109 kg.

S1!P5: Fossil energy carriers for the production of mainly
cement
This carbon flow also includes the production of lime, ceramics,
and glass (category 1A2f in Ref. [1]). Approximately 71 % of this
carbon flow is used for the production of cement.[1] The emission
of CO2 of this category is 1.13 X 109 kg. The equivalent carbon
mass is 0.310 X 109 kg.

P1!A3: CO2 from combustion of biogenic fuels for heating
This carbon mass is equal to S1!P1 (biogenic): 0.715 X 109 kg.

P2!A1: CO2 from combustion of fossil fuels for traffic (without
aviation)
This carbon mass is equal to S1!P2 (fossil, without aviation):
4.51 X 109 kg.

P2!A1: CO2 from combustion of fossil fuels for aviation
This carbon mass is equal to S1!P2 (fossil, aviation): 1.35 X
109 kg.

P2!A3: CO2 from combustion of biogenic fuels for traffic
This carbon mass is equal to S1!P2 (biogenic): 0.013 X 109 kg.

P3!A1: CO2 from industrial processes
This carbon mass is equal to S1!P3: 1.53 X 109 kg.

P4!A1: CO2 from incineration of fossil waste
This carbon mass is equal to S2!P4 (fossil): 0.608 X 109 kg.

P4!A3: CO2 from incineration of biogenic waste
This carbon mass is equal to S2!P4 (biogenic): 0.551 X 109 kg.

S2!S3: Export of fossil goods
An amount of 0.905 X 109 kg of plastics and plastic products was
exported.[29] The emission factor is 2.14,[27] therefore, the carbon
mass fraction is 58.4 %. The equivalent carbon mass is 0.528 X
109 kg.
Energy Technol. 2017, 5, 864 – 876

P5!A1: CO2 from fossil fuels for production of cement and
other mineral products
This carbon mass is equal to the sum of S1!P5 and S2!P5:
0.365 X 109 kg.
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P5!A2: CO2 that is released from rock during production of
cement and other mineral products

P7!A3: Biogenic CO2 that is emitted from fermentation and
rotting processes

This carbon mass is equal to R3!P5: 0.532 X 109 kg.

The carbon mass is determined by balancing the tiles P7.1, P7.2,
and P7.3. This leads to a carbon mass of 0.325 X 109 kg. It consists
of:

P6!R4: Dung/manure from animals, rotting in nature
Dry matter is 2.65 X 109 kg.[10] A carbon mass fraction of 45 % is
assumed.[33] The equivalent carbon mass is 1.19 X 109 kg.

P6!P7: Human and animal excrements transported to biogas
and wastewater treatment plants
The carbon mass is 0.131 X 109 kg.[10] It consists of:
P6!P7.1: Excrements in waste water. The carbon mass is
0.114 X 109 kg.[10]
P6!P7.2: Dung/manure from animals. The carbon mass is
0.017 X 109 kg.[10]

P6!A3: CO2 from human and animal metabolism
The carbon mass is the sum of carbon masses R2!P6 and R4!
P6, and therefore 3.73 X 109 kg.

P7!R4: Residues of carbon in fermentation products and in
compost soil
9

The carbon mass is 0.078 X 10 kg.

[10]

It consists of:

P7.2!R4: Residues of carbon in fermentation products (fertilizer) that is spread on fields. The carbon mass is 0.002 X 109 kg.[10]

P7.1!A3: Emitted CO2 from aerobic biodegradation processes
in sewage-treatment plants. The carbon mass is 0.142 X 109 kg.[10]
P7.2!A3: Emitted CO2 as a byproduct from CH4 in biogas
plants and sewage gas plants. The carbon mass is 0.141 X
109 kg.[10]
P7.3!A3: Emitted CO2 from aerobic biodegradation processes
(rotting) in composts. The carbon mass is 0.042 X 109 kg.[10]

P7.1!P7.2: Sewage sludge from sewage-treatment plants going
to sewage gas plants
The carbon mass is 0.160 X 109 kg.[10]

P7.2!P7.3: Residues from the fermentation in biogas plants
rotting in compost
The carbon mass is 0.009 X 109 kg.[10]

A3!R4: NPP
NPP is the total amount of carbon that has the potential to get
harvested. Different paths of carbon captured by plants are
shown in Figure 5. Short-term capture (plant respiration) is not
included in this study because the carbon is only stored for
a short period of time and then re-emitted into the atmosphere.

P7.3!R4: Compost soil. The carbon mass is 0.076 X 109 kg.[10]

P7!S1: Energy carriers produced in biogas plants, sewage
sludge fermentation or composting plants
The carbon mass is 0.067 X 109 kg.[10]
P7.2!S1: Biogas (CH4) from fermentation processes in biogas
plants or sewage sludge fermentation plants. The carbon mass is
0.057 X 109 kg.[10]
P7.3!S1: Wood chips remains from composting processes. The
carbon mass is 0.010 X 109 kg.[10]

P7.2!P3: Sewage sludge that is burnt in an industrial monoincineration plant
The carbon mass is 0.051 X 109 kg.[10]

P7.2!P4: Sewage sludge that is burnt in a waste-incineration
plant
The carbon mass is 0.028 X 109 kg.[10]

P7.2!P5: Sewage sludge that is burnt during the production of
cement
The carbon mass is 0.022 X 109 kg.[10]
Energy Technol. 2017, 5, 864 – 876

Figure 5. Different levels of carbon capture of plants. Approximately half of
the CO2 captured by plants is released into air within a short period of time
and is, therefore, not considered for carbon mass flows in Figure 1. The
figure is adapted from Ref. [34]. NEP: Net ecosystem production, NPP: Net
primary production, GPP: Gross primary production.

The NPP is equal to a carbon mass of 9.60 X 109 kg, which is captured by plants through photosynthesis. This quantity is calculated according to Table 1. For each ecosystem the annual net gain
of carbon (NPP) is determined. The main contribution comes
from forests, which cover an area of 11 430 km2. The specific
NPP of carbon in forests is 300 g m@2 a@1.[1] The carbon mass captured by forest is thus 3.43 X 109 kg. Another carbon mass of
4.50 X 109 kg is captured by permanent grassland that has an
annual NPP of carbon of 280 g m@2[1] and cropland that has an
annual NPP of carbon of 470 g m@2.[1] The NPP of some land-use
categories was estimated by us (declared as [a]). As these categories cover only 21 % of SwitzerlandQs total area, the estimation
influences the total NPP only marginally.
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