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1Preface

Preface

Back in 2009, the German National Academy of Sciences Leopoldina, the Ger-

man National Academy of Science and Engineering and the Berlin-Brandenburg 

Academy of Sciences and Humanities outlined the necessary scope of future en-

ergy research in their “Concept for an integrated energy research programme 

for Germany”. The Leopoldina updated the concept last year when it issued its 

statement entitled “Energy and research policy recommendations following the 

events in Fukushima”. 

The present study now provides a comprehensive analysis of the use of bioen-

ergy. 

In recent years Germany has seen a steady rise in the number of energy crops 

being cultivated for the production of biofuels and biogas. Because bioenergy is 

so versatile and easy to store, the German Federal Government wants to ensure 

that it continues to play a major role in the future. 

Over the past one-and-a-half years, a group of experts from various disciplines 

have been helping the Leopoldina investigate how Germany can best harness 

biomass in ways that make sense from the point of view of energy and the cli-

mate. The statement on the opportunities and limits of bioenergy analyses the 

availability and feasibility of using biomass in Germany, provides an overview 

of energy conversion technologies and introduces promising approaches to pro-

ducing hydrogen from renewable resources. 

The recommendations contained in this statement are intended to provide par-

liaments, ministries, associations and companies with well-founded and unbi-

ased support in making the important decisions that will lay the foundations for 

a climate-friendly, secure and sustainable use of bioenergy. 

June 2012

Professor Jörg Hacker
President of the German National Academy of Sciences Leopoldina
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4 Outline

OUTLINE

solar dihydrogen production” is addressed – a 

presently much discussed area – although this 

research has not yet provided operationally us-

able devices. Economic and socioeconomic as-

pects of bioenergy are only touched upon in a 

few cases as an aid to understanding. 

The general conclusions and recommenda-

tions are published as a German and English 

version:

•	 Bioenergie: Möglichkeiten und Grenzen. 

Stellungnahme der Nationalen Akademie 

der Wissenschaften – Leopoldina. Kurzfas-

sung und Empfehlungen (2012)

•	 Bioenergy: Chances and Limits. Statement 

of the National Academy of Sciences – Le-

opoldina Executive summary and recom-

mendations (2012).

 

Bioenergy is energy derived from non-fos-

silized plant and algal biomass. The energy 

stored in biomass can be released either direct-

ly, by simply burning the harvested material, 

or indirectly after its conversion into a liquid 

biofuel such as bioethanol and biodiesel or into 

a gaseous biofuel such as biogas, hydrogen or 

synthesis gas. The aim of this Leopoldina re-

port is to evaluate the chances and limits of 

bioenergy as an energy source for Germany 

with a European and a global perspective. First 

“The availability and sustainability of plant 

biomass as energy source” are discussed. This 

is followed by a chapter on “Conversion of bio-

mass into marketed energy carriers and pre-

cursors for chemical synthesis” including the 

thermochemical path from biomass to fuels. 

Finally the topic “Biological and bio-inspired 
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Introductory Chapter
Bärbel Friedrich, Bernhard Schink and Rudolf K. Thauer

The use of fossil fuels as an energy source is 

of concern, because the amounts of easily ac-

cessible coal, gas and especially oil, are limited, 

and because the combustion of fossil fuels is 

associated with the formation of carbon diox-

ide (CO2), whose concentration in the atmos-

phere has increased considerably since the 

beginning of the industrial revolution.a The 

increase in atmospheric CO2 correlates with 

the presently observed climate change and is 

responsible for the acidification of the oceans. 

CO2 is a greenhouse gas (GHG) absorbing in-

frared light and when dissolved in water it cre-

ates a weak acid, which negatively affects the 

formation of calcium carbonate required in the 

formation and maintenance of coral reefs and 

carbonate based shells and structures. There 

is thus a search for renewable energy sources 

that are climate and environment friendly. The 

one discussed here is Bioenergy.b 

The aim of this report is to evaluate the 

chances and limits of bioenergy as an energy 

source for Germany. Although the focus is on 

Germany the discussion includes Europe (EU-

25) and has a global perspective. The report 

discusses mainly the present situation with 

some extrapolations into the future. 

Bioenergy generally refers to energy from 

the sun stored in plant biomass by photosyn-

thesis. The energy can be released from the 

biomass by direct combustion (solid biofuels 

like wood and straw) or after conversion to li

quid biofuels such as bioethanol and biodiesel, 

or gaseous biofuels such as biogas, syngas or 

a	 Carbon budget 2010, see www.globalcarbonproject.org.

b	 Bioenergy is the energy released upon combustion of re-
cently grown biomass (e.g. wood) or of biomass products 
(e.g. bioethanol, biobutanol or biogas). The term does not 
comprise the energy released upon combustion of fossil 
fuels such as coal, oil or methane although fossil fuels also 
have origin in ancient carbon fixation. Fossil fuels are not 
considered biofuels because they contain carbon that has 
been “out” of the carbon cycle for a very long time.

hydrogen. Bioenergy also includes the energy 

stored in hydrogen generated from water in-

volving photosynthesis. 

Bioenergy is often considered to be 
renewable and CO2 neutral because the 

generation of biomass through photosynthe-

sis absorbs the same amount of CO2 as is re-

leased when that biomass is burnt as an energy 

source; but this disregards the following 
three important facts: (a) The carbon cycle 

is intimately linked with the nutrient cycles of 

nitrogen (N), phosphorus, sulfur, and metals, 

of which biomass is also composed, and with 

the water consumed to produce it (Figure  1). 

Whenever biomass is produced, soil nutrients 

are consumed. Whenever biomass is repeat-

edly removed from an ecosystem or its produc-

tion is accelerated, nutrients need to be added 

via fertilizers. Yet, N-containing fertilizer ap-

plication induces release of nitrous oxide (N2O) 

with a much higher global warming potential 

than that of CO2; (b) in addition to N2O, inten-

sive agriculture is almost always accompanied 

by emissions of the GHGs CO2 and methane 

(CH4) as a result of land management, of appli-

cation of fertilizers and pesticides, and of live-

stock husbandry. Also, carbon costs in the pro-

duction and transformation processes and the 

inherent costs of human resources have to be 

considered; and (c) There is a third reason why 

CO2 fixation by plant growth does not in itself 

justify neglecting the CO2 emissions upon com-

bustion of the harvested biomass. If the area 

used for the growth of energy crops were not 

used for that purpose it would be grassland or 

forests. For example, if not used for bioenergy, 

abandoned cropland often reverts to forests. 

As forest it would remove carbon from the at-

mosphere and would increase the carbon stock 

in biota and soils for decades or centuries until 

a new equilibrium is reached. This lost carbon 

sequestration through land-use change can be 
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quite significant. All three cost factors and the 

environmental and ecological consequences 

and impacts on biodiversity of large scale bio-

mass cultivation have to be considered in a full 

life-cycle assessment (Chapter  1.7). In some 

cases these costs can lessen or even neutralize 

the net greenhouse gas mitigation impacts of 

using biomass as energy source. In these cas-
es bioenergy is neither renewable nor 
carbon neutral, instead it is energy- and 
CO2 negative.

Despite these limitations, the European 

Union (EU) has the objective that by 2020 at 

least 10  % of the fuel used for transport and 

mobility should come from liquid biofuels. It 

is acknowledged that the EU directive requires 

that the biofuels meet certain criteria includ-

ing GHG saving minimums (35  % now and 

more than 50 % from 2017 on).c The biofuels 

c	 The European Parliament and the Council of the 
European Union. Directive 2009/28/EC on the pro-
motion of the use of energy from renewable sources 
and amending and subsequently repealing Directives 
2001/77/EC and 2003/30/EC in Official Journal of the 
European Union L140/16-62 (2009).

should not be produced using raw materials 

from land with high biodiversity value or with 

high carbon stock. These criteria will be diffi-

cult to meet if additionally it is considered that 

biomass for fuel production should not 
compete with biomass for human food, 
animal feed or industrial purposes. 

The reduction of GHG emissions, especial-

ly of CO2, is only one of the driving forces for 

enhancing biomass-based energy. In the case 

of biofuels, an additional motivation is to be-

come less dependent on oil imports both for 

transportation and for the synthesis of petro-

chemicals. Development of sustainable biofuel 

production techniques is also of commercial 

interest, because of its potential role in main-

taining Germany’s industrial exports.

To address these issues, a working group of 

the German National Academy of Sciences Le-

opoldina organized an international workshop 

on “Biofuels and Bioconversion” at the Alfried 

Krupp Wissenschaftskolleg Greifswald, in Oc-

tober 2010. Scientists from various disciplines 

(biology, biophysics, biotechnology, chemistry 

and ecology) discussed the following topics: 

•	 Availability and sustainability of biomass 

generated by photosynthesis as an energy 

source considering also the direct and in-

direct production and transformation costs 

(Chapter 1); 

•	 Conversion of biomass into biofuels (biogas, 

bioethanol, biodiesel) and petrochemicals 

(Chapter 2);

•	 Biological and bio-inspired solar-driven hy-

drogen generation from water (Chapter 3). 

The report does not deal with economic and 

socioeconomic aspects such as the present in-

ability of bioenergy to compete with other en-

ergy sources without financial subsidies.d The 

effect on food prices of competition between 

the food market and the energy market is also 

not included. These issues are only touched 

upon in a few cases as an aid to understanding; 

they have already been intensively discussed 

elsewhere.2-9

d	 The criteria for a full assessment have been formu-
lated by Creutzig, F. et al. Can Bioenergy Assessments 
Deliver? Economics of Energy & Environmental Policy 
1(2), doi:10.5547/2160-5890.1.2.5 (2012).

Figure 1: Coupling of the carbon cycle and the mineral 
nutrients cycle. Any assessment of the sustainability of 
biomass utilization must account for the fact that biomass 
is not just composed of carbon, but also of nitrogen, 
phosphorus, sulfur, metals, etc. as well as water. There-
fore, biomass production taps the nutrient capital of the 
ecosystem. Any acceleration of the carbon cycle (higher 
productivity) must accelerate the nutrient cycle, including 
the production of the N-based greenhouse gas N2O and 
of methane: gasses with a much higher global warming 
potential than that of CO2. If soil organic nitrogen mineral-
ized following land-use change and NOx deposits from the 
atmosphere are included, then the N2O emission factor 
(% N as fertilizer or biologically fixed N emitted as N2O) is 
about 4 % (100 % = N-content of the biomass).1
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After almost completion of the Leopoldina re-

port, the Intergovernmental Panel on Climate 

Change (IPCC) Special Report 2012 on Re-

newable Energy (SRREN)10 was published; in 

Chapter 2 of that report more than 100 pages 

are dedicated to bioenergy with a global focus. 

The report provides best case and worst-case 

deployment scenarios. However, in the Execu-

tive Summary it is mainly the best case that is 

highlighted. Partly because of this emphasis, 

the special report paints a too optimistic pic-

ture of the greenhouse-gas mitigation poten-

tial of bioenergy and the technical potential of 

biomass to produce bioenergy. Likewise, the 

BioÖkonomieRat of the German Federal Re-

public recently published a report11 in which 

a scenario is discussed that by 2050, 23 % of 

the energy consumed in Germany could be 

derived from bioenergy, mainly from imports 

(Chapter 1.9). 

The Leopoldina report is much less optimis-

tic about the future of bioenergy. This is largely 

because it is judged that almost all of the bio-

mass that can be grown sustainably world-

wide may in the future be required to provide 

the growing world population with food and 

goods derived from biomass if countries like 

Brazil, China and India reach European liv-

ing standards and will adopt the diet currently 

appreciated in the industrialized world. Sus-

tainable growth in this context means that the 

environmental, ecological and climate conse-

quences and the impact on biodiversity of large 

scale biomass cultivation will be minor, also 

taking into account that the availability of irri

gation water (Chapter 1.13) and of phosphate 

fertilizers (Chapter 1.14) is limited.

The statement “Bioenergy – chances and 

limits” by the German National Academy of 

Sciences Leopoldina takes into consideration 

previous publications by other Academies3,12-14 

and complements its previous assessments on 

“Concept for an integrated energy research 

programme for Germany” (2009)15 and on 

“Energy policy and research policy recom-

mendations after the events in Fukushima” 

(2011).16

Parallel to the Leopoldina Report, which 

mainly deals with science aspects of bioenergy, 

the Deutsche Akademie der Technikwissen-

schaften (acatech) published a supplemen-

tary report on “Biotechnologische Energieum-

wandlungen in Deutschland”, which mainly 

deals with the technical aspects.
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	 1.	Th e availability and
		s  ustainability of biomass as an
		  energy source
		  Helmut Haberl, Christian Körner, Christian Lauk, Ulrike
		  Schmid-Staiger, Victor Smetacek, Ernst-Detlef Schulze,
		  Rudolf K. Thauer, Peter Weiland and Karen Wilson
		  (Rudolf K. Thauer, coordinator and corresponding author)

Plant biomass, mainly wood, has been used as 

an energy source by humans since they first dis-

covered the use of fire.1 Since then the number 

of people on Earth has increased to now more 

than 7 billion (109) and the amount of energy 

used per person has increased on average way 

more than 10 fold in the last few hundreds of 

years 2. Concomitantly, global crop production 

has increased substantially, e.g. between 1965 

and 1985 by 56 %; however, between 1985 and 

2005 production increased only by 20  %, in-

dicating that the rate of increase is slowing.3-5 

Irrigated land accounts for 34 % of agricultural 

production, and in the past 50 years the world’s 

irrigated cropland area has roughly doubled 

(Chapter  1.13).5 Yet, despite crop production 

having increased, global net primary produc-

tion is decreasing due, amongst other causes, 

to more land being used for infrastructure and 

to soil degradation (Chapter 1.12).6

The question discussed here is what percent-

age of the plant biomass generated annually is 

possibly available as an energy source for trans-

portation, households, industry, services etc., 

but considering that plant biomass is also re-

quired for human food and animal feed and that 

the plant biomass has to be shared by all other 

living beings on Earth. The sustainability of the 

biosphere from which bioenergy can be drawn 

has to be taken into account. We also consider 

how intensive agriculture can have negative 

ecological impacts, such as a decrease in biodi-

versity and that increased biomass production 

through land-use change, land management 

and fertilization is often associated with the net 

formation of greenhouse gases (GHGs) thus 

contributing to the predicted anthropogenic cli-

mate change. The fossil energy inputs required 

for farming and processing often cancel out 

most of the energy delivered.7,8 This is of con-

cern because biomass production for bioenergy 

then makes no contribution to the reduction of 

GHGs. As already mentioned, the focus of the 

discussion is on Germany and the EU-25, but 

with a global perspective. The global perspec-

tive is of importance since Germany and most 

other European countries are substantial net 

importers of biomass and of biomass products. 

The chapter draws on relevant publica-

tions9-16 and on two treatises on net primary 

production and bioenergy (“Nettoprimär-

produktion und Bioenergie”) by Schulze and 

Körner, and on human appropriation of net 

primary production in Europe (“Menschliche 

Aneignung von Nettoprimärproduktion in Eu-

ropa”) by Haberl et al. The two treatises, which 

contain data especially acquired for this state-

ment, can be found in the supplement.

Much of the data were taken from informa-

tion provided by the Federal Agency of Sta-

tistics of Germany (Statistisches Bundesamt 

Deutschland).17 The data are mostly based on 

averages and extrapolations and therefore in-

volve relatively large uncertainties with mar-

gins of error of at least ± 10 %.6,8,18 However, 

despite these uncertainties, it was possible to 

derive a reliable estimate of the availability and 

sustainability of biomass as an energy source. 

For any country, the availability of biomass 

as an energy source depends on the demands 

for land to satisfy other requirements such as 

human food, animal feed and industrial pur-
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poses and on the primary-energy consump-

tion. The relatively low availability of biomass 

in most countries will be the primary focus of 

this study because it is the driver of intensive 

land use with all its climate and ecological risks. 

Including GHG emissions caused by creating 

new farmland from forests, farming is one of 

the largest single sources of man-made GHGs.19

After explaining how much solar energy is 

continuously stored in biomass and discussing 

the difference between primary-energy and 

final-energy consumption (Chapter  1.1), we 

describe the net amount of terrestrial biomass 

which can be harvested sustainably (Chap-

ter 1.2), analyze the percentage of net primary 

production that is already being appropriated 

by humans (Chapter 1.3) and compare the net 

primary production with primary-energy con-

sumption (Chapter  1.2). The fossil fuel costs 

and GHG emissions associated with biomass 

production are outlined in Chapters 1.4 to 1.8, 

showing that the GHG mitigation potential of 

using biomass as an energy source is small. 

In Chapter 1.9 it is pointed out that Germany 

meets about 30  % of its biomass demands 

from imports of plant growth from outside 

Germany. Chapters  1.10 and 1.11 critically 

address “wastes” in the human food produc-

tion chain and the availability of agricultural 

and municipal wastes and of straw as energy 

sources. Concern over changes in soil quality, 

water availability and phosphate limitations 

are discussed in Chapters 1.12 to 1.14. What we 

can expect from plant breeding of energy crops 

and of sustainable intensification is discussed 

in Chapters 1.15 and 1.16, from growing algae 

in Chapter 1.7 and from exploiting the oceans 

for bioenergy in Chapter 1.18.

From the information given in the 18 

subchapters it becomes evident that the expec-

tations set for bioenergy have been too high. It 

emerges that in Germany the availability of bi-

omass as an energy source is very low relative 

to Germany’s primary-energy consumption 

and that few bioenergy sources are without 

environmental, ecological and climate risks. 

Without biomass imports only a few percent 

of Germany’s primary-energy consumption 

can sustainably come from biomass (mostly 

renewable wastes; Chapter 1.4). 

1.1.	Carbon and energy content of
		  biomass, primary energy and
		  final energy
The carbon (C) content of biomass is ap-

proximately 50  %. This carbon is derived 

from atmospheric CO2 during photosynthe-

sis. One gram of C in biomass is derived from 

3.67 g CO2.The average energy content (gross 

calorific value) of biomass is 37 x 103 J per g C. 

In the case of wood, biomass is often reported 

in solid cubic meters (m3); 1 m3 of wood con-

tains on average about 250 kg C (it varies con-

siderably depending on the water content and 

wood density).

To estimate the availability of biomass as 

an energy source, the annual amount of en-

ergy fixed into biomass is compared with the 

primary and final energy consumptions of a 

country. Primary energy is the energy con-

tained in natural resources, before undergo-

ing any conversions or transformations. In the 

case of biomass, coal and oil it is the energy of 

combustion. In the case of non-combustible 

energy sources, including nuclear energy and 

all non-combustible regenerative energies, 

primary energy is the secondary energy that 

they produce (e.g. electricity). This account-

ing method (there are others) may lead to an 

overestimation of the contribution of bioen-

ergy compared to non-combustible regenera-

tive energies by a factor of 1.2 to 3, because 

of the relatively large conversion losses from 

biomass (primary energy) to biofuels (final 

energy) such as bioethanol or biodiesel.16 The 

final energy is the energy sold to the end-con-

sumers after conversion of the primary en-

ergy to useful energy such as electricity, heat 

and fuels. 

The world’s primary-energy consumption 

is estimated to be 500 x 1018 J yr-1 and its final-

energy consumption to be 350  x  1018  J  yr-1.1 

The numbers for Germany in 2010 are about 

14 x 1018 J yr-1 (primary-energy consumption) 

and 9 x 1018 J yr-1 (final energy consumption). 

On average 28  % of primary energy is lost 

during energy conversion and about 7 % are 

used as primary energy for non-energy pur-

poses such as the formation of plastics, paints 

and synthetic rubber.20
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1.2.	Net primary production (NPP)
		  in terrestrial systems and
		  primary energy consumption
The net primary production (NPP) is the 

amount of plant biomass that grows within 

a year in a given area, neglecting emissions 

of volatile organic compounds and root exu-

dates as well as above- and belowground lit-

ter recycled within a year. It is generally given 

in grams carbon per square meter and year 

(g C m-2 yr-1), or for countries in metric tonnes 

(t) carbon per year (t C yr-1). The gross primary 

production (GPP), which is a measure of the 

annual photosynthesis of the plants in a given 

area, is almost twice as high because approxi-

mately 50  % of the photosynthesis products 

are respired by the plants for maintenance 

and growth.21 NPP is dependent on the solar 

photon flux, the length of the growing season, 

the temperature, and the water and mineral 

supply; the latter can limit growth rates either 

directly or via photosynthesis and can affect 

plant respiration. NPP in the absence of hu-

man interventions such as deforestation, land 

use for infrastructure, fertilization, irrigation 

or soil sealing (Chapter 1.12), is referred to as 

NPPo.
22

Aboveground and belowground NPP: 

In agricultural systems, 20 – 40 % of grass-

land NPP23 and 70 – 90 % of cropland NPP24,25 

generally goes to aboveground biomass.26 

In the case of trees 50 – 80 % of the NPP is 

aboveground.27-29 Averaged by area globally, 

about 60  % (57  % in Ref. 6) of the NPP are 

estimated to be aboveground. In countries 

like Germany with large areas of cropland 

the average aboveground NPP can be as high 

as 70%. Of the aboveground NPP on average 

less than 50 % can be sustainably harvested. 

In the case of trees only 25  % of the above-

ground NPP can be harvested, which can be 

as low as 12.5 % of the total NPP because in 

these long-lived organisms most of the NPP is 

used for leaf and root turn-over, which cannot 

be harvested.

Limitation of NPP by solar irradia-
tion: When the growth of plants is not lim-

ited by lack of nutrients, by water availability 

(Chapter  1.13) and by temperature (season-

ality), NPP is determined by light intensity. 

The global solar radiation that reaches the 

earth’s surface and that is absorbed there 

is about 170  W  m-2 (power average during 

365  days and 24  hours per day, also ac-

counting for clouds etc.). At the Equator, 

the average intensity of solar radiation can 

be more than twice the global average and in 

Germany it is 115  W  m-2 (Chapter  1.4). But 

the light intensity is not only determined by 

the geographic zone: for example, in north-

ern Germany the average light intensity is 

lower (100 W m-2) than in southern Germany 

(130  W  m-2), not only because the light in-

tensity increases with decreasing latitude 

but also because in southern Germany there 

are more days without clouds, which are also 

warmer. This is reflected in differences in 

NPPo (Figures  1.1 and 1.2). Consistent with 

light intensity being the dominant factor 

is the finding that in the area of the EU-25 

the GPP (see above) is almost identical for 

croplands, grasslands and forests (about 

1,200 g C m-2 yr-1).8 The higher growth rates 

of crop plants are apparently almost com-

pensated by the longer growth periods of 

the more slowly growing trees. The average 

NPP of forests and of cropland in the EU-

25 are almost the same (518 g C m-2 yr-1 and 

550  g  C  m-2  yr-1, respectively), whereas the 

average NPP of the grasslands is about 30 % 

higher (750 g C m-2 yr-1).8

1.2.1. Global net primary production (NPP) 
and primary energy consumption 
On average, the global terrestrial NPP with-

out human intervention (NPPo) is approxi-

mately 430  g  C  m-2  yr-1, equivalent to an 

energy flux of about 16 million J m-2 yr-1 (Fig-

ure 1.1). Based on a global terrestrial land area 

of about 150  x  1012  m2, this results in a ter-

restrial NPPo of about 65  billion  t  C  yr-1 (Ta-

ble 1.1), which is equivalent to an energy flux 

of 2,400 x 1018 J yr - 1. The actual NPP is esti-

mated to be 10 % lower (60 billion t C yr-1) than 

NPPo due to human intervention6 (see below). 

The global aboveground NPP is estimated to 

be 34  billion  t  C  yr-1,6 of which probably less 

than 50 % with a calorific value of less than 

650 x 1018 J yr-1 can be sustainably harvested 

(Table 1.1). 



12

The global terrestrial NPP is derived from the 

global terrestrial gross primary production 

(GPP ≈ 2 x NPP) which has been estimated by 

various methods to be about 120 billion t C yr-1, 

a value generally considered as the carbon gold 

standard.30 However, recent calculations based 

on H2
18O/CO2 isotope exchange data, although 

still tentative, suggest that the GPP could be 

25 – 45 % greater.31

Figure 1.1: Global terrestrial net primary production (NPPo) in the year 2000 (modified after Ref. 8). Net primary 
production (NPP) is the amount of plant biomass that grows within a year in a given area. NPP in the absence of hu-
man interventions such as fertilization, irrigation or soil sealing is referred to as NPPo. Global NPPo is estimated to be 
65 billion t C yr-1 and global NPP to be 60 billion t C yr-1. The average NPPo per m2 is approximately 430 g C yr-1 using the 
total land area and 650 g C yr-1 based on only the vegetated area. The global surface area is 510 x 1012 m2. The global 
terrestrial land area is about 150 x 1012 m2, of which only 100 x 1012 m2 is vegetated land area. Of this global terrestrial 
land area of 150 x 1012 m2 about 50 x 1012 m2 (33 %) are used for agriculture: about 15 x 1012 m2 (10 %) are croplands 
and about 34 x 1012 m2 (23 %) are pastures and grazing lands.5 About 28 % of the terrestrial area is covered with 
forests (41.6 x 1012 m2). Deserts, mountains, tundra, cities and other land unsuitable for agriculture cover much of the 
rest of the land. In 2011 the world’s average population density was 47 people per km2.

The availability and sustainability of biomass as an energy source

NPP of croplands, grasslands and 
forests: Of the global land area of about 

150  x  1012  m2 about 49  x  1012  m2 (33  %) are 

used for agriculture: 15.3 x 1012 m2 (10 %) are 

croplands and about 34  x  1012  m2 (23  %) are 

pastures and grazing lands.5 About 28  % of 

the terrestrial area are covered with forests 

(41.6 x 1012 m2).32 And much of the rest of the 

land is covered by deserts, mountains, tundra, 

cities and other land unsuitable for agricul-

ture.5 The average NPPo on the vegetated area 

is about 650  g  C  m-2  yr-1 (Figure  1.1). The av-

erage NPP on croplands is somewhat higher 

(about 10 %) than that of forests and somewhat 

lower (about 20 %) than that on grassland.8,18 

The NPPo of vegetated lands can be as high as 

1,500  g  C  m-2  yr-1, whereas the NPPo of mar-

ginal lands can be less than half the average 

(Figures 1.1 and 1.2). The NPP on arable land 

seldomly exceeds 1,500 g C m-2 yr-1, even under 

optimal conditions of fertilizer application, wa-

ter supply (Chapter 1.13) and sunlight exposure 

(Chapter 1.15 and 1.16). 

An expansion of the agricultural area is 

problematic since worldwide agriculture has 

already cleared or appropriated 70  % of the 

grassland, 50  % of the savanna, 45  % of the 

temperate deciduous forest and 27  % of the 

tropical forest biomes. This conversion of land 

for agriculture has made tremendous impacts 

on habitats, biodiversity, carbon storage, soil 

conditions and freshwater availability.5

Between 1985 and 2005 the world’s crop-

lands and pastures expanded by 1.54 x 1012 m2 

(about 3 % increase) with significant expansion 

in some areas (the tropics) and little change or 

even a decrease in others (the temperate zone). 

The result is a net redistribution of agricultural 

land towards the tropics with all its environ-

mental threats.5 
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Current and future energy- and biomass 
demands: Currently, primary-energy de-

mand from industry, transport, and the house-

holds of the about 7  billion people on Earth 

amounts to approximately 500  x  1018  J  yr-1. 

The primary energy is provided from fossil 

fuel, from nuclear power, and from renewable 

sources including biomass.33 Bioenergy con-

tributes with 50 x 1018 J yr-1 to about 10 %. The 

amounts of biomass used directly by humans 

for food, indirectly for animal feed and for in-

dustrial- and energy purposes add up to about 

225 x 1018 J yr-1 (Table 1.1).6,34

The global annual primary-energy con-

sumption per person is presently about 

70 x 109 J per person per year. This global an-

nual average is much lower than the average 

in Europe (150 x 109 J per person per year) or 

in the USA (320 x 109 J per person per year).36 

As the wealth of other continents increases, 

the global annual average is expected at least 

to double within the next 40 years resulting 

in a global primary-energy consumption of 

1,000  x  1018  J  yr-1 e. Similarly, the amount of 

biomass used directly and indirectly as food 

and for industrial purposes may be expected to 

double over its present value of 225 x 1018 J yr-1 

(Table  1.1) if countries like Brazil, China and 

India reach European living standards and will 

adopt the diet currently enjoyed in industrial-

e	 (www.globalcarbonproject.org)

ized countries. At the same time the increase in 

arable land area between 2005 and 2050 is es-

timated to be just 5 % which means that most 

additional biomass will have to come from 

intensification37 with all the associated risks 

(Chapters 1.4 – 1.8). This will put ecosystems 

and biodiversity under increasing pressure and 

may leave less space for bioenergy production.

Energy maximally available from 
wood: The global NPP of forests is near 

22 x 109  t C yr-1 (calculated from the forested 

area (41.6 x 1012 m2) and a global average NPP 

in forests of about 520  g  C  m-2  yr-1). Based 

on a harvest index for forests of 12.5  %, the 

amount of wood that can be felled sustain-

ably is 2.8 x  109  t C yr-1 with a calorific value 

of about 100 x 1018 J yr-1. Thus, if all the wood 

that can be sustainably felled were used for 

energy purposes, which is unrealistic because 

some is required for other purposes, then 

wood could contribute to only 20  % of the 

present world’s primary-energy consumption 

of 500 x 1018 J yr-1. 35 Carbon accounting sug-

gests that extensive bioenergy production from 

forest biomass does not reduce anthropogenic 

climate forcing on decadal time scales. There is 

a substantial risk of sacrificing forest integrity 

and sustainability for maintaining or even in-

creasing energy production without mitigating 

climate change.35 FAO estimates are that pres-

ently firewood with a calorific value of about 

24 x 1018 J yr-1 are globally consumed.

Table 1.1: Global net primary production (NPP) and primary energy consumption in the year 2010. The NPP is 
given in metric tonnes carbon per year (t C yr-1). The C content of biomass is approximately 50 %. The average energy 
content (gross calorific value) of biomass is 37 x 103 J per g C. The data, which are rounded, are associated with con-
siderable uncertainties, the margins of error being at least ± 10 %. For literature see the text.

NPP
Billion t C yr-1

Calorific value
1018 J yr-1

NPPo (above- and belowground) 
a) 65 2400

NPP (above- and belowground) 60 2200

NPP (aboveground) b) 34 1300

NPP used by humans c) 6 225

Primary-energy consumption (2010) 500

a)	 NPP without human intervention.

b)	 Averaged by area globally, about 60 % of the NPP is estimated to be aboveground (57 % in Ref. 6), of which on average 

less than 50 % can be sustainably harvested. For example, the harvest index of forests with an NPP of 22 billion t C yr-1 

is only 12 to 13 %.

c)	 The amounts of biomass used directly by humans for food, indirectly for animal feed and for industrial purposes and 

for energy purposes. 

The availability and sustainability of biomass as an energy source
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Potential for future NPP increases: The 

world’s population of presently 7  billion peo-

ple is still growing by 70 million per year and 

this growth (1 % per year) together with the ex-

pected growth of primary-energy consumption 

(5 % in 2010) is not paralleled by an increase 

in NPP. Rather, the global net primary produc-

tion has decreased by about 10 % since humans 

appeared on the scene (Table 1.1).6 One major 

reason for this is that many agro-ecosystems 

have a lower NPP than the vegetation they re-

place. In addition, NPP is lost due to soil seal-

ing and degradation (the latter resulting from 

past and present land use) (Chapter 1.12). The 

overall decrease in net primary production has 

not been matched by the increase of net prima-

ry production from agriculture, although cur-

rent NPP surmounts the NPP of potential veg-

etation in some intensively used regions, e.g. 

northwest Europe and irrigated dry lands such 

as the Nile valley (Chapter 1.13). As mentioned 

above, only about 10  % of the terrestrial area 

is cropland. The continuous increase in crop 

yields achieved over the last 50 years has in the 

last years leveled off; past increases were not 

only due to plant breeding3,4,38 but also to fer-

tilizer application and irrigation (Chapters 1.15 

and 1.16) with all the associated climate and en-

vironmental risks39 (Chapters 1.4 – 1.8). There-

fore, whether it will be possible to raise NPP 

over its natural potential over large regions and 

longer periods of time seems questionable.

Bioenergy potential: Of the 

500  x  1018  J  yr-1 global primary energy con-

sumption about 10 % (50 x 1018 J yr-1) are pres-

ently provided by bioenergy (1.5 x 109 t C yr-1), 

which is the main energy source in most un-

derdeveloped countries. This percentage will 

in the future probably decrease, rather than in-

crease, because the primary energy consump-

tion will increase (see above), whereas the 

amount of biomass available for bioenergy will 

probably not increase. At present more than a 

billion people are suffering malnutrition and 

lack of food security, because of regional food 

scarcity.40,41 As indicated above, the world’s 

population of 7 billion is growing by 1 % annu-

ally and the amount of biomass used directly 

and indirectly as food and for industrial and 

energy purposes is expected to increase from 

6 x 109  t  C  yr-1 (Table  1.1) to 12 x 109  t  C  yr f 

(without bioenergy) within the next 40 years. 

Therefore, in the near future it is most likely 

that almost all the biomass that can be sustain-

ably harvested on Earth will be required for 

human food (protein, starch, fats and oils), as 

animal feed (cellulose), as construction mate-

rials (wood) or as platform chemicals. These 

demands leave only very little room for the use 

of biomass, except for wastes (Chapter 1.11), as 

an energy source.42

The point is frequently made that if the lig-

nocellulosic part of crop plants and grasses 

could be converted to bioethanol (second gen-

eration biofuels) then a larger percentage of the 

net primary production would become avail-

able as an energy source. Since humans cannot 

digest cellulose there would also be no com-

petition between fuel and fork. However, this 

argument must be balanced against the use of 

cellulose by ruminants (cattle, sheep, goats etc) 

who can digest it and who provide a source of 

nutrition for humans. Furthermore, the ligno-

cellulosic part of crop plants is also required to 

replenish the soil carbon, as will be outlined in 

Chapter 1.12. Cellulose and wood are also ma-

jor products with a range of other uses. 

Comparison of bioenergy with other 
energies: It is difficult to compare climate 
and ecological risks caused by generating bio-

fuels from crops with those related to other 

renewable fuels and to fossil fuels because 

the use of crop biomass as an energy source 

competes with its use for human food and for 

animal feed, which is not relevant to the other 

energy sources. Suffice to mention that other 

renewable energies such as photovoltaic elec-

tricity and wind turbine electricity rather than 

bioenergy have to be backed up by convention-

al power plants for times where there is not 

enough sun light or not enough wind (Chap-

ter 1.4) and that the mining for fossil fuels can 

be environmentally very unfriendly and even 

hazardous. But this cannot be the reason to use 

crops as energy source where they are needed 

as food and feed. Even more so, it is important 

that the immense losses in the human food 

production chain are reduced (Chapter 1.10).

f	 (www.globalcarbonproject.org; 

The availability and sustainability of biomass as an energy source
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1.2.2. NPP and primary-energy consumption 
in Germany 
NPP of croplands, grasslands and for-
ests: In Germany43 approximately 11  % of the 

land is used for infrastructure, 34  % for agri-

culture (NPP = 550 ± 50 g C m-2 yr-1) and 24 % 

as grassland (NPP  =  750  ±  150  g  C  m-2  yr-1); 

the remaining 30  % of the land is forested 

(NPP = 518 ± 67 g C m-2 yr-1; the NPP in brackets 

are European averages).8,18 The land area of Ger-

many is 357 x 109 m2, on which about 82 million 

people live (230 people per km2). Germany’s an-

nual average NPP (on 89 % of the area) is close 

to 650 g C m-2. 8,18 The annual average NPPo (on 

100  % of the area) is about 580  g  C  m-2 (Fig-

ure 1.2).6 The NPP of special croplands optimal-

ly fertilized, provided with water and exposed to 

sun light can be more than twice the average,3,44 

whereas the NPP of marginal lands can be less 

than half the average (Chapter 1.15).45

Aboveground NPP harvested and 
grazed: Detailed analyses have revealed two 

different estimates for Germany’s actual NPP: 

one by Schulze et al.8,18 yielding 175 – 195 mil-

lion  t  C   yr-1 and the other by Haberl et al.6 

yielding 210  ±  20  million  t  C  yr-1. Their es-

timates for actual aboveground NPP are 

130 million t C yr-1 8,18 and 160 million t C yr-1 6 

(Table  1.2).43,46 About 70  million  t  C  yr-1 of 

this actual aboveground NPP are directly re-

moved from ecosystems and used by society 

as food, animal feed and raw materials. In ad-

dition to this, ruminants graze about 20 mil-

lion t C yr-1.

Of the about 90  million  t  C  yr-1 harvested 

and grazed, about 10  million  t  C  yr-1 are 

used as vegetal food for humans, 53  mil-

lion  t  C  yr-1 as animal feed (including grazed 

biomass), about 14 million t C yr-1 as industrial 

wood and firewood (eight year average) and 

10  million  t C yr-1 for other purposes (mainly 

seed and industrial uses of agricultural bio-

mass including losses within the processing 

chain).34 The about 90 million t C yr-1 do not in-

Figure 1.2: Net primary production in the absence of human interventions such as fertilization, irrigation, or soil 
sealing (NPPo) in the EU-25 in the year 2000. The EU-25 terrestrial land area is about 3,920 x 109 m2 and that of 
Germany is 357 x 109 m2. On average the NPPo in the EU-25 is about 550 g C m

-2 yr-1. The average NPPo in Germany 
is about 580 g C m-2 yr-1. About 36 % of the EU-25 area are covered by forests.43,46 In Germany43 approximately 11 % 
of the land are used for infrastructure, 34 % for agriculture and 24 % as grassland; the remaining 30 % of the land 
are forested. The EU-25 countries are: Austria, Belgium, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, 
Germany, Great Britain, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, 
Portugal, Slovakia, Slovenia, Spain and Sweden (modified after Ref. 43). 
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clude approximately 20 million t C yr-1 of straw 

associated with the harvest of the aboveground 

NPP (Table 1.2).

Calorific value of the harvested 
and grazed biomass: The aboveground 

harvested and grazed biomass in Germany 

(about 90  million  t  C  yr-1) has an energy 

equivalent of about 3.4  x  1018  J  yr-1 (Ta-

ble  1.2), which for comparison is equal to 

24  % of Germany’s primary-energy con-

sumption of 14 x 1018 J yr-1 (Figure 1.3). But 

this does not mean that 24 % of the prima-

ry-energy consumption in Germany could 

be covered by biomass because most of this 

biomass is required for food, animal feed and 

industrial products. The significant energy 

cost for production of fertilizers, pesticides 

and machines, as well as the energy needed 

for manpower, transport and for farm opera-

tions (from plowing to harvest) also have to 

be considered (Chapter 1.4) 

Biomass used for bioenergy: Accord-

ing to a preliminary assessment for 2010,48 

approximately 6 % of the primary-energy con-

sumption in Germany are presently derived 

from biomass or biomass products plus 0.7 % 

from renewable wastes: 0.5 x 1018 J yr-1 from 

solid fuels, mainly wood; 0.22  x  1018  J  yr-1 

from biogas; and 0.19  x  1018  J  yr-1 from liq-

uid fuels (mainly biodiesel and bioethanol; 

Table  1.2). Most of the biomass is used for 

heating and electricity production (most of 

the biogas) rather than for transport, which 

is of concern since transport fuels are in the 

long run probably most difficult to replace 

(Chapter 1.4).

Table 1.2: Net primary production (NPP) and primary-energy consumption in Germany in the year 2010. The NPP is 
given in metric tonnes carbon per year (t C yr-1). The C content of biomass is approximately 50 %. The average energy 
content (gross calorific value) of biomass is 37 x 103 J per g C. The values in front of the slash (/) refer to inventory 
and model-based studies of Schulze et al.8,18 and those behind the slash to the studies of Haberl et al.6 The data are 
rounded and are associated with considerable uncertainties, the margins of error being at least ± 10 %. For details 
see Refs. 43,46.

NPP
Million t C yr-1

Calorific value
1018 J yr-1

NPP (above- and belowground) 185 / 210 6.8 / 7.8

NPP (aboveground) a) 130 / 160 4.8 / 5.9

NPP harvested and grazed 89 / 93 3.3 / 3.5

- Vegetal food for humans 10 0.4

- Animal feed including 20 million t C yr-1 grazed 53 2

- Industrial wood and firewood b) 14 0.5

- Other uses c) 10 0.4

Cereal and rape straw d) 20 0.7

Embodied NPP from abroad via imports (Chapter 1.9) 70 2.6

Primary-energy consumption (total) 14

Primary energy from biomass products (2010) e) 30 1

- Solid fuels (mainly wood) 14 0.5

- Biogas f) 0.2

- Liquid biofuels (biodiesel and bioethanol) 0.2

- Renewable wastes including land fill gas 0.1

a)	 Averaged by area (croplands, grasslands, forests), about 75 % of the NPP is aboveground.

b)	 Calculated from an average of 56 million m3 timber per year (2002 – 2009 average)

	 (for calculation and uncertainties see Ref. 28)

c)	 The value includes seed and industrial uses of agricultural biomass including losses within the processing chain.

d)	 The value includes about 4 million t C yr-1 of straw used as bedding material for animal husbandry and the about

	 13 million t C of straw left on the fields for humus formation

e)	 The energy values do not contain the primary-energy costs for producing this product (see Chapter 1.4).

f)	 Produced in about 7,000 biogas production plants (beginning 2011) generating together electrical power of about

	 2,500 MW with an efficiency of 35 %.
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In 2008, of the biomass used directly as an en-

ergy source, about 20  % were imported;49 the 

remaining 80 % were grown in Germany. How-

ever, the 80 % domestic biomass for bioenergy 

were only available because additional biomass 

for animal feed was imported (Chapter 1.9). 

The use of wood in Germany as an energy 

source is quantitatively limited by the amount 

of wood that can be sustainably cut annu-

ally; over the years this has been at an aver-

age of about 56  million  m3 wood per year, or 

about 14 million  t  C  yr-1 (2002  –  2009 aver-

age)50 with a calorific value of 0.5 x 1018 J yr-1 to 

0.6 x 1018 J yr-1 (Table 1.2). Of the felled wood 

only about 40 % are directly used as an energy 

source, about 60  % are used for wood prod-

ucts, some of which may be burned later. If 

all the wood presently felled in Germany were 

used as an energy source this would contribute 

about 4 % to the primary-energy requirement 

of Germany. And even this low contribution 

would – in the long run – not be sustainable 

because the amount of wood that is presently 

felled exceeds the harvest index of 12.5 % for 

forest by almost a factor of two.51 The amount 

of wood presently used as energy source is de-

pendent on imports (see chapter 1.9).

1.2.3. NPP in other countries 
On average the NPPo in the EU-25 is about 

550 g C m-2 yr-1 (Figure 1.2).6 NPPo in Germany 

Figure 1.3: Primary-energy consumption (14 x 1018 J yr-1) in Germany in 
the year 2010.47 Each sector has its own uncertainty, which is not depicted. 
Also, the different energy sectors are not independent of each other, e.g. the 
harvest of biomass for bioenergy also requires the use of mineral oil. About 
29 % of the primary energy are consumed in the energy sector and the rest 
by industry (18 %), by traffic and transport (19 %), by the households (18 %), 
by trade, commerce and services (10 %) and for non-energy purposes (7 %). 
The final energy is consumed as: about 28 % by industry, 30 % by traffic and 
transport, 28 % by households, and 16 % by trade, commerce and services. 
In 2011 the primary energy consumption was about 5 % lower mainly due to 
milder weather.

is 580 g C m-2 yr-1, in France 680 g C m-2 yr-1, in 

Italy 590 g C m-2 yr-1, in Great Britain plus Ire-

land 550 g C m-2 yr-1, in Poland 560 g C m-2 yr-1 in 

Portugal plus Spain 500 g C m-2 yr-1, in Sweden 

430 g C m-2 yr-1 and in Finland 400 g C m-2 yr-1 

(all figures are approximate, from Table 3 

in Ref. 43). Due to human intervention the 

aboveground NPP in France, Germany and 

Great Britain plus Ireland is 10 to 20 % higher 

than the NPPo whereas in Poland, Spain and 

Portugal it is about 10  % lower (see Table 2 

in Ref. 43). Only the latter countries have the 

potential to significantly increase their NPP by 

land management and fertilization.6,43 

In North America the average NPPo is near 

450  g  C  m-2  yr-1, in Latin America and the 

Caribbean near 800 g C m-2 yr-1 and in South-

eastern Asia near 1,000 g C m-2 yr-1 (Figure 1.1). 

In all these countries the actual NPP is some 

10 % to 20 % lower than NPPo due to human 

interventions that have led to a net decrease of 

NPP.6

The availability of biomass as an energy 

source varies from country to country (Figu

res  1.1 and 1.2) and depends mainly on the 

primary-energy consumption per person, the 

population density, the natural endowment of 

the respective country and its yield gap, i.e. the 

difference between actual and potential future 

yields. One would expect that the lower the 

primary-energy consumption per person and 

the population density, the higher would be 

the percentage of harvestable biomass that can 

be used as an energy source. For example, in 

Germany both the primary-energy consump-

tion per person (170  x  109  J per person per 

year) and the population density (230 persons 

per km2) are considerably higher than in Brazil 

(52 x 109 J per person per year and 22 persons 

per km2). The difference between Germany 

and Brazil is even larger considering that in 

Brazil the NPP is on average about 2 times 

higher than in Germany (see Figure  1.1). But 

even in Brazil, bioenergy (mainly bioethanol 

from sugar cane) presently covers only ap-

proximately 30 % of the primary-energy con-

sumption of this country (see Chapter  2.12) 

and its production is considered to gener-

ate environmental and social problems.52 As 

other examples: in 2010 the primary-energy 

The availability and sustainability of biomass as an energy source



18

consumption and population density in France 

are 180 x 106 kJ per person per year and 110 

persons per km2, in the USA 320 x 106 kJ per 

person per year and 30 persons per km2, and 

in China 62 x 109 J per person per year and 138 

persons per km2. 36

1.3.	Human appropriation of
		  net primary production and
		  bioenergy potential
What fraction of the NPP in a given country 

can be used for energy production, what is the 

bioenergy potential? In addressing that ques-

tion, we must consider the NPP that is cur-

rently already appropriated by humans for 

food, animal feed, and for industrial purposes 

and/or by the negative human impacts on the 

productivity of ecosystems (e.g. soil sealing; 

Chapter 1.12). 

Human appropriation of NPP 
(HANPP): HANPP is equal to the NPP of the 

potential vegetation in an ecosystem in the 

absence of humans (NPPo) minus the fraction 

of the NPP of the actual vegetation in the eco-

system left after human use.6,43 For example, 

HANPP is 0 % in a wilderness area and 100 % 

on sealed soils. In land use such as forestry, 

where stocks (i.e. accumulated biomass over 

the course of years, decades or centuries) are 

harvested, HANPP can even be much larger 

than 100 % of the annual NPP0 flow. This oc-

curs if harvest exceeds annual growth. HANPP 

does not include the energy cost of producing 

the NPP (fossil fuel energy needed for produc-

tion of fertilizers, pesticides, cultivation, and 

harvest). 

In Germany the NPP is larger than NPPo; 

the difference, ΔNPP, is up to -100 g C m-2 yr-1 

(Figure 1.4 A). The HANPP is estimated to be 

340 g C m-2 yr-1 (120 million t C yr-1; see Tables 2 

and 6 in Ref. 43) which is close to 60 % of the 

NPPo of 580 g C m-2 yr-1 (210 million t C yr-1).6 

Within the EU-25 HANPP is highest in the 

country group of Belgium, the Netherlands, 

Luxembourg and Denmark (69  %) followed 

by Great Britain and Ireland (67  %), Poland 

(60 %), Germany (59 %), Austria (57 %), Italy 

(52 %), and Spain and Portugal (44 %) and low-

est in Sweden (25 %; Figure 1.4 B). On average, 

HANPP in the EU-25 is 50 %. 

Bioenergy potential: Because of the rela-

tively high HANPP in Europe, the potential 

for increasing the use of biomass as an energy 

source in the EU-25 is low. Exploitation of the 

entire bioenergy potential implies risks such as 

higher contamination of water bodies with fer-

tilizers and pesticides, release of N2O and other 

GHGs into the atmosphere, and a detrimental 

impact on biodiversity. The land presently not 

used by crops is the final remaining habitat for 

many organisms, and EU-FFH (Fauna–Flora–

Habitat–Directive) regulation does not permit 

action that would result in deterioration of 

these habitats. Increasing biomass imports, 

the only option to overcome this constraint, 

exports the ecological and social risks to other 

countries (see below).

Based on the relatively high HANPP in Eu-

rope (50 % on average), the potential for us-

ing biomass as an energy source in the EU-25 

has been estimated to be only about 4  % of 

the current primary-energy consumption in 

the EU-25. 53,54 For Germany with an HANPP 

of 60  % the estimated potential is less than 

3 %. However, even this rather small potential 

disregards the ecological risks of intensive ag-

riculture. Nor does this analysis consider that 

during the next decades, biomass will be in-

creasingly needed to feed the growing world 

population5 and to substitute fossil fuels as 

raw material for the petrochemical industry.

1.4.	Fossil fuel costs of net primary
		  production, energy returns on
		  investment, area efficiencies
		  and capacity credits
Fossil fuel costs: As already mentioned the 

figures for the energy equivalent of the har-

vested and grazed biomass do not consider 

the fossil energy that is needed to produce 

and operate the means of biomass production. 

The fossil energy cost for the production of 

fertilizers, pesticides and machines as well as 

the energy needed to drive them and for farm 

operations (from plowing to harvest) can take 

a considerable share of the energy produced. 

The literature, e.g. contains different estimates 

of the size of this share.55-57

A detailed estimate of the fossil energy costs 

of biomass production in the EU-25 is given by 
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Luyssaert et al.46,57 The energy costs (as a per-

centage of the energy equivalent of the harvest-

ed biomass) were calculated from CO2 emissions 

due to fossil fuels burnt in biomass production. 

These costs were found to be 11 % for cropland, 

7 % for grassland and 3 % for forests (see Ta-

ble  1.4). The analysis assumed that cropland 

is plowed, harrowed, planted and harvested at 

least once per year. In addition it is fertilized 

twice per year and sprayed with pesticides four 

times per year. All grassland is cultivated and 

harvested at least once per year and fertilized 

twice per year. The energy cost of fertilizer pro-

duction is distributed over crop and grassland 

in proportion to their surface area. In forestry, 

10 % of the forest are thinned each year; another 

10 % are harvested and planted. The harvested 

timber is transported using a 40 t truck over a 

distance of at least 50 km (40 km for countries 

smaller than 100,000 km2) if used as industrial 

round-wood. Firewood is transported by a 5  t 

truck over a distance of at least 30 km (20 km 

for countries smaller than 100,000  km2). The 

analysis did not include the energy consumed 

by the work force or the energy costs of water. 

Estimates of energy costs of crop biomass pro-

duction in Switzerland55 and in the USA56 have 

yielded much higher values.

Production of bioenergy also has to include 

the energy costs of conversion of the harvested 

biomass to biofuels: such as the costs of lig-

nocellulose pretreatment, ethanol distillation, 

lipid extraction, and biofuel storage and trans-

port. These costs can range from as low as 10 % 

for wood-chip production from wood, to as 

high as 100 % in the case of first generation liq-

uid-fuel production from maize (Chapter 1.6). 

Energy return on investments (EROI): 
The overall production costs of bioenergy can 

be quantified by the EROI, which denotes the 

amount of energy that is returned (energy out-

put) per unit of energy invested (energy input) 

during biomass production and conversion to, 

for example, liquid biofuels or electricity. EROI 

in bioenergy production generally only con-

siders the energy input from fossil fuels (Ta-

ble  1.3). Thus in bioethanol production from 

maize or sugar cane the energy costs for distil-

lation are not taken into account if provided 

through burning of maize stover, sugar-cane 

straw, wood or renewable electricity.

EROI is high for solid biomass used directly 

as energy source, e.g. about 10 for wood chips/

pellets. EROI is generally much lower for liq-

uid and gaseous fuels formed from biomass, in 

some cases it may be even less than 1.59 EROI 

for biodiesel from rapeseed has been reported 

to be less than 2,63,3 for bioethanol from maize 

in the USA to be between 1 and 1.6,59,60 from 

sugar beet in Germany to be 3.5,3 and for 

bioethanol from sugar cane in Brazil52,61 to be 

8. EROI for bioethanol from switch grass has 

been estimated to be 5.4.58 EROI for bio-bu-

tanol from maize is below 1,62 and for biogas 

from maize silage in Germany it is 4.8 (com-

bustion energy) and 1.4 (electricity).3,64 EROI 

for biogas derived electricity can be as high as 

4.5 if the biogas is converted to electricity with 

using the low-temperature waste heat output65. 

The EROI of bioethanol production can be 

considerably increased when wood, or another 

Figure 1.4: Human appropriation of net primary production (HANPP) in the 
EU-25 in the year 2000. A. Changes in net primary production (∆NPPLC) due 
to land use: red, reduction of NPP; green/blue, increase in NPP. B. HANPP 
(modified after Ref. 43).
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renewable energy sources, provides the energy 

for ethanol distillation, however this comes at 

the price of a lower area efficiency.59 With re-

spect to the EROI, bioenergy production is still 

a young industry and there is some room for 

improvements in efficiency.

The EROI of bioenergy, especially first 

generation biofuels in Europe and the USA, 

is rather low when compared to other energy 

technologies. For example, for photovoltaics 

the EROI is around 7,66,67 for the most mod-

ern wind turbines68 around 18 and for hydro-

Table 1.3: Energy return on investment (EROI) and area efficiencies of fuel production. EROI = Energy output/fossil 
energy input. Fossil energy input includes fossil fuels required for land management, for the synthesis of fertilizers 
and pesticides, for sawing and harvest as well as for the conversion of the biomass to biofuels. The values given are 
the highest values found and reasonably documented. The area efficiencies on farming plots are generally lower than 
on experimental plots. For literature see the text.

EROI Area efficiency 
(W m-2) (year’s average) e)

Firewood (Germany) 10 a) < 0.2

Biodiesel from rapeseed (Germany) < 2 a) < 0.2

Bioethanol from maize (USA) 1.5 a) < 0.3 

Bioethanol from sugar beet (Germany) 3.5 a) < 0.4

Bioethanol from sugar cane (Brazil) 8 a,b) < 0.5

Bioethanol from Triticale/maize (Germany)
(combined production)(Chapter 2.11)

8 a) < 0.3

Bioethanola) methanea) and electricity
from lignocellulose (Chapter 2.11)

3 < 0.5

Bioethanol from switch grass (USA) 5.4 a) < 0.2

Bio-butanol < 1 a) 

Biodiesel from algae (Chapter 1.17) < 1 a)

Biogas from maize silage (Germany) 4.8 a) < 1.1 

Biogas from maize silage (Germany) (electricity) 1.4 < 0.4 

Photovoltaic (Germany) (electricity) 7 > 5

Photovoltaic (Brazil) (electricity) > 10

Wind turbine (Germany) (electricity) 18 2 – 3 c)

Nuclear power (electricity) 10 – 20 d)

Hydropower (electricity) 100

a)	 Combustion energy

b)	 This high EROI is reached only when bagasse (the residue from sugar cane after it has been crushed to extract the 

juice) is used as the main energy source for distillation, which is not sustainable because of the resulting loss in soil 

carbon (Chapter 1.12).

c)	 Land based standard wind farms; the land between the turbines may be used for agricultural or other purposes.

d)	 EROI estimates for nuclear power as low as 1 and as high as 50 can be found in the literature.70 The estimates are 

problematic because of the still poorly developed database for the costs of deconstruction and making good the damage 

caused by catastrophes.

e)	 Average power during 365 days and 24 hours a day

power69 it can even be above 100. EROI esti-

mates of nuclear power lie between 10 and 20, 

but estimates as low as 1 and as high as 50 can 

also be found in the literature.70 The EROI es-

timates for nuclear power are problematic be-

cause of the still poorly developed database for 

the costs of deconstruction and making good 

the damage caused by catastrophes. It should 

be noted that a technology with a high EROI 

might still in practice be uneconomic due to 

the high capital outlay required; this is pres-

ently one of the problems of photovoltaics.
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Area efficiencies: The total solar energy that 

annually reaches the Earth’s terrestrial veg-

etated surface (100 x 1012 m2; Figure 1.1) and 

is absorbed there is about 0.5 x 1024 J (about 

170  W  m-2; average power during 365  days 

and 24 hours a day, also accounting for clouds 

etc.). Of this energy, at global scale, only ap-

proximately 2.2  x  1021  J (about 0.5  %) are 

harvested by plants via the net formation of 

biomass (60 x 109 t C yr-1; Table 1.1). There are 

several reasons for this low efficiency: (a) The 

photosynthetic pigments absorb and use only 

47 % (energy wise) of the sun light. Green light, 

UV- and IR light are not used; (b) only about 

10 % of the light energy are stored in the form 

of NADPH (Chapter  3, Figure  3.2); (c) about 

one third of the energy stored in NADPH is 

consumed by photorespiration due to the reac-

tion of ribulose bisphosphate with O2 catalyzed 

by ribulose bisphosphate carboxylase; (d) 

The efficiency is further reduced by continu-

ous damages of photosystem II (D1-protein), 

which has – at high light intensities – to be 

repared three times per hour (Chapter 3); and 

(e) the photosystems have evolved to optimally 

use the sun light from sunrise to sunset dur-

ing which the light intensity increases from 

0 W m-2 to 680 W m-2 (global average) at noon 

to then decrease to 0  W  m-2 again. The opti-

mization price is that at light intensities above 

150 – 200 W m-2 (Chapter 1.15) photosynthesis 

becomes limiting. Under light limitation the 

maximal efficiency of photosynthesis is 4.5 %, 

but in nature even an efficiency of 1 % is sel-

domly reached. g 

In Germany the solar radiation that reaches 

the earth’s surface and is absorbed there is 

about 115 W m-2 (100 – 140 W m-2; year’s av-

erage power). An average annual NPP of ca. 

650  g  C  m-2 in Germany is equivalent to an 

average rate of about 0.8 W m-2. The area ef-

ficiency of NPP in Germany expressed as a 

percentage of incident solar energy is thus less 

than 1 % (0.7 %).71 Even with rich soils and fer-

tilization on experimental plots the efficiency 

of NPP seldom exceeds 1 % of the average so-

g	 see the editorial by H. Michel: Vom Unsinn der 
Biokraftstoffe; Angewandte Chemie 124, 2566–2568, 
2012.

lar energy flux. Furthermore, the percentages 

are much lower if only the annually produced 

biofuel is considered. Thus, in the case of bio-
diesel from rapeseed in Germany the area effi-

ciency is only 60 x 109 J ha-1 yr-1 (about 1,600 l; 

0.18 W m-2; Table 1.3).3 Finally, the efficiencies 

on farming plots are always lower than on ex-

perimental plots.

The area efficiency of bioethanol from 

maize in the USA is about 81 x  109  J  ha-1  yr-1 

(3,800  l; 0.26  W  m-2), from sugar beet in 

Europe about 117  x  109  J  ha-1  yr-1 (5,500  l; 

0.37  W  m-2), and from sugar cane in Brazil 

about 150 x 109 J ha-1 yr-1 (7,000 l; 0.47 W m-2; 

density of ethanol at 20  oC is 0.79 g  l-1).3 The 

small scale combined production of ethanol 

and biogas from Triticale (two third) and 

maize (one third) in Germany yields ethanol 

with an area efficiency of 80  x  109  J  ha-1  yr-1 

(3700 l; 0.25 W m-2; Chapter 2.11). Triticale is 

a hybrid of wheat (Triticum) and rye (Secale). 

The area efficiency of bioethanol from sugar 

cane in Brazil of 0.47 W m-2 has to be com-

pared with the solar radiation of 250  W  m-2 

(year’s average power) that reaches the earth’s 

suface in Brazil and is absorbed there. The 

efficiency of conversion of light energy into 

bioethanol expressed as a percentage of inci-

dent solar energy is thus less than 0.2 % and 

lower than in Germany where in the case 

of bioethanol from sugar beet it is 0.23  % 

(0.26 W m-2 / 115 W m-2).

Bioethanol formation from lignocellu-
loses biomass is most efficient when starchy 
raw material is added to the lignocelluloses bi-

omass. This scenario leads to an estimated de-

livery of 65 x 109 J ha-1 yr-1 ethanol (0.2 W m-2), 

electric power of about 5 x 109 J ha-1 yr-1, and 

about 90 x 109 J ha-1 yr-1 methane. This results in 

an energy gain estimated at 140 x 109 J ha-1 yr-1 

(0.44 W m-2) and an energy balance calculated 

as an energy output to fossil energy input ratio 

of above 3 :  1 (Chapter  2.11). Bioethanol for-

mation from Switchgrass has been estimated 

to yield 60 x 109 J ha-1 yr-1 (0.19 W m-2) with an 

EROI of 5.4.58

The area efficiency of biogas formation 

in Germany from Triticale can be as high 

as 140  x  109  J  ha-1  yr-1 (4,000  Nm³ methane; 

0.44  W  m-2) and from maize silage about 
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280  x  1018  J  ha-1  yr-1 (8,000  Nm3 methane; 

0.88  W  m-2). For maize silage area efficien-

cies can reach under experimental conditions 

about 350 x 109 J ha-1 yr-1 (10,000 Nm3; 1.1 W; 

Table 1.3).3,44 

Comparisons with other renewable 
energies: Relative to other energy technolo-

gies, bioenergy has only low area efficiencies as 

exemplified by a comparison with photovolta-

ics7,72 and wind turbine electricity.7,73 In Ger-

many the power density of photovoltaic pan-

els72 is generally above 5 W m-2 and of standard 

land-based wind farms between 2  –  3  W  m-2 

(average power during 365 days and 24 hours 

a day; Table  1.3).7,73 This higher efficiency is 

not adversed by a higher fossil energy input 

associated with the construction and installa-

tion of solar panels and wind turbines, since 

their EROIs – as mentioned above – are high: 

around 7 for photovoltaics, and as high as 18 

for wind turbines (Table 1.3).66,67,68 Once in-

stalled, photovoltaic cells and land based wind 

turbines have hardly any maintenance cost.72 

Non-surprisingly, of the sun-derived energies, 

bioenergy contributes least to the reduction of 

GHGs and has the highest financial price per 

ton of CO2 saved.74

Capacity credits: Although NPP has a 

much lower area efficiency of sunlight harvest 

than photovoltaics and wind turbine electric-

ity, it does have the advantage that its product 

(biomass and biofuels generated from it) can 

be stored for later use in large amounts and 

at high energy density.72 This is a requirement 

for applications such as fuels for aircraft, 

for heavy goods vehicles and for large ships 
which also in future will most probably not 

be able to run by electricity. Currently there 

is limited capacity for storing large amounts 

of electricity, which is why photovoltaic elec-

tricity (during night times and cloudy weath-

er) and wind turbine electricity (when there 

is no wind) has to be backed up by electric-

ity generated from conventional power plants 

for times when there is not sufficient sunlight 

or wind. Thus bioenergy has an advantage as 

an energy source that can be used to reliably 

meet fluctuating demands, it has a capacity 

credit.75 Bioenergy can support grid stability 

by providing balancing and reserve power to 

an energy system with increasing proportions 

supplied by fluctuating renewable sources.76 

However, this advantage is partly cancelled 

out by the much lower EROI and the higher 

net GHG emission.

1.5.	Greenhouse gas fluxes
		  associated with net primary
		  production 
Biomass formation via photosynthesis in-

volves sequestration of the GHG CO2 from the 

atmosphere. When the biomass is re-mineral-

ized by organisms or burnt the same amount 

of CO2 is released back into the atmosphere as 

had previously been removed. But the GHG 

balance has to additionally consider (a) that 

that biomass growth can lead to oxidation of 

soil carbon, (b) that intensive cultivation also 

has a CO2 cost for land management, for the 

production of fertilizers and pesticides, and 

for sawing, harvest and transport and (c) that 

intensive agriculture almost always lead to an 

increased emission of the GHGs nitrous oxide 

(N2O) and methane (CH4) as a result of land 

management, livestock husbandry and the 

use of fertilizers. In the GHGs balance the CO2 

fixed during plant growth has to be disregard-

ed if the biomass used as an energy source is 

biomass “that merely displaces biomass now 

used to meet other human needs, or biomass 

used to maintain or build carbon stocks in 

plants and soil”.77

CO2 emissions from microbial oxida-
tion of soil carbon: Intensive cultivation to 

increase NPP can lead to microbial oxidation 

of soil carbon to CO2 as a result of plant and 

microbial activities. Thus net CO2 emission 

from soil carbon of about 4  % (100  %  =  CO2 

fixed into harvested biomass) occurs in crop-

lands in the EU-25 where too much crop resi-

due (e.g. straw) is removed from the fields (see 

Chapter 1.12).18,24,78 On the other hand, soil car-

bon is presently increasing in grassland soils 

and in forest soils: in the case of grassland 

an equivalent of about 26  %, and in the case 

of forest about 32 %, of the CO2 net assimila-

tion into harvested biomass ends up as soil 

carbon (Table 1.4).18,78 It is at present difficult 

to judge whether and when there will be a sa-

tiation point of soil-carbon accumulation. The 
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amount of carbon that can be accumulated in 

soils depends on the availability of metal ions, 

such as iron or aluminum. 

CO2 emissions due to fossil fuel con-
sumption: Intensive cultivation also has a 

CO2 cost for land management, for the produc-

tion of fertilizers and pesticides, and for saw-

ing, harvest and transport. Fossil fuels are con-

sumed in all these operations generating CO2. 

These CO2 costs are largest for cropland (an 

equivalent of about +11 % of the net CO2 assim-

ilated into harvested biomass), less for grass-

land (+7 %) and lowest for forests (+3 %)46 (Ta-

ble 1.4; see also Chapter 1.4). 

Fertilizer production in the Haber-Bosch 

process has increased by over 800  % in the 

past 50 years.5 GHG emissions from the fos-

sil fuel required for H2 formation and N2 re-

duction increased somewhat less because of 

higher process efficiency. Presently, more than 

1 % of the global primary energy is consumed 

in this process.18 

N2O and CH4 emissions associated 
with the use of fertilizers: In addition 

to the CO2 cost mentioned above, intensive 

agriculture almost always leads to an in-

creased emission of the GHGs nitrous oxide 

(N2O) and of CH4 (mainly from paddy fields 

and livestock husbandry) as a result of the 

use of fertilizers and of land management. 

The fertilization-associated GHG emissions, 

which include those from manure, are largest 

for grasslands (an equivalent of +38 % of the 

net CO2 assimilation into harvested biomass) 

followed by croplands (+26  %) and forests 

(+22 %; Table 1.4).

The availability and sustainability of biomass as an energy source

Table 1.4: Greenhouse gas fluxes associated with biomass growth in percent of the CO2 fixed into harvested 
biomass. The data given are for the EU-25. The margins of error are at least ±10 %. For details see Ref. 46. In forestry 
about 20 % of the felled material remains in the forest.8,18 Negative numbers refer to uptake of CO2 / GHGs from the 
atmosphere and positive numbers losses of CO2 / GHGs to the atmosphere.

CO2 from soil 
carbon

CO2 from fossil 
fuels

GHGs from 
manure a) N2O and CH4 b) ∑

Croplands 4 % 11 % 14 % 12 % 41 %

Grasslands -26 % 7 % 18 % 20 % 19 %

Forests -32 % 3 % 21 % 1 % -7%

a)	 Harvest rests

b)	 Emissions due to the application of fertilizers

Nitrogen fertilizers are generally applied at a 

rate of 10 – 20 g N m-2 per year with approxi-

mately 2 to 3  % of the N ending up as N2O 

that escapes into the atmosphere.85 The N2O 

emission factor (percentage of N as fertilizer 

or biologically fixed N emitted as N2O), includ-

ing soil organic nitrogen mineralized following 

land-use change and NOx deposits from the 

atmosphere, was recently reconfirmed to be 

about 4 %.86 The emission occurs irrespective 

of whether the applied form of nitrogen is or-

ganic or inorganic N (see Figure  1, Introduc-

tion, p. 6).

Greenhouse gas (GHG) potentials: 

N2O and CH4 have a much higher potential 

greenhouse effect than CO2, about 25  fold in 

the case of CH4 and about 300 fold in the case 

of N2O on a 100 year horizon.
10,79 Although the 

tropospheric CH4 concentration curve has tran-

siently leveled off within the last 20 years80,81 

that of tropospheric N2O has increased linearly 

with time since the “green revolution”,82,83 as 

has the CO2 concentration since the “industrial 

revolution”. The present tropospheric concen-

trations of CO2, CH4 and N2O are 390  ppm, 

1.8 ppm and 0.32 ppm, respectively. 

Nitrogen fertilizers have recently been shown 

to also be a source of atmospheric nitrous acid 

(HONO) and OH radicals which strongly influ-

ence the oxidation capacity of the atmosphere84 

and may therefore affect, e.g., the average resi-

dence time of tropospheric CH4.

Contributions to the anthropogenic 
greenhouse effect: Intensive agriculture 
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contributes considerably to the anthropogenic 

greenhouse effect and that occurs whether the 

crops are grown for food (81 %, 9.2 million ha), 

industrial purposes (3 %; 0.32 million ha) or 

biofuels (16 %; 1.96 million ha; numbers refer 

to Germany 2011).87 Estimates are that agri-

culture is responsible for 30 – 35 % of global 

greenhouse gas emissions, largely from defor-

estation, methane emissions from livestock 

and rice cultivation, and nitrous oxide emis-

sions from fertilizers.5

If managed sustainably, the growth of trees 

in forests is more or less GHG neutral because 

then they are in a steady state with as many 

trees being felled as are re-grown and because 

forests are normally not fertilized.88 How

ever, it should be noted that forests in Europe 

are indirectly fertilized through atmospheric 

N deposition which in turn results in GHG 

emissions. This deposition is a side effect of 

burning fossil fuels and intensive agricul-

ture. The GHG balance of forests becomes 

negative (less CO2 emitted than assimilated) 

mainly when the forest area or standing bio-

mass increases. Globally, in the last few years, 

the world’s forests have been estimate to be a 

sink of 2.4 ± 0.4 x 109 t C yr-1.89 However, at 

present harvesting rates in Germany the total 

biomass decreases, i.e. forests become a CO2 

source.

1.6.	Greenhouse gas mitigation
		  potential of using biomass as
		  an energy source and effects of
		  land use change 
The emission of CO2 and N2O and CH4 (the lat-

ter mainly in paddy fields) as microbial byprod-

ucts of plant growth in the presence of fertiliz-

ers strongly reduces the mitigation potential 

of using biomass as an energy source in Eu-

rope:46 by about 42 % in the case of croplands, 

by about 19 % in the case of grasslands and by 

-7 % in the case of forests (Table 1.4).6,18,78

Land use Change: The differences in 

GHG emissions have to be additionally ac-

counted for when land use is directly changed 

for energy-plant production. Thus, when forest 

land is converted to croplands in Europe, the 

emissions increase by 49 %. On the other hand, 

when croplands are converted to forests there 

is 49 % decrease in GHG emissions which of-

ten is larger than the mitigation potential of 

using the crop biomass as an energy source. 

There is also indirect land use change 

which has to be considered. It occurs if crop-

land previously used for food crops is used for 

bioenergy crops and food production moves 

elsewhere. This may result in deforestation in 

other regions. The extent of indirect land use 

change depends (a) on changes in the food 

system (i.e. whether the lost food crop produc-

tion is replaced or not – if not, however, this 

may result in more hunger), (b) on changes 

in the yields of food crops (e.g., if food crop 

production can be maintained through yields 

increases, indirect land use changes may be 

reduced or even absent, although in this case 

the additional emissions from land-use in-

tensification must be taken into account) and 

(c) on the area required for bioenergy (and 

therefore the volume to be produced). The 

scientific uncertainties associated with GHGs 

emissions due to indirect land use change are 

still high.90

CO2 costs of biomass conversion into 
biofuels: Besides the GHG emissions as-

sociated with the growth of the biomass, the 

conversion of biomass into biofuels (wood, 

bioethanol, biodiesel, biogas) generally has an 

additional CO2 cost. With liquid biofuels and 

biogas from crops and grasses this cost is large 

and therefore a considerable part of the energy 

output must always be offset against the fossil 

fuels used in their production. For example, in 

biodiesel production with an EROI of 2 (Ta-

ble  1.3) the fossil fuel CO2 costs are 50  %, in 

bioethanol production with an EROI of 1.6 the 

CO2 costs are about 60 %, in bioethanol pro-

duction from sugar cane with an EROI of 8 the 

CO2 costs are about 12 % and in firewood pro-

duction with an EROI of 10 the CO2 costs are 

10 % of the CO2 released upon combustion of 

the biofuel. 

GHG mitigation potential of liquid 
and gaseous biofuel production: Life-

cycle analyses (see below) including land-

use change indicate that in most countries, 

including Brazil,91 the net-GHG balance of 

bioethanol or biodiesel production (including 

CO2 production from biofuel combustion) is 
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positive (i.e. net production of GHG). In some 

cases more than twice as much GHGs are emit-

ted than are fixed indicating that using liquid 

biofuels instead of fossil fuels does not reduce 

GHG emissions,9,14 Only if fertilization in crop 

or grass growth is maintained at a low level, if 

the percentage of biomass converted into bio-

fuels is high, and if the fossil fuel requirement 

of biomass conversion into biofuels is low, is 

the emission of GHGs significantly reduced 

compared to that obtained from burning fossil 

fuels.92

Application of fertilizers can be kept at a low 

level in crop and grass growth if only the cel-

lulose part of the plants is fermented to biogas 

or bioethanol and the fermentation residue 

(mainly non-fermented lignin and lignocel-

lulose) is subsequently applied to the fields as 

fertilizer and to increase soil humus formation, 

thereby closing part of the nutrient cycle.65 

However, this does not avoid N2O emissions 

resulting from agro-fertilizer application.

GHG mitigation potential of using 
wood as energy source: Life-cycle assess-

ments (see below) indicate that using wood 

as an energy source can be GHG neutral since 

growth of trees, if not fertilized, is not associ-

ated with a net production of greenhouse gases 

(Table 1.4) and since the CO2 costs of firewood 

production are only about 10  % of the CO2 

released upon wood combustion (Table  1.3). 

However, because in the long run only 12 to 

13 % of the NPP can be sustainably harvested, 

the amount of wood available as an energy 

source is relatively limited (Tables 1.1 and 1.2). 

Yet, wood fuel is only good for the environment 

if the forests, from which the wood is taken, are 

sustainably managed and if proper techniques 

are employed to reduce chimney emissions, 

especially of particulate matter (black carbon 

aerosols).93 Heating homes with wood gath-

ered illegally in forests and using older home 

wood-burning stoves is frequently anything 

but environmentally friendly. 

In summary, it is judged unlikely that 

– with the possible exception of wood – bio-

fuels will reduce emissions by even close to 

80  –  90  % of the fossil energy baseline as 

thought possible in the best case scenario in 

the SRREN.94 

1.7.	Life-cycle assessments and
		  carbon capture
Life-cycle assessments of biofuels must in-

clude all GHG emitted in managing the land 

and converting the biomass into usable biofu-

els, as well as the fossil fuels required to pro-

duce the fertilizers and pesticides. The fate of 

co-products must also be included, such as: 

straw from cereal crops used for combustion, 

protein meal from oilseed crops and distill-

ers’ grains used for animal feed. They should 

include GHG emissions associated with direct 

and indirect land-use change.95 The treatment 

of the co-products and the way impacts are al-

located to them both in the agricultural and the 

processing phase can significantly change the 

overall results of an analysis.96 

Life-cycle assessments generally do not in-

clude ecosystem services such as soil quality 

and biodiversity changes, fertilization asso-

ciated emissions of ammonia leading to soil 

acidification, contamination of groundwater, 

lakes and rivers with nitrates and phosphates 

leading to eutrophication, or – in the case of 

irrigation – effects on the water table and sa-

linization. Life-cycle assessments will be in-

complete until these environmental issues are 

taken into account.16,74

Full life-cycle assessments are difficult to 

achieve and are subject to ongoing research.97 

Particular difficulty is caused by: (a) the need 

to take into account indirect effects such as 

relocation or intensification of food crop pro-

duction resulting from bioenergy deployment; 

(b) these indirect effects depend not only on 

the production chain, but also on the volume 

of bioenergy to be produced as well as on the 

location of production; and (c) the full carbon 

balance of bioenergy production can only be 

understood in the context of the entire global 

land system (i.e. all other land uses).

Life-cycle assessments indicate that liquid 

biofuel (bioethanol and biodiesel) production 

and consumption is not sustainable when all 

important factors are fully taken into account. 

Bioethanol production from sugar cane in Bra-

zil is no exception.91,98 Although the special con-

ditions for biogas result in somewhat more op-

timistic assessments,99–103 the Advisory Board 

“Agrarpolitik” beim Bundesministerium für 
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Ernährung, Landwirtschaft und Verbrauch-

erschutz concludes that for the EU the promo-

tion of biogas production should not be con-

tinued in its current form. This conclusion was 

reached mainly because the current promotion 

of biogas is not convincing in terms of climate 

policy due to very high carbon avoidance costs 

and because the resulting cost reductions are 

very limited.104 Biogas can only make a rela-

tively small net contribution to energy supply. 

Finally, it tends to increase agricultural prices, 

thus putting a strain on consumers.104

Carbon Capture: It has been suggested 

the production of bioethanol be combined 

with carbon capture and carbon storage in the 

form of CO2 as a means to remove CO2 from the 

atmosphere.105 This would, however, signifi-

cantly increase the operational cost. Another 

possibility to improve the greenhouse gas bal-

ance is to convert biomass into charcoal either 

via pyrolysis (biochar) or via hydrothermal 

carbonization (HTC). The objective would be 

to obtain carbon that can be mixed with soil 

where it is assumed to have a residence time 

of many hundreds of years. However this as-

sumption has now been shown to be invalid – 

the residence time is only 2 to 29 years.106,107 

There is also at present no indication that these 

techniques can be economically employed at a 

large scale.108 The energy costs of only 3.5 % as 

claimed in the SRREN (Chapter 2.6.3.3, page 

289)94 appear unrealistic.

1.8.	Accounting of greenhouse gas
		  emissions from agriculture in
		  international agreements
In the EU-25 the net GHG balance of agricul-

tural goods production and re-mineralization 

is positive (i.e., net GHG formation) with Ger-

many probably being, in absolute numbers, the 

largest agricultural GHG emitter.18 Therefore, 

if in Germany the goal is to reduce GHG emis-

sions, then probably the most promising way 

would be to move to less intensive agricultural 

land management for food-crop production 

(especially less fertilizers and pesticides) rath-

er than to develop intensive energy-crop pro-

duction. The effect of moving to less intensive 

agriculture on reducing GHG emissions would 

be larger than the use of 18 % of the arable land 

for biofuel production and industrial purposes 

as is presently the case in Germany.87 Such a 

change could be initiated if all countries of the 

EU-25 were to include an account of their GHG 

emissions from agriculture in future interna-

tional agreements. Germany, Great Britain, 

France, Italy and others have elected against 

accounting for agricultural GHG emissions 

under Article 3, paragraph 4 of the Kyoto pro-

tocol.109 

In a comprehensive climate policy frame-

work, all greenhouse gas emissions (CO2, N2O, 

CH4) from agriculture, bioenergy production, 

and direct and indirect land-use change have 

to be included, preferably by including these 

sectors in an emission-trading scheme. This 

is necessary to provide the right incentives for 

switching towards low-emission production 

technologies in agriculture (e.g., mixed sys-

tems, precision farming) and restricting ad-

ditional land conversion for bioenergy produc-

tion. To prepare for this step, further research 

is required (a) on measurement of land-use re-

lated emissions, and (b) on consequential com-

prehensive life-cycle assessments of different 

production systems for agriculture, food, and 

bioenergy including the use of fossil fuel and 

manpower for operation as well as GHG emis-

sions. Consequential life-cycle assessments 

have to be based on multi-sector economic 

models, which are able to calculate the total 

marginal change in global GHG emissions due 

to bioenergy deployment. These comprehen-

sive approaches are complementary to attribu-

tional life-cycle assessments, which are based 

on specific process accounting.94

As indicated in the “Introduction” the Eu-

ropean Union (EU) has the objective that by 

2020 about 10 % of the fuel used for transport 

and mobility should come from liquid biofuels. 

Based on the arguments outlined in the previ-

ous chapters and the chapters to come, Ger-

many should insist that the EU 2020 target is 

given up. 

1.9.	Import of biomass 
The net biomass import of countries like Ger-

many results in considerable human appro-

priation of net primary production (HANPP) 

elsewhere. This can be quantified using the 
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indicator of ‘embodied HANPP’ that accounts 

for all HANPP caused by the production of bio-

mass consumed in the country under consid-

eration (e.g. Germany), including net imports/

exports of biomass.110 Conceptually, embodied 

HANPP is similar to ‘virtual water’, i.e. the 

water required for the production of traded 

goods.111 For Germany’s territory the above 

and belowground HANPP (about 120  mil-

lion  t  C  yr-1; 340  g  C  m-2  yr-1) is considerably 

lower than the ‘embodied HANPP’ (about 

190  million  t  C  yr-1; 530  g  C  m-2  yr-1; see Ta-

ble 6 in Ref. 43) resulting from biomass-based 

products produced abroad but consumed in 

Germany. The embodied HANPP (above and 

below ground) via imports amounts to about 

70 million t C yr-1 (Table 1.2). This implies that 

Germany is strongly (about 37  %) depend-

ent on appropriating NPP outside its own 

borders in order to cover its current biomass 

consumption. That is, Germany, exports the 

potential ecological risks and GHG emissions 

associated with intensive arable land manage-

ment and forestry43 unless it is ascertained 

that imports (a) are derived from biomass that 

is grown and harvested sustainably in the ex-

porting countries, (b) do not negatively affect 

the provision of food and fodder in the export-

ing countries and (c) do not contribute to envi-

ronmental conflicts in the exporting countries 

(e.g. deforestation).

The largest net imports of biomass into 

Germany are presently approximately 5.4 mil-

lion  t  yr-1 of soybeans and soybean products 

that are used mainly as animal feedstuff. This 

is followed by the net import of about 2.3 mil-

lion t yr-1 of rapeseed, 1.2 million t yr-1 of maize 

and the many products such as coffee that can-

not be grown in Germany.112,113

In Germany, on average (2002 to 2009) 

approximately 56 million m3 timber per year 

(about 14  million  t  C  yr-1, energy equivalent 

to about 0.50  x  1018  J  yr-1) are harvested.50 

This amount is smaller than the amount of 

timber, wood products and paper that is im-

ported into Germany (111  million m3 in the 

year 2009). However, Germany also exports 

timber, wood products and paper in consid-

erable quantities (123 million m3 in the year 

2009). This creates a net-export (12  mil-

lion m3 in the year 2009) of timber and wood-

products from Germany.50 A flow diagram for 

the year 2009 is shown in Figure  1.5. None-

theless, it’s important to note that the wood 

industry is crucially dependent on this large 

external trade of wood and wood products. 

Without wood imports, it would not be pos-

sible to export timber, wood products and 

paper while at the same time gaining, as pres-

ently, 0.5 x 1018 J yr-1 from wood combustion 

equivalent to about 4 % of Germany’s prima-

ry-energy consumption (Table 1.2).48

Although Germany is a net exporter not 

only of timber and wood-products but also of 

other agricultural commodities such as wheat 

(4.5 million t yr-1 in 2008), the overall physical 

trade balance results in an embodied HANPP 

for Germany that is considerably higher than 

the HANPP within its own territory, as dis-

cussed above.

The availability and sustainability of biomass as an energy source

Fig. 1.5: Flow diagram of wood and wood-products imported and exported 
and produced and consumed in Germany in 2009 (from Seintsch 201150). 
In blue, foreign countries. Numbers given are million m3 per year. The flow 
diagram shows for wood how complex imports and exports of biomass and 
of biomass products can be. The total harvest over the area of Germany 
changed over years. It was 77 million m3 in 2007, and 55 million m3 in 2008.
The 2002 to 2009 average was 56 million m3. A cubic meter (m3) is in average 
equivalent to 250 kg C.
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Also, other European countries strongly de-

pend on appropriating NPP outside their own 

borders in order to cover their current biomass 

consumption. Within the EU-25, only France 

(-15  %), Finland (-27  %), Estonia, Latvia and 

Lithuania (-18 %) and Sweden (-12 %) are net 

‘exporters’ of embodied HANPP. The EU-25 

average is about 33% (see Table 6 in Ref. 43)

1.10.	 Losses in the human food
			   production chain
Biomass required for food and feed: On 

average (all ages, both sexes) the metabolic 

rate of humans is approximately 11,000 kJ per 

person per day (127  W). The food energy re-

quired to sustain this metabolic rate adds up 

to 0.33 x  1018 J  yr-1 for the 82  million people 

making up the German population. In Ger-

many and most of Europe, about two-thirds of 

the food energy is provided by plant products 

and about one-third by animal products (meat, 

milk and eggs etc.; e.g., in Germany 62 % plant 

products and 38 % animal products and in Ita-

ly 67 % and 33 %, respectively).114,115,116 Globally 

it is about 80 % from plant products and 20 % 

from animal products.117 To produce the veg-

etal food in Germany each year approximately 

10  million  t  C plant biomass are harvested 

(Table 1.2). To feed the animals, about 53 mil-

lion t C of plant biomass are harvested or grazed 

annually (Table 1.2) and about 9 million t C are 

net imported (presently about 5.4 million t yr-1 

soybeans and soybean products, about 2.3 mil-

lion t yr-1 of rapeseed and about 1.2 million t yr-1 

of maize; see Chapter 1.9). The calorific value 

of the more than 70  million  t  C of plant bio-

mass is > 2.6 x 1018 J yr-1. 

Losses in the production chain: To 

sustain the metabolic rate of the German pop-

ulation calorie wise only 9 million  t C of bio-

mass (0.33 x 1018 J) would be required. In real-

ity 73 million t C are consumed. The calorific 

losses in the human food production chain are 

thus enormous. One reason is that the cellu-

losic part of the biomass, which can be more 

than 50 %, cannot be digested by humans and 

that the lignin part can be digested neither by 

animals nor humans. The main reason is, how-

ever, the high consumption of animal prod-

ucts. The immense losses in the animal prod-

ucts production chain are mainly due to the 

metabolic rate of the animals but also amongst 

others to the production of about 10 million t C 

of animal manure (see Chapter 1.11). Globally, 

the losses in the human food production chain 

have been estimated to be about 60 %.117 Above 

that, a large volume of food (estimates lie be-

tween 30 % and 50 %) is never consumed but 

instead discarded or consumed by pests along 

the food supply chain.5,118

The production of animal-based products, 

such as meat and milk, requires different 

amounts of plant biomass depending on the 

particular animal and the feeding strategy. 

Different animal species have different con-

version rates. For example, producing 1 kg of 

fresh beef meat may require about 13  kg of 

grain and 30 kg of hay, while 1 kg of chicken 

meat requires only about 2.3 kg of feed.119 As 

a global average, about 40  % of total global 

cereal production is fed to animals to produce 

meat, milk, cheese and other foods derived 

from animals; this trend is increasing.117 Pres-

ently astonishing 75 % of the world’s agricul-

tural land is devoted to raising animals.5

Since the losses are highest in the animal-

products production chain, considerably more 

plant biomass would be available as a bioenergy 

source if less animal products were consumed as 

human food. A reduction in the eating of animal 

products would also significantly reduce GHG 

emissions since in Germany most of the agricul-

tural methane emissions are derived from farm 

animals. It would also provide the land area re-

quired for a further move from an intensive to 

an extensive (less fertilizers, less pesticides, less 

land management, less animals) agriculture as 

recommended above (Chapter 1.8). 

Fuel for food discussion: Globally, 

maize, wheat, rice and soybeans constitute 

roughly 75  % of the calories that humans di-

rectly or indirectly consume.120 The production 

of fuels from these crops have been assumed 

to have caused the 2008 spike in food prices 

which has triggered a food-versus-biofuel de-

bate.41 But in a world where a large part of the 

population is overweight and food is wasted, 

and another part where much of the popula-

tion is undernourished, other aspects of food 

security are just as important to consider: 
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these include consumer behavior and the ac-

cess to food through governance, trade agree-

ments and distribution.121

1.11.	 Availability of agricultural
			   and municipal wastes and of
			   straw 
For the application of organic residues and 

wastes for biofuel production it must be taken 

into consideration that in Germany nearly all 

waste materials are currently used in well-es-

tablished utilization processes and only few res-

idues and wastes are not completely utilized.122 

The waste quantity of many production pro-

cesses is recorded periodically by the Federal 

Statistical Office (“Statistisches Bundesamt”) 

and presented in the yearly statistic handbook 

(“Statistisches Jahrbuch”).123 Residues from ag-

riculture and agro-industry are typically used 

for animal feeding, compost and biogas produc-

tion, whereas wastes from municipal collection 

and wastewater treatment are mostly used in 

incineration and composting plants.124 As a con-

sequence, the utilization of wastes for biofuel 

production is in the majority of cases in strong 

competition to existing utilization routes. 

We still lack a clear definition of “waste”. For 

example, straw is a major source of carbon for 

agricultural soils. If too much straw is removed 

from the fields, the soil carbon content decreas-

es.125 Thus, straw should only be regarded as 

“waste”, if the soil carbon content is not being 

depleted. In the following we do not consider 

straw to be an agricultural waste (Figure 1.6).

Agricultural and municipal wastes: Wastes 

from agriculture and agro-industry in Germany 

add up to about 13.5  million  t  C  yr-1, the larg-

est contributors being beet and potato leaves 

(3.1  million  t  C  yr-1), liquid manure (5.5  mil-

lion  t  C  yr-1), farmyard manure (4.4  mil-

lion  t  C  yr-1) and sugar beet slice residues 

(0.5  million  t  C  yr-1). The wastes from land-

scape preservation (1.7 million  t  C   yr-1), mu-

nicipal waste disposal (2.4 million t C yr-1) and 

rendering plants (0.4  million  t  C  yr-1) adding 

up to about 4.5 million t C yr-1) are compara-

tively low. There are thus about 20 million t C 

waste per year of which more than half is ma-

nure. The numbers given are theoretical po-

tentials.126

Of the manure (10 million t C yr-1) only ap-

proximately 15  % of the theoretical potential 

is presently used for biogas production.127 Liq-

uid manure contains only 6  –  10  % dry mat-

ter making the transport to central conversion 

plants not energy-efficient when the biogas 

production units (presently about 7,000 in 

Germany) are too far away. After fermentation 

the residues are generally transferred to the 

fields as fertilizer containing – as liquid ma-

nure – high concentrations of ammonium that 

in the soil is converted to nitrate and nitrite. 

There are indications of increasing groundwa-

ter contamination with nitrate and nitrite near 

biogas production sites, clearly indicating the 

need for greater enforcement of existing regu-

lations of the amount of fermentation residue 

used as fertilizer.

The availability and sustainability of biomass as an energy source

Figure 1.6: Amounts of agricultural and municipal wastes and of straw in Germany. The wastes and straw are given 
in metric tonnes (t) carbon (C) per year (yr)
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Other residues from agriculture and industrial 

processing are typically converted into animal 

feed or are composted, whereas wastes from 

municipal collection and wastewater treatment 

are mostly incinerated or composted. Scrap 

paper is almost completely recycled. Thus the 

quantity of unused agricultural and municipal 

wastes (without the unused manure) available 

for biofuel production is relatively low, prob-

ably only about 40  % of the waste of 10  mil-

lion t C yr-1 (without manure), i.e. some 4 mil-

lion t C yr-1; in energy terms this is equivalent 

to about 1  % of the annual primary-energy 

consumption in Germany. And even this small 

percentage in part exists only because imports 

replace the domestically grown biomass as ani-

mal feed.

Although in Germany almost all wastes are 

already used this does not mean that they can-

not be used in more energy-efficient ways. For 

example, bio-wastes could first be used for bi-

ogas production with the non-fermented resi-

dues then being composted.128

Straw: Of Germany’s annual harvest of 

about 15 million t C of cereal straw and 5 mil-

lion t C rape straw, approximately 4 million t C 

are used as bedding material in animal hus-

bandry, and about 13  million  t  C remain on 

the field for soil-humus formation leaving at 

most 3  million  t  C for various energy appli-

cations.129-131 Humus formation from straw 

plowed into the soil is the main input of organic 

matter to maintain carbon in agricultural soils 

(e.g. Ref. 132). Without adding new organic 

matter to soils in excess of root biomass, soils 

would lose humus, thereby reducing their wa-

ter and nutrient holding capacities.125 At pre-

sent, the soil carbon pool of cropland soils is 

decreasing, because the straw harvest exceeds 

the sustainability limit.78 As long as soil-carbon 

pools are decreasing in this way, there should 

be no use of straw for bioenergy. 

However, if part of the straw presently re-

maining on the fields (up to 13 million t C yr-1) 

were first fermented in biogas production plants 

and the fermentation residues (mainly the non-

fermentable lignin and lignocellulose) sub-

sequently applied to the fields for soil-humus 

formation then straw could contribute some-

what to Germany’s primary-energy consump-

tion. It would probably only be little more than 

1 % because only straw harvested near a biogas 

production plant could be efficiently used (4 

to 7 million t C of straw per year) and because 

only part of the straw is fermented to biogas.131 

This pathway for straw does not exclude the ni-

trogen problem of biogas residues when used 

as fertilizer.

1.12.	 Soil quality and intensive
			   agriculture
Soil does far more than support farming and 

forestry.120,133 It stores carbon, filters water, 

transforms nutrients and sustains biodiver-

sity. In the past the question of how global 

soils will cope with intensive agriculture has 

largely been avoided. But it must always be 

remembered that when the carbon content of 

soils is not maintained soils lose some of these 

properties. At present, the soil-carbon pool of 

cropland soils in most countries is decreasing 

annually by an estimated 2.6  % (see also Ta-

ble 1.4),78 which indicates that harvest by graz-

ing or by farmers exceeds the sustainability 

limit. In some areas of the world soil is being 

lost 100 times faster than it is formed (Fig-

ure 1.7). Significant losses are also the result of 

salinization due to irrigation (see below) and 

of soil sealing by changing the soil so that it be-

haves as an impermeable medium: for exam-

ple, compacting by agricultural machinery or 

covering by impervious materials such as con-

crete or asphalt. There is general agreement 

that land-use management and soil fertility 

should now be a research priority. 

Globally, soil carbon contains two to three 

times as much carbon as either the atmosphere 

(820  x  109  t  C) or the terrestrial vegetation 

(800  x  109  t  C). Soil carbon is mostly organic 

matter, some of which persists for millennia, 

whereas other soil organic matter decomposes 

readily. Molecular structure alone does not con-

trol soil organic matter stability; in fact environ-

mental and biological controls predominate.135

The availability and sustainability of biomass as an energy source
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Figure 1.7: Soil quality worldwide (Figure from Ref. 134). Stable soils are those where the rate of soil formation equals, 
or is higher than that of soil losses by soil being washed from fields by rain, blown away by dust storms during drought, 
degraded by pollution, by salts concentrated from evaporating irrigation water, by compaction by heavy machinery, by 
soil carbon being oxidized to CO2 or by soil being literally sealed up as cities pave and roof over it. Soils are formed as 
rocks break up and dissolve, with help from soil organisms, creating particles that bind with decaying biomass and living 
microbes to form larger aggregates. These aggregates provide a good balance of mineral and organic nutrients, which 
are processed by microbes into forms useful for plants. The pores within and between soil aggregates retain sufficient 
moisture for biological growth, facilitate drainage and allow oxygen to reach plant roots (text from Ref. 133).

1.13.	 Water requirement
			   of NPP and effects of global
			   warming on NPP 
Water requirements of NPP: Plants 

generally require a lot of water for optimal 

growth.117 The water requirement depends on 

the crop-type, climate and soil conditions. The 

amount of water needed to grow 1 kg C is 700 l 

for maize, 900 l for sugar beet and 1,050 l for 

wheat. Yet, only 0.2 to 0.3 % of the necessary 

water is used for the formation of organic sub-

stances, the vast majority of water is used for 

transpiration. Maize has the highest water de-

mand in the northern hemisphere in July and 

August with at least 1,000 m3 water per hec-

tare per month (equivalent to 100 mm rain). 

In Germany, because of the moderate tem-

perature and relatively high rainfall, cultiva-

tion of crop plants does not normally require 

irrigation. However, in countries with less rain 

high yields can only be obtained with irriga-

tion and irrigation-dependent NPP is associat-

ed with salinisation of soils. The contribution 

of irrigation to global agricultural productiv-

ity is very significant.136 Irrigation is currently 
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responsible for water withdrawal of about 

2,800  km3  yr-1 from groundwater, lakes and 

rivers (70  % of global fresh water withdraw-

als), is used on about 24 % of the croplands, 

and is responsible for delivering 34  % of the 

agricultural production. In the past 50 years 

the world’s irrigated cropland area roughly 

doubled.5 But concomitantly, significant ar-

eas have also been lost due to salinisation. 

The ecological costs of irrigation can thus be 

high.137

Breeding or genetic engineering of plants 

requiring less water and tolerating higher salt 

concentrations is one of the pressing goals, 

but improvement is limited by the fact that 

CO2 and water vapor are exchanged through 

the same openings in the leaves, the stomata. 

Saving water results inevitably in decreased 

CO2 fixation and thus decreases plant produc-

tion. Nevertheless, some irrigated crops re-

quire less than 0.1 l water per kJ of food while 

others require twice as much.5 Irrigation water 

used for agriculture has to be properly priced 

in order to avoid over-use and to select for the 

most sustainable production technologies.
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Water requirement for biofuel produc-
tion: Another problem concerning water is 

that conversion of biomass to biofuels such 

as ethanol requires a lot of water (> 10 l water 

per  l bioethanol) which has to be cleaned up 

after the fermentation in an energy requiring 

process before it can be released into the envi-

ronment or be reused again.

Energy costs of ocean water de-salin-
isation: There are almost unlimited amounts 

of water in the world’s oceans, but the theoreti-

cal energy costs of desalinization are already 

about one half of the energy conserved during 

plant growth. The calculation is included here 

because if, as sometimes assumed, the energy 

cost of desalinization were small then in prin-

ciple water could be available in the future for 

the irrigation of desert land on which biomass 

could then be grown as an energy source. The 

calculation is based on the following facts: 

The concentration of salt (NaCl) in seawater is 

0.6 M (0.6 Mol/l = 3.5 %), this has to be reduced 

to a concentration of lower than 0.1 mM for the 

water to be used for continuous plant irriga-

tion; the reduction of the NaCl concentration 

by a factor of 104 consumes 22.8 kJ mol-1 NaCl 

under equilibrium conditions (4 x 5.7 kJ mol-1); 

under non-equilibrium conditions the energy 

costs are at least twice as high; for the growth 

of 1  g  C biomass 500  –  1000  ml H2O are re-

quired; the calorific value of 1 g C biomass is 

37 kJ. Using these values it is calculated that 

about 14 – 28 kJ of energy has to be invested 

in removing most of the NaCl from seawater in 

order to be able to use the water for the growth 

of 1 g C biomass. And this calculation does not 

consider the energy required to remove the 

about 30 mM Na2SO4, for water transport to 

the fields and the water losses during trans-

port. A counter argument could be that if the 

energy for desalinization comes from the sun, 

then it is for free. However, this is not a valid 

argument because any process capable of desa-

linization would also be technically capable of 

directly producing electricity.

Effects of global warming on NPP: 

Since 1980 the global temperature has in-

creased by 0.13 °C per decade but the warming 

has not been the same in all cropping regions of 

the world.137 Europe, for example, experienced 

a significant warming, while the United States 

experienced a slight cooling over the period. At 

the same time, the precipitation has changed; 

but the change patterns for precipitation do 

not always match the temperature change 

patterns. The impact of these recent climate 

trends on major crop yields has been modeled 

for maize, wheat, rice, and soybeans which 

provide about 75 % of the calories that humans 

directly or indirectly consume. The data-based 

model predicts that in the last 30 years global 

maize and wheat production declined by 3.8 

and 5.5 %, respectively. For soybeans and rice, 

winners and losers largely balanced out. In the 

United states, which accounts for ca. 40 % of 

global maize and soybean production, the esti-

mated changes were negligible.138

1.14.	 Phosphate limitation
			   of net primary production
			   in terrestrial systems
Any plans to develop a sustainable use of bio-

mass for energy supply must also acknowledge 

that the phosphate reserves needed for fertiliz-

ers are finite and, although this has recently 

been questioned,139 they will possibly soon 

become limiting.140-143 Phosphate fertilization 

is generally required to produce a high crop 

yield. However, although sufficient phos-

phates are normally present in the soils they 

occur as insoluble phosphates which can be 

mobilized by the plants only slowly. Microbes 

interacting with plant roots (mycorrhiza) by 

excreting organic acids (e.g. citric acid which 

tightly complexes calcium ions) may enhance 

the mobilization process thus promoting plant 

growth. Breeding of energy crops with better 

mycorrhiza formation is therefore another 

prerequisite for the long-term use of biomass 

as a sustainable energy source. 

Efficient recycling and recovery of phos-

phates for re-use in agriculture has to be an-

other goal.144 German agriculture currently 

needs about 650,000 t phosphates (P2O5) per 

year of which approximately half is imported. 

Nearly 300,000  t of the demand can be cov-

ered by the application of manure. Addition-

ally, substantial amounts of phosphate can be 

extracted from municipal and industrial waste-

water treatment plants. But wastewater sludge 
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is incinerated producing insoluble phosphates 

with an additional energy demand for recovery 

and conversion to plant-usable phosphates. 

Also, industrial and city wastes are usually 

contaminated by heavy metals and their use as 

fertilizer in forests and fields is prohibited un-

less contaminating heavy metals are removed. 

However, this is now technically possible, but 

does have an extra energy cost.

When agricultural crops are used for biogas 

production, the phosphate content of the bio-

mass can be recycled completely by using the 

digestate for fertilization. The anaerobic con-

version process used in generating biogas in-

creases the proportion of phosphate, which is 

then biologically available for crops. However, 

in the digestate the nitrogen to phosphate ratio 

can be higher than required by the plants with 

the result that too much nitrogen is applied to 

the fields with the fertilizer. Enriched harmful 

substances and micro-organisms may be an-

other problem. 

1.15.	 Plant breeding for
			   energy crops 
Generally, selection and breeding of plants for 

food production has led to plants with only a 

slightly higher NPP potential (not much more 

than 10 % of NPPo) in which the NPP is, how-

ever, redistributed (e.g. more grains and less 

straw).120 A comparison of C3 and C4 species 

growing at ambient CO2 concentrations re-

vealed that, when sufficient water and nutri-

ents are available, the growth rate (integrated 

over the year) of plants is limited by available 

light (below 150 – 200 W m-2).147 Consistent-

ly, in the area of the EU-25 the gross primary 

production, which is a measure of the annual 

photosynthesis of the plants in a given area, is 

almost identical for croplands, grasslands and 

forests (about 1,200 g C m-2 yr-1).8 The higher 

growth rates of crop plants are apparently al-

most compensated by the longer growth pe-

riods of the more slowly growing trees. The 

average NPP of forests and of cropland in the 

EU-25 are almost the same (518 g C m-2 yr-1 and 

550 g C m-2 yr-1, respectively), whereas the av-

erage NPP of the grasslands is higher by about 

30  % (750  g  C  m-2  yr-1).8 Growth of plants is 

often co-limited by nutrient and water supply 

as indicated by increased NPP upon fertiliza-

tion and irrigation. A growing body of evidence 

suggests that much of the observed genetic 

gain in yield during the past 30 years5 can be 

attributed to greater resistance rather than to 

an increase in yield potential.120

Increases in crop yields: Since 1965 indi-

vidual crop yields have increased by 70 – 80 %, 

but the rate of increase has decreased in the 

last few years.3-5 The continuous increase was 

only partly the result of plant breeding for bet-

ter allocation of carbon into grain (increased 

harvest index). It mainly resulted from more 

intense land management, fertilizer and pes-

ticide application (over 800  % for nitrogen 

alone) and irrigation,4,5,38 which are associated 

with the climate and environmental costs out-

lined above.

Plant breeding, genetic modification and 

synthetic biology approaches are hoped to lead 

to new variants of plants with substantially 

higher net primary production and / or a lower 

requirement for water and fertilizers.144 This 

development would enhance biomass avail-

ability at lower ecological costs.72 However, 

there is a physical upper limit of production 

set by available photons (light conversion ef-

ficiency into biomass), water, and plant struc-

ture; this limit cannot be exceeded, either by 

applying fertilizer and pesticides or by bioengi-

neering.3-5 There is not yet general agreement, 

where exactly this limit is. A NPPo of about 

1,500 g C m-2 yr-1 is the highest observed under 

natural conditions (Figure 1.1).

In Europe, the C4 perennial biomass crop 

Miscanthus x giganteus has been claimed to 

yield an average 1,100 g C m-2 yr-1 of harvestable 

aboveground biomass, if the growth of the grass 

is not limited by the supply of water and nutri-

ents.149,150 This finding shows that plants may 

have evolved with a much higher aboveground 

NPP than trees or food crops. These species 

have only recently been introduced into agricul-

ture and therefore are wild species that still need 

domestication (adoption to the human need ex-

ploiting their present properties). Although it is 

realized that breeding of e.g. Miscanthus may 

not be that easy, the expectations are high. One 

of the visions is to engineer grasses that can fix 

all of their required nitrogen in symbiosis with 
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bacteria and thus become at least independent 

of nitrogen fertilizers.145

Differences between crop and energy 
plants: With respect to breeding goals, there 

is an important difference between crop and 

energy plants. For crop plants, yield is the har-

vest of seeds or tubers. Seeds and tubers are 

high-quality products with constituents like 

starch, lipids and proteins that can be digest-

ed. However, their production is energetically 

inefficient, because it involves re-allocation of 

resources to store, that no longer contribute to 

growth of the parent plant. For energy plants, 

yield is the harvest of the vast majority of the 

vegetative mass – leaves and stems – com-

posed of a mixture of cellulose, other complex 

polysaccharides and lignin, which are difficult 

to digest and also difficult to convert by fer-

mentation to a liquid biofuel.

Currently, there is intensive research aimed 

at finding ways to use vegetative plant biomass 

as a source for, e.g., bioethanol production. 

This will open up new goals for plant breeding. 

Even in existing crop plants, the goal will shift 

to maximizing biomass formation, independ-

ent of the constraint that this needs to be con-

verted to starch, protein or lipid in seeds or tu-

bers. There may also be considerable potential 

to breed for or engineer plants that accumulate 

large amounts of starch, lipids or other high-

energy compounds in their leaves and stems. 

Sugar cane is an effective energy plant because 

it accumulates large amounts of sugar during 

vegetative growth in its leaves and stem.147

The high growth rate – high energy 
content dilemma: In addition to these gener-

al problems, the dilemma faced by plant breed-

ers is that bioenergy crops with high growth 

rates and high energy content per volume are 

wanted. Plants with high growth rates such as 

maize, sugar cane and switch grass, generally 

have low energy contents per volume and a low 

carbon to nitrogen ratio. They therefore require 

nitrogen fertilizer for rapid growth; but appli-

cation of this fertilizer results in emissions of 

N2O. On the other hand, plants with high en-

ergy content per volume generally have a high 

carbon to nitrogen ratio and grow slowly. This 

class would include the full range of existing 

tree species such as pine, oak, ash and poplar.

Trees with a higher growth rate have a lower 

energy content per unit volume: e.g., the high-

er growth rate of poplar as compared to oak 

and ash results in poplar having an energy con-

tent which is only half of that of ash and oak 

(3.6 x 109 J m-3 versus 7 x 109 J m-3). Therefore, 

it will be quite a challenge to create a crop with 

the energy content and carbon to nitrogen ra-

tio of oak or ash and the growth rate of poplar. 

One way to ameliorate this problem is to use 

perennials like switch grass, in which nutrients 

can be recycled form the aboveground parts 

to the storage roots in the autumn, and then 

remobilized the next year to support growth 

again. Maximization of the efficiency of the 

recycling of nutrients would here be an impor-

tant and achievable breeding goal. 

Other goals of plant breeding: A cur-

rent goal of plant breeding is to select and 

breed plants that will expand the land area 

on which the energy crops can be grown, e.g., 

plants that are frost or salt tolerant. Candidate 

energy crops include several grasses (e.g. china 

grass [Miscanthus], switch grass, reed canary 

grass, sorghum, woody crops such as willow, 

poplar, eucalyptus) and oil crops (e.g. in some 

countries physic nut [Jatropha]). They all 

potentially have the advantage of being able 

to grow on more marginal land and to there-

fore avoid direct competition with food crops. 

However, such marginal land would probably 

be also suitable for native tree growth, and 

most marginal lands are protected under na-

ture conservation rules.

Existing energy crops have already been se-

lected for high yield;5 hence the potential for 

further rapid gains in target traits such as yield 

is likely to be less for these crops than starting 

with new, less productive crops.151 Such new 

crops would need to be selected for regional 

growth conditions in order to optimize yield as 

compared to native plants.

An interesting goal of plant breeding is to 

modify plants such that they are better suited 

as substrates, e.g. for the production of cel-

lulosic ethanol. Modifications to the cell wall 

composition, which will make the vegetative 

biomass of maize or of poplar better suited for 

conversion into fermentable sugars without af-

fecting plant stability, is just one example.146

The availability and sustainability of biomass as an energy source



35

1.16.	 Sustainable intensification
			   of crop yields
There are only a few reported cases where a 

significant increase in yield has been achieved 

without a corresponding environmental price 

(increase in greenhouse gas emissions etc.). 

In some very special cases, alternative agri-

cultural practices, may have led to emissions 

being reduced while productivity increased. 

Agroforestry has been reported to be an exam-

ple of such a sustainable intensification.152 Un-

doubtedly, this is an important area of future 

research.

Whereas in Germany and most EU-25 

countries the farm crop yields are already very 

high, considerable yield gaps as well as aban-

doned farmland exist in other parts of the 

world, including Eastern Europe. For example, 

the average farm maize yield in the Ukraine is 

presently about 5  t per ha, which is less than 

80  % of the yields in most EU-25 countries.h 

Comparison of the farm yields with yields de-

termined on experimental plots suggests that 

the yields obtained in future could be even 

higher. However, farm yields are always much 

lower than the yield potentials determined ex-

perimentally under optimal conditions of wa-

ter and nutrient supply, pesticide control and 

sun light exposure. 

But not only the crop yields per hectare can 

be increased in Eastern Europe. Additionally, 

in the Ukraine and Russia there are thousands 

of hectares of abandoned agricultural land that 

could probably be re-cultivated. Worldwide, 

the amount of abandoned and marginal land 

that could be turned to agricultural use is in 

the order of millions of hectares (5  % of the 

arable land). There is therefore still technical 

potential for increasing the global crop yield. 

Whether this can be achieved in a sustainable 

manner requires further investigation. Howev-

er, the full GHG consequences of using forest 

land or abandoned agricultural land for bio-

energy production will need to be taken into 

account before embarking on large-scale pro-

grams to realize these potentials. Abandoned 

h	 http://www.indexmundi.com/
agriculture/?country=ua& commodity= corn&graph= 
production).

land can be a substantial carbon sink for dec-

ades or even centuries. This carbon sink would 

be reduced or even nullified if that land were to 

be used to produce energy crops.153

The potential to increase biomass produc-

tion in a sustainable and carbon-neutral, or 

at least low-carbon fashion is, in our view, 

overestimated. For example, the total amount 

of biomass used by humans in the year 2000 

(about 17  % of the aboveground NPP) had 

an energy value (gross calorific value) of 

225 x 1018 J yr-1; Table 1.1). This includes all bi-

omass used directly and indirectly for human 

food, including grazing by livestock, use of bio-

mass as a raw material (pulp, paper, construc-

tion wood, clothing, etc.), as well as bioenergy. 

To adequately feed a growing world popula-

tion and to reduce malnutrition and hunger, 

the amount of biomass available per year for 

all these purposes will probably have to double 

by 2050.37 The ecological consequences of an 

additional production of biomass equivalent to 

100 – 500 x 1018 J yr-1 for bioenergy, as thought 

to be possible in SRREN in the best case sce-

nario, are not comprehensively discussed in 

the SRREN.94

1.17.	 Net primary production
			   by algae 
Microalgae can produce a highly productive 

and sustainable source of feedstock for biofu-

els (such as oil for biodiesel) and for other high 

value products. Microalgae possess several 

features that make them suitable for exploita-

tion – these include fast growth rates, efficient 

photosynthesis and high oil yields (up to 75 % 

of dry weight for Chlorella and Nannochlorop-
sis species, for example). As algae are aquatic, 

they can be cultured in conditions and loca-

tions unsuitable for terrestrial crops and do not 

compete for agricultural land (or freshwater in 

the case of marine species). Productivity and 

oil yields per unit area of algae are simply un-

paralleled within the plant kingdom. Whereas, 

the NPP of terrestrial plants is on average near 

600 g C m-2 yr-1 (Figure 1.1) that of algae can be 

up to 5,000 g C m-2 yr-1. 154

Microalgal growth systems such as photobi-

oreactors have a small environmental impact 

and can be incorporated into existing indus-
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trial production chains where carbon and nu-

trient-rich streams (e.g. CO2 from flue gases; 

nitrogenous wastes from municipal and farm-

ing operations) can be processed. After the 

algal cells have been concentrated and dehy-

drated, oils can be extracted from the biomass 

paste while the remainder of the biomass can 

be converted to biogas or refined into a variety 

of products. A bio-refinery concept, including 

the production of a range of high value com-

pounds, and recycling of residues would add 

value to waste products, while offsetting the 

cost of producing fuels such as biodiesel. 

In photobioreactors the high NPP of al-

gae is only obtained with substantial energy 

input. This energy is needed to continuously 

mix the algal culture to guarantee a constant 

exposure of all the cells to light during the day 

and a constant supply of oxygen at night. Un-

der optimal conditions the energy output only 

slightly exceeds the energy input from fos-

sil fuels, although more optimistic estimates 

have been published.155 A significant scaling 

up in dimensions would be required for bio-

fuel production with a higher energy return 

on investment (EROI) and that is not yet in 

sight. Algal biomass as a biodiesel feedstock 

demands not only high quality raw material 

but also large quantities of algal biomass and 

energy-efficient downstream processing. The 

industry requires advances in the algal cultiva-

tion technology and also an improvement in 

the cell recovery and extraction processes.156,157 

Particular problems yet to be solved are large-

scale harvesting, the spread of algal diseases, 

and the extraction of the algal biomass (only 

about 10 g dry mass per liter of water). 

Currently, large volumes of microalgae are 

cultivated either using extensive and usually 

low-tech open raceway systems or in contained 

photobioreactors.158 At low latitudes, open 

raceway systems benefit from the high solar 

irradiation and warm temperature during day-

time. Photobioreactors enable cultivation of a 

wider number of species under more constant 

conditions and with enhanced areal productiv-

ity. Nevertheless considerable optimization is 

required to increase the scale and efficiency of 

some commercial equipment – for example, 

installation of highly efficient artificial lighting 

may be a key engineering improvement.156,159 

Since artificial lighting is very energy, and thus 

cost intensive, it can only be economically em-

ployed when the algae are grown for high value 

products.

With the current perspective, it is not very 

likely that within the near future algae will 

contribute significantly to biofuel production. 

However, algae are already now of interest to 

industry as a raw material for the production of 

small quantities of high value compounds. The 

large scale production of commodity chemicals 

from main algal biomass constituents in a bio-

refinery is also envisaged. The application of 

algae to the production of bio-solar hydrogen 

is discussed in Chapter 3 (p. 63). 

1.18.	 Net primary production
			   in oceans
Although globally total gross primary produc-

tion in the oceans is of similar magnitude to 

that on land (but only one quarter per unit 

area if one accounts for the far smaller veg-

etated land area), there is a striking difference 

between the standing stock of biomass in the 

two biomes. About 650 x 109 t C are bound in 

terrestrial vegetation, whereas in the ocean the 

standing stock of total plankton biomass at any 

given moment is only 3 x 109 t C. The difference 

is partially explained by a much faster turnover 

of the unicellular phytoplankton due to grazing 

by zooplankton, but there are other causes of 

mortality. Hence, more than half of the biomass 

in the ocean is in form of bacteria and animals 

living in the water column or on the sea floor, 

with phytoplankton contributing much less. 

This is the reason why the oceans can provide 

humans with so much animal biomass whereas 

phytoplankton biomass is generally not har-

vested, although as an exception some algae are 

harvested and eaten by humans as vegetables. 

From these observations it is concluded that the 

oceans are not suited as source of biomass for 

large scale biofuel production.160
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Fossil fuels are the main source of the world’s 

energy supply. By 2030, the worldwide energy 

consumption is projected to have grown by 

about 60 %,1 but while it is questionable exactly 

how long fossil fuel resources will last, they are 

certainly limited. As the easily accessible fossil 

fuel resources are increasingly exhausted crude 

oil prices reach new highs, surpassing US$ 145 

per barrel in July 2008. Unconventional sources 

such as tar sands and oil shale then become eco-

nomically feasible. Biofuels have been proposed 

and are already being used as alternative energy 

resources in the rapidly growing transporta-

tion sector (an annual average growth of 3  % 

is projected over the next twenty years, largely 

due to increasing mobility in China and India). 

Transport accounts for 20 % of the primary en-

ergy used worldwide and 70 % of all liquid fu-

els.1 However, only bioethanol, biodiesel, and 

renewable diesel are produced at an industrial 

scale today (approximately 50 x 109  l bioetha-

nol and 7 x 109 l biodiesel in 2007). While Brazil 

and the United States produced approximately 

80  % of the world’s bioethanol, Europe pro-

duced about 70 % of all biodiesel in 2007.2-5

Biofuels are made from plant biomass, which 

is composed of carbohydrates (starch, sucrose, 

cellulose, hemicellulose), protein, fats, oils, nu-

cleic acids (DNA, RNA) and lignin. The relative 

composition of these components depends not 

only on the type of plant but also on the part of 

the plant from which they are derived. Thus, 

trees contain more lignocellulose than crop 

plants, and the fruits and seeds more starch and 

protein than the stems. On average, more than 

70  % of all plant biomass is lignocellulose. Of 

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 
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the plant biomass, protein, starch, sucrose, and 

lipids are relatively easy to degrade, whereas 

lignocellulose is not. Humans cannot digest cel-

lulose or lignin, which is why they mainly de-

pend on starch, lipids, and protein for food.

Until recently, biofuels were largely made 

from easily degradable starch, sucrose (bioetha-

nol) and fats (biodiesel and renewable diesel), 

which are also used as food by humans (first-

generation biofuels). This competition (fuel 

against food) has negative socioeconomic effects, 

which is why the main focus is now on making 

biofuels from the lignocellulose part of plants 

(second-generation biofuels). However, second-

generation biofuels (Figure 2.1) are currently at 

a pre-commercial phase, and if they are to meet 

targets for implementation by 2015 – 2020, sig-

nificant technical hurdles to the chemical trans-

formation of biomass need to be overcome.

Biofuels that can be obtained from biomass 

through biological processes include biogas 

(methane), bioethanol (ethanol), biodiesel, or 

renewable diesel (diesel-like compounds), bu-

tanol, methanol, and hydrogen. In addition, 

electricity can be generated from biomass us-

ing bio-fuel cells. In the subsequent text, the 

production and utilization of these energy car-

riers will be compared contrasting their energy 

efficiency and the feasibility of their utilization. 

The limitations of biomass supply as a general 

source for biofuel production have been dis-

cussed in detail in Chapter 1 (p. 9). The differ-

ent energy carriers are compared with respect 

to their Energy Return on Investment (EROI) 

values and area efficiency in Chapter 1.4 (p. 18) 

and Table 1.3 (p. 20). 
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Figure 2.1: Routes of biogas and bioethanol production. “First” and “Second generation” biofuels. 

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

2.1.	Lignocellulose as a biofuel
		  source
Lignocellulose (wood, straw) is mainly com-

posed of cellulose, hemicellulose, and lignin, 

of which lignin and cellulose are very difficult 

to degrade. Although both lignin and cellulose 

are rather heterogeneous polymers and differ 

considerably depending on their origin they are 

termed here in the singular as “lignin” and “cel-

lulose”. Hemicelluloses, which are composed 

of pentoses and hexoses are relatively easy to 

hydrolyze when present alone, but are protect-

ed from hydrolysis when in a complex linkage 

with lignin and cellulose. Lignin is a polymer 

of phenolic constituents that can be degraded 

only aerobically, mainly by aerobic fungi. The 

hydrolysis of cellulose to fermentable sugars is 

catalyzed by cellulases, which are produced by 

microorganisms but not by most animals. Cel-

lulase-catalyzed cellulose hydrolysis is slow rela-

tive to amylase-catalyzed starch hydrolysis, but 

it is even slower if the cellulose is in a complex 

linkage with lignin. The formation of biofuels 

from lignocellulose is therefore dependent on 

a lignocellulose pre-treatment in order to make 

all the celluloses and hemicelluloses accessible 

to cellulases and hemicellulases in a reasonable 

time. If such a pre-treatment is not possible, 

biofuel formation from these compounds will 

be very slow. Pre-treatment of lignocellulose 

(Figure 2.1) involves mechanical steps followed 

by the extraction of the celluloses and hemicel-

luloses with acid or ammonia, and is an energy-

intensive process. Alternatively, lignocelluloses 

can be sub-oxidized with air to syngas (synthesis 

gas; H2, CO and CO2) from which liquid fuels can 

then be formed microbiologically or chemically.

The conventional initial acid-hydrolysis/ex-

traction step in degradation of lignocellulose is 

the most wasteful step in the process. Recent 

papers6 have reported the use of ball milling as 

an effective means to induce ‘mechano-cataly-

sis’ between cellulose and clay-based catalysts 

with layered structures. Alternative approach-

es make use of ionic liquids that can dissolve 

cellulose and, if coupled with acidic reagents, 

also generate selected platform chemicals.7,8 

Recently, this approach has been applied with 

solid catalysts9 offering both the ease of separa-

tion of a solid catalyst with the dissolving pow-

er of the ionic liquid – this combination gener-

ates exciting prospects for cleaner conversion 

of cellulose to chemicals. The dissolution of 

cellulose can be accelerated by a combined ap-

plication of strong acids with milling.10

2.2.	Biogas
The microbial formation of methane and CO2 

(biogas) from biomass is a well-established 

process, which is equivalent to the degradation 
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of organic matter in anoxic biotopes such as 

lake sediments. The process is slow but highly 

efficient; in principle, the process can be for-

mulated with the non-ligninaceous part of the 

biomass being converted to methane plus CO2, 

i.e., one hexose unit forms 3 CH4 and 3 CO2. It 

is not only sugars and polysaccharides that can 

be converted to biogas; proteins, fats and oth-

er lipids, detergents, nucleic acids, and other 

products of biological or synthetic origin can 

also be converted. Lignified biomass (wood, 

but also parts of grass, hay, straw) is only very 

slowly converted because – as mentioned 

above – the wood polymer lignin is not utilized 

anaerobically and also protects a considerable 

part of the cellulose from degradation. 

Biogas is produced intensively both in large-

scale plants and in small local reactors that are 

distributed across rural areas and are used 

to dispose of agricultural waste and generate 

energy on-site. The reactor feed typically con-

sists of animal manure mixed with green waste 

from field production, and varying amounts of 

whole-crop silage to maintain a balanced car-

bon-to-nitrogen ratio. The sludge produced as 

a by-product is typically applied to crop fields, 

thus recovering phosphorus and nitrogen fer-

tilizer. Anaerobic biogas reactors are also used 

to stabilize the sludge produced in wastewater 

treatment using the “activated sludge pro-

cess”. More recently, solid household wastes 

(organic waste; “Biomüll”) are also being 

treated through a “biogas” process rather than 

through aerobic composting. Certain branches 

of industry (food industry, breweries, sugar re-

fineries, paper and fiber industry, etc.), which 

produce very rich wastewater, prefer to treat 

this waste by a methanogenic pre-purification 

in the so-called “Upflow Anaerobic Sludge 

Blanket” (UASB) reactors11 and use the biogas 

produced as an energy source, rather than pay-

ing high fees for wastewater treatment at mu-

nicipal sewage treatment plants.

At present (2011) there are almost 7,000 

biogas plants (not including the numerous re-

actors employed in wastewater treatment) op-

erating in Germany, with a total installed elec-

trical power output of about 2,500 million W.12

In contrast to all other fermentation pro-

cesses, methane formation has the advantage 

that it does not depend on pure cultures and 

therefore does not require microbiologically 

controlled processing. Moreover, methane es-

capes the fermentation broth easily and does 

not require energy-intensive distillation. The 

disadvantages of this process are the slow 

growth of the microorganisms catalyzing it 

and, with this, the low adaptability and slug-

gish reaction of the system to changing condi-

tions, e.g., changes in the feed composition. 

Either a one-step or a two-step process can be 

used; in the latter, (faster) acid-producing fer-

mentations are separated from the subsequent 

final methanogenic step. This mode is pre-

ferred especially with irregular or discontinu-

ous feed supply, as may occur due to the sea-

sonality in the sugar industry. To improve the 

process and develop shorter turnover times 

or higher methane yields, thermo-mechanical 

pre-treatment of the substrate feed13 or the ad-

dition of depolymerizing enzymes (cellulases, 

hemicellulases, pectinases, etc.)14 are being ap-

plied and further developed. 

Of the different biofuels, biogas presently 

has the highest area efficiency (Table 1.3, p. 20).

2.3.	Bioethanol
Ethanol is produced from sugarcane in Brazil, 

from maize in the USA, and from wheat and 

sugar beet in Europe. In principle, all reducing 

power (electrons) of the substrate can be con-

verted into ethanol; the process is well-estab-

lished and can be applied at an industrial scale 

(see also chapters below). Its major disadvan-

tage compared to methane production is that 

the production of burnable ethanol requires 

distillation from the fermentation broth and 

this requires a major investment of thermal 

energy. Moreover, ethanol production has so 

far been limited to the sugar and starch frac-

tions of plants (first-generation bioethanol) 

and cellulose containing fraction (second-gen-

eration bioethanol). 

Practical disadvantages of ethanol are that 

ethanol is corrosive and hygroscopic. Alu-

minum parts are especially vulnerable to cor-

rosion. As a result, ethanol cannot be distribu

ted in pipelines and must be transported by 

tanker trucks, rail car, or river barges.16 Blend-

ing gasoline with ethanol is not feasible at the 
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production facility or refinery before distribu-

tion; blending must occur shortly before use.16

First-generation bioethanol fermenta-

tion is a mature technology and the product is 

widely used as a biofuel extender, i.e., as a gaso-

line additive. Most common are batch fermenta-

tions with the yeast Saccharomyces cerevisiae. 

During the last few years, industrial production 

strains of yeast have been improved for higher 

ethanol yields, specific ethanol productivity, in-

hibitor insensitivity, and product tolerance (up 

to 20  % ethanol). However, optimal ethanol 

production rates are obtained at lower ethanol 

concentrations, in the range of 8 – 9 % ethanol. 

These low product concentrations require in turn 

a high energy investment in the distillation pro-

cess; although, as in Brazil, this may be covered 

by incineration of the by-product bagasse (stems 

and leaves of the sugarcane plant). Worldwide, a 

total of 50 x 109 l of bioethanol were used as bio-

fuel in 2007.15 The increasing demand for sugar 

cane and maize for ethanol production are in se-

rious competition with the food supply. The use 

of large areas of land for growing monocultures 

is also criticized as environmentally hazardous. 

The technical and environmental implications 

of large-scale bioethanol production from sugar 

cane will be discussed with the example of Brazil 

in Chapter 2.12. 

Second generation: The use of biomass 

such as wood, agricultural residues, and mu-

nicipal solid waste is being developed as an al-

ternative raw material for ethanol production, 

and all efforts should be concentrated on the 

fermentation of the lignocellulose fraction, i.e., 

to producing second-generation bioethanol. 

The space-time yields that have been achieved 

for fermentative ethanol production from cel-

lulose still lie below the economic limit. Possi-

ble improvements are envisaged in optimizing 

mechanical, chemical and/or enzymatic (cel-

lulases, hemicellulases) pre-treatment of the 

lignocelluloses (see Chapter  2.1) and the ap-

plication of recombinant plants with more eas-

ily degradable lignocelluloses. Industrial-scale 

second-generation bioethanol production is 

unlikely to be feasible without the use of genet-

ically modified organisms (GMO), which will 

test the limits of public acceptance. As already 

mentioned above, second-generation biofuels 

(Figure 2.1) are currently at a pre-commercial 

phase, and if they are to meet targets for imple-

mentation by 2015 – 2020, significant techni-

cal hurdles to the transformation of the ligno-

cellulosic biomass need to be overcome.

Bioethanol from CO2, CO, and H2: 

Another option being explored is the thermal 

sub-oxidation of lignocellulosic agricultural 

waste materials (but also of carbon-containing 

waste, such as automobile tires) to CO, H2, 

and CO2 (syngas; see Chapter  2.14), followed 

by fermentation of these gases to ethanol by 

specific acetogenic bacteria (e.g., Clostridium 
ljungdahlii). This option is explored with pi-

lot plants by several start-up companies in the 

USA and in New Zealand. In China the first 

demonstration plant has gone into operation.

2.4.	Biodiesel and renewable diesel
Biodiesel is the name of the methyl, ethyl, or bu-

tyl esters of lipid fatty acids, and the term “renew-

able biodiesel” is used for the catalytic reduction 

product of triglycerides with H2 to hydrocarbons.

Biodiesel today is typically a transesteri-

fication product of vegetable or animal fats 

with methanol, yielding fatty acid alkyl esters 

and glycerol (Figure 2.2). Starting substrates 

are typically vegetable oils (rapeseed, sun-

flower, coconut, and palm oil). Worldwide, 

more than 6.7 billion liter were used in 2007, 

either as a pure fuel or fuel additive.1,4,5 Bio-

diesel is produced by transesterification of 

the parent oil with an alcohol, mostly petro-

chemically derived methanol because of its 

low price, but ethanol or butanol can be used 

as well. The resulting products are FAME 

(fatty acid methyl esters), FAEE (fatty acid 

ethyl esters), or FABE (fatty acid butyl esters), 

respectively, with C14 to C20 carbon chains. 

The reaction is catalyzed by acids, alkali, or 

lipase enzymes,17,18 and glycerol is produced 

as a co-product. Since the oil phase is easily 

separated from the aqueous starting solution, 

no distillation is required for this energy car-

rier. While biodiesel can be isolated by phase 

separation rather than distillation, there are a 

number of undesirable energy-intensive puri-

fication steps required to ensure that the fuel 

is free from impurities when using current 

technology.
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Ultimately, climate and economics deter-

mine which vegetable oil is used for biodiesel 

production. While the US rely on soybean oil 

(400 – 446 l oil per ha) as the major feedstock, 

European countries prefer rapeseed (Canola) oil 

(1100 – 1190 l oil per ha) and tropical countries 

palm oil (2400 – 5950 l oil per ha). Sunflower oil 

(690 l oil per ha), groundnut oil, cottonseed oil, 

castor oil, and safflower oil are also being used 

commercially.18-20 In addition, there is grow-

ing interest in using oil from aquatic biomass, 

namely from algae such as Chlorella spp., Nan-
nochloropsis spp., and Botryococcus braunii.21

The cost effectiveness of biodiesel synthesis is 

determined mainly by the manner in which the 

transesterification step is performed. Conven-

tionally, homogeneous basic catalysts are used, 

including sodium or potassium hydroxides, car-

bonates, or alkoxides. Removal of the base and 

any trace amounts of alkali after the reaction 

is essential, but is a major problem since aque-

ous quenching results in the formation of stable 

emulsions and saponification, making separa-

tion of the methyl ester a very energy intensive 

step.22 Free fatty acids must be removed from the 

starting oils by an acid-catalyzed esterification 

step, necessitating additional quenching and 

neutralization steps, which further increase the 

energy demands of the process. The use of solid 

acid or base catalysts offers several process ad-

vantages including the elimination of a quench-

ing step (and associated contaminated water 

waste) to isolate the products, and the opportu-

nity to operate as a continuous process.23-25 In ad-

dition, the co-product glycerol will have a higher 

purity, thus adding value to the overall process.

Basically, biodiesel shares many character-

istics with fossil fuel diesel. However, there 

are significant differences between the bio-

diesel fuels produced from various vegetable 

sources,17 which can lead to damage of diesel 

engines. Critical points are dilution of motor 

oil, coking of piston rings, corrosion of hydrau-

lic components, and deposits in the injection 

system resulting from the production process 

and fuel aging. These problems have resulted 

in several automotive manufacturers refusing 

to sanction the use of biodiesel in some of their 

models. Newly developed, highly efficient mo-

tor technologies require fuel with low sulfur 

and saturated hydrocarbons, without aromatic 

compounds. A way out of this problem would 

be the use of renewable diesel and diesel from 

BtL (biomass to liquid) biofuels (see below).

The fact that “first-generation” biodiesel 

was produced from edible oils including palm, 

rapeseed, sunflower, or soybean oil26 caused 

serious issues with changes in land use.27 In 

the production of biodiesel, only the lipid frac-

tion of the biomass is used, which amounts to 

20 – 50 % of the plant dry mass. The energy 

yield per m2 of agricultural land used for bio-

diesel is thus lower than that for bio-ethanol, 

and much lower than for biogas. Consequently, 

first-generation bio-based fuels and chemicals 

derived from edible plant materials caused 

much anguish over competition between land 

used for fuel crops versus traditional agricul-

tural cultivation. Of equal concern is the de-

forestation, notably in Indonesia, where vast 

tracts of rainforest and peatland are being 

cleared to support oil palm plantations.28

Figure 2.2: Transesterification of neutral fats to “Biodiesel” and glycerol. MeOH = methanol.
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The term “renewable diesel” has become 

standard in the US, while “hydro-treated veg-

etable oil” (HVO) is still more common in Eu-

rope. However, the term HVO is not strictly 

accurate, because vegetable oil is not the only 

constituent, it also contains components of an-

imal fat, such as lard and tallow. The triglycer-

ides react with H2 at a catalyst, thereby forming 

propane (from the glycerol moiety), CO2, H2O, 

and hydrocarbons (from the fatty acids by 

splitting the ester bond and removing the car-

boxyl group; Figure 2.3). Propane can be used 

as a fuel as well, or as feedstock for the chemi-

cal industry. Bio-gasoline (chain lengths from 

C4 to C12) is produced as a by-product. The ma-

jor hydrocarbons of chain lengths between C12 

and C20 (well in the diesel range of C10 to C25) 

are fully saturated, and free of O2 and aromatic 

compounds. They are low in sulfur content and 

produce little nitrous oxide upon combustion, 

they are thus a superior bio-based diesel fuel, 

chemically equivalent to fossil fuel diesel. Re-

newable diesel is about to enter the market in 

large quantities. In 2006, ConocoPhillips start-

ed to produce renewable diesel commercially, 

and output from its Whitegate refinery in Cork, 

Ireland has now reached 150,000 l (39,600 US 

gallons) per day.29 Neste Oil Corporation an-

nounced in May 2008 that it intended to pro-

duce 170,000  t of renewable synthetic diesel 

(brand name: NExBTL) per year from its Por-

voo refinery, Finland. Feedstocks include palm 

oil, rapeseed oil, and animal fats.30 The same 

company opened an 800,000 t per year plant 

for renewable diesel production in 2010 in Sin-

gapore.31

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Figure 2.3: Hydro-treatment routes to convert triglycerides (common neutral fats, center) to renewable diesel 
(left and right). 

Figure 2.4: Production of biodiesel, “renewable diesel”, and “synthetic diesel”.
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Renewable diesel can also be produced from 

biomass after gasification, especially with rel-

atively dry types of biomass.32 The resulting 

synthesis gas (syngas) is used in the “Fischer-

Tropsch process” and modifications thereof. 

Such fuel (“synthetic diesel”; Figure  2.4) is 

known under the brand names SunFuel® or 

SunDiesel® (a cooperation between Shell, 

Volkswagen, and Daimler).33 So-called “re-

newable jet fuels” with shorter alkane chain 

lengths and lower freezing points can also be 

synthesized through this process. 

2.5.	Butanol 
The fermentative formation of butanol and ac-

etone (always as a mixture, together with etha-

nol) from sugars and starch had started before 

World War I and was already being applied 

intensively in the 1930s and 1940s in the USA 

and South Africa. Subsequently, it became un-

economical because of the availability of inex-

pensive crude oil. Today, the possibilities of this 

technique are being reconsidered in the context 

of advanced process optimization and the use 

of recombinant microorganisms. In particular, 

there appears to be a chance to overcome the 

toxicity barrier of 2 % butanol concentration in 

this fermentation process. Unfortunately, the 

literature on this subject is often contradictory 

and does not differentiate sufficiently between 

the toxicity of externally administered butanol 

and the tolerance towards internally produced 

butanol, which may be substantially higher.34 

As with ethanol formation, the second genera-

tion of butanol formation through fermentation 

must largely rely on lignocellulose as the sub-

strate (see Chapter 2.1).

While alcohol fuels have similar properties 

to gasoline, butanol provides a number of ad-

vantages over ethanol. Its energy density is sig-

nificantly higher. The octane rating of butanol 

is lower than that of ethanol, but similar to that 

of gasoline. Butanol has a lower vapor pressure 

and is thus safer to handle. It is less corrosive 

and less hygroscopic than ethanol, giving it sev-

eral advantages over ethanol (see Chapter 2.3). 

Butanol can be blended with gasoline well 

ahead of distribution and can be transported 

by the existing infrastructure. While ethanol 

can be blended only up to 85 % with gasoline 

before existing car engines must be modified; 

butanol can be blended at any concentration 

without engine modification. Despite its ad-

vantageous properties, butanol has not yet 

entered the biofuel market. However, there 

is a large market for butanol as a commodity 

chemical, in which biobutanol is gaining in-

creasing importance (see Chapter 2.9).

2.6.	Methanol and hydrogen
Methanol is released by microorganisms from 

the plant polymer pectin, which makes up only 

a small amount of plant tissue. Fermentation of 

biomass to methanol and CO2 is thermodynam-

ically not possible, and neither is the anaerobic 

conversion of methane to methanol. An incom-

plete oxidation of methane to methanol with O2 

using aerobic microorganisms as a catalyst has 

been attempted, but has never been achieved in-

dustrially. Chemical synthesis of methanol from 

CO + H2 (syngas) is at present the main source 

of methanol, substantial amounts of which are 

used in the transesterification of vegetable oils 

to “biodiesel” (see above).

Fermentative H2 production is limited by 

thermodynamics, and at most only one-third 

(usually substantially less) of the electrons 

available in biomass can be finally recovered 

as molecular hydrogen. The major part of the 

electrons (at least two-thirds) is bound in the 

acetate residues formed as the most important 

product of biomass fermentation, and cannot 

be released as H2 for energetic reasons. Even 

the optimal fermentation of hexoses (as im-

portant representatives of biomass) to 2  ac-

etate, 2  CO2 and 4  H2 is reached only at en-

hanced temperatures (>60  °C),35 otherwise, 

butyrate or ethanol are formed as by-products, 

with substantially lower H2 yields. Thus, H2 

production by biological processes will gain 

importance only if coupled to photosynthetic 

reactions (see Chapter 3, p. 63). 

2.7.	Advanced biofuels
In addition to conventional fermentation prod-

ucts such as methane, ethanol, and n-butanol, 

there is a range of liquid, readily combustible 

compounds such as isobutanol (2-methylpro-

panol) and isoprenes, which can be formed by 

recombinant microorganisms in anabolism 

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 
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and are termed “advanced biofuels”. In spite 

of beneficial properties, these “anabolic fuels” 

are formed under aerobic conditions and have, 

with this, the disadvantage that the energy re-

covered in them is less than 50 % of the energy 

that was contained in the substrate from which 

they were synthesized. With “catabolic biofu-

els” (biofuels produced anaerobically through 

fermentation), this percentage is in the range 

of 80 to 90 %. Therefore, such advanced bio-

fuels will be viable only if special properties 

are required; for example, low freezing points, 

as with fuels such as “biokerosenes” used to 

replace conventional jet fuels,36 together with 

“renewable jet fuels” (Chapter 2.4). 

“Advanced biofuels” such as isobutanol, iso-

pentenol and fatty acid esters produced from 

plant biomass offer advantages such as higher 

energy density, lower hygroscopicity, lower vapor 

pressure, and compatibility with existing trans-

portation infrastructure, as compared to the tra-

ditional biofuel, ethanol. Examples of advanced 

“anabolic” biofuels are isobutanol,37 isopentenol,38 

and fatty acid ethyl esters39 produced by recombi-

nant strains of Escherichia coli (Figure 2.5).

2.8.	Microbial fuel cells
In fuel cells, electrons from the oxidation of 

a substrate are transferred directly to an an-

ode from where they flow to an oxygenated 

cathode, thus establishing an electrical cir-

cuit. In microbial fuel cells, bacteria act as 

the catalyst in the oxidation of organic matter 

and transfer the electrons to the anode, either 

via suitable dissolved electron carriers or di-

rectly to the anode surface after attachment 

to it. The mechanism by which electrons can 

be transferred directly from microbial cells to 

anode surfaces is not known exactly; among 

others, so-called nanowires have been pro-

posed as being possible conductors.40,41 Ide-

ally, electrons from the oxidation of organic 

matter arising at the redox potential of the 

NAD/NADH-couple (-320  mV) could flow 

through such a device to O2 at a redox poten-

tial of +810  mV, thus establishing a voltage 

of 1.13  V. In reality, maximum voltages in 

the range of only 0.4 – 0.7 V are reached, be-

cause there are voltage losses in all electron 

transfer processes and also the bacteria con-

sume part of the electrochemical potential for 

their own energy metabolism. Microbial fuel 

cells have been discussed as possible energy 

sources. The limiting factor in this technol-

ogy is the provision of a sufficiently reactive 

electrode surface for the active bacteria to 

become attached to. With this, the process 

is surface-limited, which curtails its applica-

bility at large scale. Moreover, the microbial 

communities settling on the electrode sur-

faces age and need to be replaced with time 

to avoid a decrease in electron transfer effi-

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Figure 2.5: Advanced biofuels that can be produced in genetically engineered Escherichia coli strains. Isopropanol 
and n-butanol are produced via the traditional fermentation pathways (catabolic biofuels, shaded in gray) under 
anaerobic conditions, whereas all other alcohols are produced via biosynthetic pathways (anabolic biofuels, shown in 
red) under aerobic conditions (modified after Ref. 37).



51

ciency. So far, maximum current densities of 

4 – 7 W m-2 have been reached in laboratory-

scale reactors for short periods of time42,43 

and 0.56 W m-2 in pilot wastewater treatment 

plants.44 The efficiency of electron transfer to 

the anode and the maintenance of the anode 

surface at high electron transfer capacity are 

the limiting factors in this technology. Thus, 

although biofuel cells might be applicable in 

certain niches such as power supply for deep-

sea recording devices,45 there is little chance 

of them being applied on a large scale for ex-

tended periods of time.

2.9.	Commodity chemicals 
An important component of the strategy to 

save fossil resources must include substitution 

not only of fuels but also of the raw materials 

for the synthesis of chemical compounds of 

economic interest. 

Recent reports have identified several 

building-block chemicals that can be pro-

duced through biological or chemical conver-

sion of biomass. Examples include ethanol 

(C2), glycerol (C3), fumaric acid (C4), xylitol 

(C5), and sorbitol (C6), but these are all highly 

oxygenated (typically Cx(H2O)y), and thus 

very different from traditional hydrocarbons 

from petrochemical sources. Transformation 

of these feedstock compounds has to apply 

a chemistry that proceeds from highly func-

tional to more reduced compounds, quite 

different from conventional oil-based chem-

istry which has always had to add functional 

groups to otherwise inert hydrocarbon struc-

tures.

The Department of Energy of the USA (US 

DoE) identified 12 platform chemicals that can 

be produced from sugars through chemical or 

biochemical transformation of lignocellulose 

biomass (Figure  2.6). When generated from 

fermentation processes, these molecules are 

often present at low concentrations (typically 

< 10 %) in aqueous solutions in the presence of 

other polar molecules. Purification of such fer-

mentation broths is particularly difficult and 

energetically not feasible – a way of directly 

transforming the aqueous solution is needed.46 

This chemistry requires catalysts capable of 

performing organic chemistry in water that 

are also resistant to impurities present in the 

fermentation broth47 and that can transform 

these platform molecules to a wide range of 

useful chemical feedstocks.

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Figure 2.6: Possible platform chemicals produced from cellulosic biomass.
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Such catalysts have to be hydrophilic, stable 

over a wide pH range, and resistant towards 

leaching under reaction conditions. The use 

of organic-inorganic hybrid catalysts may be 

an option as these allow the hydrophobicity of 

the catalyst to be tuned to affect the adsorption 

properties of polar molecules.48 Mesoporous 

carbons49 may also prove suitable for use with 

biomass conversion, as carbon supports tend 

to be highly resistant to acidic and chelating 

media. To transform the functional groups on 

platform chemicals, catalysts capable of per-

forming dehydration, hydrogenolysis (already 

discussed in the context of glycerol utilization), 

and hydrogenation will be required. Many of 

these reactions employ conventional homoge-

neous reagents or commercial catalysts.50

Other popular platform molecules are 3-hy-

droxypropionic acid as a basis for acrylic acid 

and its derivatives, and 5-hydroxymethylfur-

fural (HMF). The latter is produced by dehy-

dration of hexoses and may serve as a basis 

for the synthesis of a variety of useful acids, 

aldehydes, alcohols, and amines, as well as 

the promising fuel 2.5-dimethylfuran (DMF). 

Levulinic acid is another valuable precursor 

to a range of chemical intermediates which 

can likewise be generated by acid-catalyzed 

dehydration, esterification or metal-catalyzed 

reduction.51 While there are a number of stud-

ies investigating reduction, there has been 

surprisingly little work on the esterification of 

platform molecules using solid acid catalysts. 

Development of new catalysts and overall pro-

cess optimization for biomass conversion to fu-

els or chemicals can be achieved only through 

interdisciplinary research that will require col-

laboration between organic chemists, physical 

chemists, biologists, chemical engineers, and 

experts in molecular simulation to take advan-

tage of innovative reactor designs. 

Using biobutanol as feedstock for the pro-

duction of commodity chemicals is another 

valuable option because: i) their market price 

is higher than that of fuels and ii) production 

of sustainable materials from bio-based feed-

stocks is economically more reasonable than 

their being burnt as biofuels. Traditionally, 

biobutanol was obtained by fermentation using 

solventogenic clostridia (Clostridium acetobu-

tylicum, C. beijerinckii, C. saccharobutylicum, 
C. saccharoperbutylacetonicum).52 Currently 

(2011), 11 fermentation plants for butanol pro-

duction are in operation in China (plus an ad-

ditional two under construction)53 and one in 

Brazil. They all are based on the conventional 

procedure, using either starch or sugars (from 

molasses) as a carbon source and separating 

butanol from other fermentation products by 

distillation. Compared to current technol-

ogy, improvement in strains used (engineered 

for less by-products, higher solvent titer and 

tolerance), process technology (semicontinu-

ous, continuous), and downstream processing 

(gas stripping, pervaporation, liquid-liquid-

extraction) is possible and will render the fer-

mentation economically competitive and even 

superior to ethanol fermentation. Also, ligno-

cellulose hydrolysates can already be used, as 

the clostridia mentioned above use both, C6 and 

C5 sugars. Finally, syngas fermentation has also 

now entered the commercial stage. The genome 

sequence of C. ljungdahlii has been determined 

and a recombinant strain for butanol formation 

was constructed by using genes from C. aceto-
butylicum.54 This paves the way for engineering 

other constructs, forming essential bulk and 

specialty chemicals from waste gases, while in 

parallel reducing greenhouse gas emissions. 

The genomic blueprint of another carbon mon-

oxide-utilizer has also recently been resolved.55 

C. carboxidivorans already possesses the natu-

ral ability to produce butanol and butyrate. 

2.10.	 Biofuel combustion- 
		  associated emissions 

Biofuels can cause problems when applied 

in practice, as mentioned in some examples 

above, i.e., the high hygroscopicity of ethanol 

and associated corrosion problems, and the 

heterogeneity of biodiesel products. Further 

application problems arise with their combus-

tion behaviour, as detailed in this chapter.

The combustion of fuels is a complex series 

of fast oxidation reactions. Conventional fuels 

are hydrocarbons consisting only of C and H 

atoms. Combustion of these compounds pro-

duces a series of partly oxidized by-products 

(aldehydes, unsaturated aldehydes, CO), most 

of which are harmful to human health. Un-

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 
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like conventional fuels, biofuel molecules also 

contain O atoms (ethanol, biodiesel, etc.), and 

as a result their behaviour in combustion is 

far more complex than that of conventional 

fuels.56 Most of them produce increased alde-

hyde emission,57,58 a fact that has recently been 

discussed with respect to air quality in Brazil 

and related photo-smog formation.59 Biofuels 

may also contain nitrogen constituents, e.g., 

from fertilizers, which can give rise to N2O 

emission. Other by-products may include hy-

drogen cyanide,60 ammonia,61 isocyanic acid 

as well as acrylamide, acetonitrile, propene ni-

trile, or aromatic nitrogenated compounds.62-64 

Further problems can arise with fuel viscosity 

(plant oils), incomplete combustion inside the 

combustor, formation of solid deposits, and 

production of by-products in the exhaust gas. 

Whereas stationary large-scale power genera-

tors can be optimized towards combustion ef-

ficiency and minimization of by-product for-

mation, e.g., by exhaust gas after-treatment, 

vehicle engines in particular may face sub-

stantial problems from the use of complex fuel 

mixtures and changes in fuel composition, es-

pecially regarding cold starting, temperature 

fluctuations, ignition behavior, etc. The strict 

regulations on exhaust gas quality, developed 

for conventional fuel combustion, will be hard 

to meet with complex fuel mixtures of bio-

logical origin. Pollutant emissions from such 

novel and diverse fuel sources will require new 

regulations. 

Thus, the assessment of the suitability of 

a bio-derived fuel should include the down-

stream aspects of hazardous combustion emis-

sions. Knowledge on some chemical families of 

pollutants is becoming available, while others 

may be undetected or underestimated. Exhaust 

gas after-treatment for biofuel combustion 

will probably necessitate changes in catalysts 

to reduce such emissions. As another caveat, 

the term biofuel suggests a homogeneous class 

of chemicals, while in reality their molecular 

structures and combustion reactions are wide-

ly different. Each biofuel must thus be assessed 

separately for its value, including its pollutant 

emission potential. With growing demands 

for biofuel application in many regions of the 

world, informed choices will be crucial. 

2.11.	 Best practice example:
			   Combined production of
			   ethanol and biogas
Bioethanol is usually produced in large-scale 

plants (100,000 t per year from 50,000 ha), in 

North America and Europe mostly from cere-

als but with an increasing contribution from 

sugar beet in Europe. This process usually 

operates with an energy output: fossil energy 

input ratio of less than 5 : 1 (Table 1.3, p. 20) 

provided that the residue from the distillation 

process, the dried distillers grains and solubles 

(DDGS), is included as high value feedstock 

in the energy and eco balances. For life-cycle 

analyses of large-scale first-generation ethanol 

production the reader is referred to the reports 

of Rettenmaier et al.65,66

Bioethanol from Triticale: Compared 

to large-scale ethanol production, bioethanol 

production in small-scale regional produc-

tion plants is more sustainable. These plants 

are able to produce about 5,000 t ethanol per 

year from 2,500  ha of field area. This tech-

nology could be put into practice in Germany 

without any harmful land-use change effects 

by using existing farm distilleries that are leav-

ing the state monopoly. The characteristic of 

these regional production plants (Figure  2.7) 

is the combination of a distillery (milling of 

grain, mashing, fermentation, and distillation) 

with a biogas plant. The scenario begins with 

crop production, which uses two-thirds of the 

cultivated area for Triticale production and 

one-third for the production of maize silage. 

With this methodology, ethanol is produced 

only from the Triticale grains. The maize is 
harvested as intact plants and stored as silage. 

One-third of the Triticale straw is harvested, 

while the residual straw is left on-site to main-

tain the soil carbon content. This scenario rep-

resents conditions in the Münsterland area in 

Germany.67

The maize silage and the harvested straw 

together with the residue remaining after dis-

tillation are used for biogas production. The 

methane produced is then used in a combined 

heat-and-power production plant to supply the 

distillery with electricity and heat, the fermen-

tation residues are used as fertilizer for the fol-

lowing crop. The final products are ethanol, a 
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surplus of methane that is not needed for ener-

gy supply, and a small surplus of electric power.

Sustainable ethanol production as de-

scribed here results in greenhouse gas (GHG) 

emissions of only 19.7  g  CO2-equivalent per 

106  J for ethanol and 22.4  g  CO2-equivalent 

per 106 J for methane production. This results 

in an overall GHG reduction of 76.5  % (de-

tailed analysis in Table 2.1). This sustainable 

agrarian production of ethanol and biogas is 

one of the most efficient bioenergy pathways 

known. 

From the energy point of view, this sustain-

able method of ethanol production results in 

an energy gain of about 80  x  109  J  ha-1  yr-1. 

Growing maize under the same conditions on 

100 % of the land area and using it to produce 

only biogas would be the most efficient process 

of energy production from biomass. The en-

ergy gain would be about 104 x 109 J ha-1 yr-1: 

comprising 51 x 109 J ha-1 yr-1 of energy deliv-

ered as electric power and 53 x 109 J ha-1 yr-1 as 

heat. This comparison shows that the energy 

gained from producing a liquid, dense, and 

easy to handle energy source in the form of 

ethanol is only 20 % less than that of the op-

timal biogas option. Additionally, one has to 

take into account that often the heat energy is 

not used in biogas plants. This shows the excel-

lent efficiency provided by the combination of 

bioethanol and biogas production. The distill-

ery is an ideal heat sink for the biogas plant.

Bioethanol from lignocelluloses: 

With second-generation bioethanol, one has 

to take into consideration some basic limita-

tions of ethanol fermentation from biomass. 

Some facts are shown in Table 2.2. The data 

clearly show that besides biomass pre-treat-

ment and cellulose hydrolysis, additional 

process steps are necessary to convert ligno-

cellulose biomass to ethanol. Distillation con-

sumes 65 to 80 % of all the energy consumed 

in the process of generating ethanol from 

cereals; figures calculated without account-

ing for drying the distillation residue and as-

suming an ethanol content of about 11 to 14 % 

by volume. Distilling a mash containing only 

5  % or less ethanol needs three times more 

energy. Thus, one has either to accept this 

energy demand or to develop new methods of 

concentrating mash via evaporation or mem-

brane technology. 

If regional plants in combination with bi-

ogas production are used for lignocelluloses 

biomass ethanol production there is a simple 

solution to the energy problem: namely, to 

add starchy raw material to the lignocelluloses 

biomass mash after cellulose hydrolysis, this 

would ensure ethanol concentration of about 

11 % by volume or more.

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Figure 2.7: Flow chart of bioethanol and biogas production in a combined plant with optimal internal energy and 
heat transfer (redrawn from Ref. 67). 
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Table 2.1: Greenhouse gas (GHG) emissions of process steps in regional bioethanol production. EtOH = Ethanol. 

Process GHG emissions, g CO2 equiv. / 
106 J EtOH without allocation

Crop production

Seed supply 0.68

Supply of fertilizers 2.4

Emissions from N-fertilization (N2O) 19.58

Supply of pesticide 1.05

Diesel oil consumption 4.98

Sum of crop production 28.69

Diesel oil consumption in transport to conversion: all crops 
25 km

0.88

Ethanol processing

Sulfuric acid 0.085

Water supply 0.087

Biogas production

Methane losses 1 % 9.02

Transportation of fermentation residues 25 km 2.75

Sum of conversion 11.95

Transportation of ethanol to station 100 km 0.51

Table 2.2: Restrictions of ethanol production from lignocellulose biomass with respect to the ethanol concentra-
tions that can be reached after fermentation. LA = Liter alcohol; DS = dry substance; EtOH = Ethanol.

Raw material Glucan
content %

Pentosan 
content %

Theoretical 
ethanol yield 
LA/100 kg DS

Possible DS 
content in 
process %

EtOH in mash 
% vol

Maize silage 30 – 50 15 – 20 30.5 – 47.0 22 6.7 – 10.3

Straw 32 21 31 15 4.7

Grass silage 25 21 28.5 10 2.85

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

As an example, maize silage is pre-treated me-

chanically and hydrothermally. Fine-milled 

grain is then added directly to this lignocellu-

loses biomass mash giving a natural pH value 

of 4.0 – 4.2. At present, the best method of de-

grading the starch is the use of the Stargen® 

enzyme complexes. After two hours of starch 

pre-hydrolysis in parallel to the continued en-

zymatic cellulose hydrolysis, fermentation is 

started as an SSF-process by addition of yeast 

and saccharifying enzymes.

This scenario leads to an estimated delivery 

of electric power of 4 x 109 to 5 x 109 J ha-1 yr-1, 

65  x  109  J ethanol per ha per year, and about 

90 x 109 J methane per ha per year. This results in 

an energy gain estimated at 140 x 109 J ha-1 yr-1 

and an energy in calculated as an energy output 

to fossil energy input ratio of above 3 : 1. The es-

timated amount of avoided GHG emissions will 

sum up to 12.3  t of CO2-equivalent per ha per 

year, i.e., a reduction by about 82 % compared 

to the use of fossil fuels.68

2.12.	 Large-scale bioethanol
			   production in Brazil
In 2009, about 47 % of the total energy sup-

ply of Brazil was derived from renewable re-

sources, mainly biomass (32  %; Chapter 1.2, 

p. 11) and hydropower (15  %). The biomass 

resource comprised 18  % biofuels, and 14  % 

firewood and charcoal. Eolic (wind power) and 

solar energy are still in their infancy, but may 
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have good prospects. The remaining 53 % was 

from fossil fuels, comprising: crude oil 38 %, 

natural gas 9 %, coal 5 %, with nuclear power 

only 1 %.69 The Brazilian population density is 

only about 10 % and the energy consumption 

per person only about 30 % of that in Germa-

ny, while the average net primary production 

(NPP) in Brazil is two to three times higher 

than that in Germany. Thus, the conditions 

for biofuels to contribute significantly to the 

primary-energy consumption are more than 

50 times more favorable in Brazil than in Ger-

many (Chapter 1.2, p. 11).

Ethanol production in Brazil is based on 

sugar cane. Crop area and production of 

sugar cane has increased enormously in the 

last two decades, from 270 million t cut sug-

ar cane on 4.3  million ha in 1987, to about 

600 million t on 8.7 million ha in 2009 (the 

latter amounts to 11.3 % of the total cultivat-

ed area of Brazil; 2.3 % of total farm area). 

Today, about 50  % of the sugar cane area 

(Figure  2.8) is used for ethanol production. 

Sugar cane production is concentrated in the 

state of São Paulo (62 %), but is expanding to 

the states of Paraná, Goiás, Mato Grosso do 

Sul, and Mato Grosso. 

The productivity per ha of Brazilian etha-

nol from sugar cane (7,000  l; 0.5  W  m-2; Ta-

ble 1.3) exceeds European sugar beet (5,500 l), 

and is much higher than that of ethanol from 

maize in the US (3,800 l) and wheat in the EU 

(2,500 l)72,73 (Chapter 1.4, p. 18). The US Envi-

ronmental Protection Agency (EPA) considers 

sugar cane ethanol from Brazil to be the best 

renewable low-carbon fuel. After the United 

States, Brazil is the second largest and above all 

the cheapest producer (40 % of the US cost per 

liter) and the largest exporter of fuel-grade eth-

anol. Ethanol production becomes profitable at 

an oil price of more than US$ 40 per barrel. 

The energy return of investment (EROI) 

of ethanol production in Brazil (energy out-

put  /  fossil energy input) is about eight and 

cannot be matched by ethanol production 

from grains in the United States (EROI  <  2; 

Table 1.3).74 The exceptional efficiency of Bra-

zilian ethanol production depends mainly on 

sugar cane as source of substrate, productive 

soil conditions and favorable climate, but also 

on inexpensive labor, and a high level of tech-

nological expertise. 

In 2009, more ethanol than gasoline was 

used in light vehicles in Brazil. At the end of 

2010, 430 ethanol distillation plants existed in 

Brazil: 43 % in the state of São Paulo, 9 % in 

Minas Gerais, and 8 % each in Pernambuco, 

Alagoas and Paraná, with small-scale produc-

tion developing in Mato Grosso do Sul, the 

Triângulo Mineiro, and Goiás. Widespread 

interest of oil companies in participating in 

ethanol production can be observed. Today, 

22 % of the distillation units are controlled by 

foreign capital.

Currently, more than 92 % of all new light 

vehicles in Brazil (12 million cars or 43 % of the 

total fleet of cars) are using flex-fuel engines. 

First introduced in 2003, flex-fuel engines 

are a German invention that can be fueled 

with gasoline, ethanol, or any mixture of both. 

Thus, it is possible to choose the type of fuel 

according to the price. Nearly all international 

car manufacturers are producing vehicles in 

Brazil, which can use fuel with a much higher 

proportion of ethanol (E25 – E100) than pro-

posed in Germany (E10), obviously without 

major technical problems. 

According to European criteria, Brazilian eth-

anol has a CO2 reduction standard of about 70 %; 

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Figure 2.8: Actual (red) and potential (pink) areas for sugar cane 
plantations in Brazil (according to Ref. 70, based on Ref. 71).
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the International Energy Agency calculated it 

to be above 80  %. Since 1975, the use of etha-

nol (E25) instead of gasoline is claimed to have 

avoided more than 600 million t CO2 emissions 

in Brazil. Nonetheless, the ethical, social, and 

ecological implications of large-scale sugar cane 

production are also being disputed with serious 

criticism.75

It has been argued76 that ethanol production 

is not to be blamed for tropical deforestation 

because sugar cane plantations and potential 

crop areas are far from the rainforest of Ama-

zonia (which is not the case for soybean cul-

tivation for biodiesel production). Sugarcane 

expansion into the savanna (campos cerrados) 

is also not considered to be the main cause for 

the creation of livestock pasture in Amazonia 

and thus not to cause deforestation; livestock 

farming in the campos cerrados is intensify-

ing as rough pasture is improved. Also, the 

typical energy crop versus food crops rivalry is 

not a major topic in Brazil, because grains are 

not used for ethanol production, as they are in 

ethanol formation from maize. The shifting and 

in some cases the reduction of food cropland is 

claimed to be more than compensated by the 

increasing productivity of food production at 

the national scale, in the case of beans and rice 

between 1990 and 2010 productivity increased 

by 44 % and 53 %. In Brazil, rising basic food 

prices have probably not been due to dimin-

ishing production, rather they have mainly 

been caused by higher oil prices, increases in 

the price of fertilizer and pesticides, transport 

costs as well as capital market speculation. Fi-

nally, the ecological and social conditions of 

ethanol production have greatly improved in 

recent years, especially in the Brazilian main 

production area of the state of São Paulo, thus 

approaching European standards (in detail, see 

Ref. 70). The German-Brazilian Agreement on 

Energy in May 2008 underlines the principles 

of European legislation: imports of Brazilian 

ethanol are subject to criteria on the ecological 

and social sustainability of their production. 

Full life cycle assessment (Chapters 1.6 and 

1.7, pp. 24 and 25) indicate that bioethanol 

production in Brazil is much less environmen-

tally and climate friendly than outlined in the 

paragraph above.

2.13.	 Hydrogen storage
			   via microbial methane
			   formation
There is also a biological perspective to the 

storage of H2. methanogenic archaebacteria 

transform 4  H2 with CO2 to methane, which 

still contains about 80  % of the energy ini-

tially present in H2, i.e., one liter of methane 

gas contains about 80 % of the caloric value of 

four liters of H2 gas. Due to its far lower boiling 

point, methane can be stored much more eas-

ily than H2. The CO2 required could be derived 

from coal-fired power plants, thus rendering 

this storage process greenhouse gas neutral. 

Nonetheless, the energy needed for fast and 

efficient transition of H2 and CO2 from the gas-

eous into the liquid phase must first be mini-

mized before this process can be applied at an 

industrial scale.77,78

2.14.	 Thermochemical path
			   from biomass to fuels 
The biochemical processes described above 

proceed in aqueous solutions at ambient tem-

perature or slightly above. Thermochemical 

reactions like pyrolysis, combustion and gasi-

fication proceed at high temperatures using 

dry biomass, mainly low moisture lignocellu-

losics like wood or straw. These technologies 

for converting biomass to H2 or various or-

ganic chemicals and fuels have profited great-

ly from well-known coal conversion technolo-

gies. The different chemical behavior of coal 

and biomass is due to the different elemen-

tary composition. Dry and ash-free lignocel-

lulosics – the most abundant type of biomass 

– can be considered to a close approximation 

as a 50: 50 (percentage by weight) mixture of 

C and H2O, but with about 20 % higher heat-

ing value due to the presence of C–H and C–

OH bonds.

Basic thermochemical process con-
cept: For the production of organic chemicals 

and fuels, biomass is usually first converted 

into syngas, a mixture of CO and H2. Syngas 

is a versatile chemical intermediate (platform 

chemical) for the production of different chemi-

cal products. To convert syngas to a particular 

product requires highly selective catalysts at de-

fined temperatures and pressures and a suitable 

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 
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H2/CO–ratio. The synthesis processes down-

stream from syngas generation are well-known 

and mature technology. Table 2.3 summarizes 

the operating conditions and catalysts for major 

products. Because syngas can be produced from 

coal, natural gas, oil or biomass, at present the 

major development efforts for thermochemical 

biomass conversion processes are focussed on 

the front-end steps in syngas generation, i.e., 

the conversion of biomass to syngas.

Energy efficiency: In the thermochemical 

conversion process, about 50  % of the initial 

chemical energy is recovered in the final prod-

ucts, the other half being converted to (high 

temperature) heat, steam or electric power. 

This energy serves to supply the process it-

self, after which any surplus can be exported, 

for example as electricity, acting as an energy 

“credit” for the main product. 

Outline of a thermochemical biomass 
to liquid (BtL) process: here we describe 

the bioliq process developed by the Karlsruhe 

Institute of Technology (KIT).79 This is a typi-

cal example of the worldwide development ef-

fort that is working towards an economic BtL 

conversion. Currently, the KIT bioliq facilities 

for biomass pyrolysis, gasification, syngas 

cleaning and synthesis are operating as pilot 

experiments. Commercial and economic op-

eration would require a scaling-up by at least 

20-fold for the pyrolysis in the front-end sec-

tion and about 1,000-fold scaling-up for the 

gasification, gas cleaning and synthesis sec-

tion. For large commercial plants with a bio-

syngas output of at least 1 Mt per year – about 

10 % of a modern oil refinery – a biosyngas-

based fuel manufacturing cost is estimated at 

about € 1 per liter.80 With the present crude 

oil price of some US$  110 per barrel, petro-

leum is about 1.5  times cheaper. In central 

Europe, biosyngas-based fuels will become 

attractive at crude oil prices above US$  150 

per barrel.

Description of the BtL process:81,82 The 

KIT bioliq process developed in Karlsruhe, 

Germany, consists of five successive steps:

1.	 Biomass pyrolysis: Low-moisture ligno-

cellulosic biomass is rapidly decomposed 

by fast pyrolysis at about 500  °C to solid 

charcoal, liquid tar, aqueous pyrolysis con-

densate and pyrolysis gases. Pyrolysis gas 

combustion supplies the heat required for 

the pyrolysis process. 

2.	Bio-slurry preparation: Pyrolysis con-

densates and pyrolysis charcoal powder are 

mixed to a very compact liquid bio-slurry or 

pasty bio-sludge. This condensed, compact 

bio-sludge can be transported economically 

in silo vessels over large distances to a large-

scale central facility.

3.	Entrained flow gasification: The bio-

sludge is pumped into a large slagging 

pressurized entrained-flow gasifier and is 

atomized with O2. A tar-free, low-methane 

syngas is generated at 1,200 °C or more at 

high pressure (up to about 100  bar above 

the downstream synthesis pressure) with 

an H2/CO ratio of 0.5 – 1.0.

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

Table 2.3: Important products from catalytic syngas conversion.

Product Annual World  
Production Catalyst H2/CO-feed 

volume ratio p bar T °C Application

Hydrogen ? High T: Cr/Fe Low 
T: Cu/Zn any any ~400 

~200 H2 production

Methane ? Ni 3 1-100 Fuel gas

Methanol ~40 Mt Cu/Zn/Al2O3 2+ ~50+ ~250 Platform  
chemical, fuel

Dimethyl-ether ? Cu/Zn/Al2O3 plus 
γ–Al2O3 or Zeolite

1 ~50+ ~250 Platform  
chemical, fuel

Fischer-Tropsch 
Hydro-carbons ~10 Mt Co-based Fe-based ~2 

1-2 10-40 250 
350

Fuel
(chemicals)
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The KIT bioliq process allows decentralized 

pre-treatment of biomass in regionally dis-

tributed fast-pyrolysis plants. The high-energy 

intermediate bio-slurry or bio-syncrude – a 

pumpable mix of pyrolysis char and pyrolysis 

liquid – can be transported economically, even 

over large distances, and subjected to further 

processing in the required large-scale plants.

Conversion of biomass into marketed energy carriers and precursors for chemical synthesis 

4.	Syngas purification: The raw syngas is 

purified and the H2/CO ratio is adjusted via 

the catalyzed water gas shift reaction to the 

optimum for the chosen product synthesis.

5.	Fuel synthesis: The pure and adjusted 

syngas is converted at defined temperatures 

and pressures to the desired product with 

a selective catalyst (see Table  2.3). Some 

workup of the raw product might be re-

quired to ensure marketability.
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Dihydrogen (H2) is a uniquely clean renewable 

energy carrier; its oxidation for production of 

heat or electricity yields water (H2O) as the 

only product. Furthermore, H2 is highly im-

portant for many industrial processes, e.g. the 

production of ammonia (for fertilizers) by the 

“Haber-Bosch” process. Free H2 occurs only in 

trace amounts on our planet. Thus, more than 

90 % of the H2 is currently generated from nat-

ural gas by steam-reforming with an efficiency 

of approximately 80 %. 

To develop a viable H2–based economy, 

production of H2 has to be significantly in-

creased while employing renewable non-

fossil resources. Carbon-neutral routes to H2 

are mainly based on the electrolysis of wa-

ter. Large-scale production usually relies on 

costly high-pressure and high-temperature 

systems that improve the efficiency of elec-

trolysis. Photovoltaic hydrogen generation 

is expected to have a promising future but is 

currently limited by costs that are about ten 

times higher than those for conventional H2 

production.1 Additional options for biomass-

related H2 production are discussed in Chap-

ter 2 (p. 43). 

The exploitation of solar energy for either 

chemical or biological generation of H2 is an 

attractive and environmentally friendly tech-

nological endeavor; yet it is highly challeng-

ing and still at the level of basic research. It 

is still an open question whether these strat-

egies will ever lead to processes that may be 

used in practice on a large scale. A rapidly 

expanding research field is focussed on direct 

H2 production by artificial photosynthetic 

systems, which do not rely on intermediate 

energy carriers such as electricity, biomass or 

energy-rich metabolites. Since these process-

es integrate fewer energy transduction steps, 

they offer the potential to improve the overall 

efficiency and to lower the costs of capital in-

vestment.2

One option for biological H2 generation is 

the photosynthetic conversion of sunlight and 

water directly to H2 and di-oxygen (O2): both 

water and light are available to an almost un-

limited extent and because only H2 and O2 are 

formed in this reaction, no greenhouse gases 

are generated. The total solar energy that 

reaches the Earth’s surface and is absorbed 

there is about 2.7 x 1024 J yr-1 (170 W m-2; year’s 

average). This is 5,400 times the primary en-

ergy consumed by the world’s population in a 

whole year (500 x 1018 J in 2010).3 Biological 

conversion of solar energy to H2 requires effi-

cient, stable, selective, O2-tolerant and highly 

active catalytic systems. Extensive molecular, 

biochemical and biophysical investigations 

have contributed to a deeper understanding 

of the structure and function of the biological 

catalysts that are involved in photosynthesis 

and H2 activation.4-6 This wealth of informa-

tion has inspired chemists to develop synthetic 

catalysts for renewable fuel production.7

Chapter 3 presents an overview on the current 

state of research regarding biological and bio-

inspired solar H2 production, addressing the 

following issues:

a)	 technical routes to hydrogen production

	 using solar energy;

b)	biological routes to hydrogen production

	 based on water and sunlight;

c)	 bio-inspired catalysts for solar water-

	 splitting and H2 production.
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3.1.	Technical routes to hydrogen
		  production using solar energy
Two technical routes of solar hydrogen produc-

tion have been established: One method makes 

use of biomass gasification, i.e., processing of 

renewable biological resources instead of nat-

ural gas and coal (see Chapter 2; p. 43). The 

second route does not involve photosynthetic 

biomass production but instead produces H2 

Biological and bio-inspired solar dihydrogen production

through electrolysis of water, applying electric-

ity generated from solar energy by photovolta-

ic cells or by thermal conversion (Figure 3.1). A 

third approach, which is the subject of ongoing 

research and development, is focused on di-

rect production of H2 from sunlight and water. 

Each of these methods is directed at producing 

hydrogen with zero overall emission of green-

house gases. 

Figure 3.1: Various pathways of H2 production from water using sunlight as the energy source. Pathways 1 and 2 
are established (wind energy, which provides electricity like photovoltaic cells, is not listed in this scheme). Routes 3, 
4 and 5 are subject of ongoing research and development.

None of the techniques exploiting renewable 

energy sources for H2 production are currently 

competitive with fossil resources based on 

market prices. As a reference figure, the price 

for H2 generation from natural gas reforming 

(the cheapest way to produce H2) is about € 1 

per kg of H2. From biomass, H2 is currently 

obtained at a price of about € 7 per kg of H2 

by gasification in a midsize plant.8 This price 

reflects higher feedstock, distribution, and 

fixed and capital costs, but does not take into 

account fertilizer costs and the environmental 

impact associated with the production, har-

vest, and transport of biomass.

Of all the greenhouse-gas free methods for 

H2 production, alkaline electrolysis is current-

ly the most economically viable, with a cost 

of about € 3 per kg of H2. The cost consists of 

50 % capital investment in the electrolysis and 

storage devices and 50 % for electrical power. 

Alkaline water electrolysis is carried out from 

concentrated potassium hydroxide solutions 

(30 to 60 % by weight) at low-cost electrodes 

fabricated from nickel (Ni) and iron (Fe). The 

overall yield depends on the current flowing 

through the device but is optimistically around 

70 % for bipolar devices.9

Electrolyzers working under acidic condi-

tions are the most promising and adaptable, 

due to the use of potentially low cost organic 

materials, operating at low ambient tempera-

tures. Such devices are efficient over a wide 
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range of power supply (0.1 W to 100 kW) with 

an overall yield of 50 to 80 %. However, manu-

facture of proton exchange membrane devices 

is still expensive due to the high cost of materi-

als like fluorinated acid polymer membranes of 

the Nafion® type and especially the precious 

metal catalysts required at both anode and 

cathode (at least 1 mg of platinum per Watt of 

nominal power; iridium oxide can also be used 

at the anode).

The photo-electrochemical approach (Fig-

ure  3.1), in which an electrolyzer is coupled 

directly to a solar photovoltaic device could en-

able H2 to be produced at a similar cost to its 

production from biomass and at a reasonable 

efficiency (around 10 % overall energy conver-

sion from sunlight to H2).8 This analysis was 

made in 2004 and is based on the capital invest-

ment in an alkaline electrolyzer (€ 125 per kW) 

with 70 % yield and for solar cells with a module 

cost of € 1 per Wp – competitive with conven-

tional technologies for electricity production 

alone. However bipolar alkaline electrolyzers 

able to display such high yields are sensitive 

to sudden variations in intensity and require a 

minimum power level to be maintained. As a 

result, they are not suitable for coupling with 

intermittent power sources such as solar pan-

els. For such applications, monopolar alkaline 

electrolyzers should be used instead; however, 

they are especially cumbersome and often dis-

play a lower yield of 60 % or less. By contrast, 

coupling a photovoltaic device with a photo-

electrochemical electrolyzer operating at 80 % 

efficiency is much more promising, and could 

provide an overall solar to hydrogen conversion 

yield of 10 to 15 %. In both cases, the photovol-

taic panel, based on crystalline silicon or com-

posite materials, and the platinum/iridium (Pt/

Ir) catalysts account for about 80 % of the costs. 

Thus alternative, fully integrated photo-elec-

trochemical devices, based on low-cost nano-

structured semiconductors or metal oxides and 

using bio-inspired noble-metal-free catalytic 

and photocatalytic systems (Figure 3.1) are ex-

pected to be economically viable, provided they 

can be developed into a robust form. 

For molecules able to absorb a major frac-

tion of the visible solar spectrum, a lifetime tar-

get of 20 years corresponds to about 109 pho-

tons absorbed per individual light-harvesting 

unit. In order to optimize the utilization of 

these harvested incident solar photons, di-

rectly linked catalysts for water oxidation and 

reduction should combine both high turnover 

frequencies, exceeding 10  s–1 (hydrogen mol-

ecules produced per molecular unit of catalyst) 

and high surface densities, about ten catalytic 

sites per square nanometer (nm2).10 The sur-

face density issue severely restricts the volume 

or “footprint” of each molecular catalytic unit 

because even 10 sites per nm2 correspond to 20 

monolayers of a rather small molecule such as 

ferrocene on a flat surface. Furthermore, if the 

energy of red and near infrared photons is to 

be used so that the maximum fraction of the 

sun’s energy can be converted into chemical 

energy, these catalysts should operate as close 

as possible to the thermodynamic potential of 

the redox reaction. We emphasize, that any ex-

isting photo-electrochemical device currently 

does not meet the above figures. The devices 

represent targets for future research and de-

velopment. Sizable research activities are re-

quired for assessment of technical feasibility 

and economic viability. 

Once electrical energy is available from 

solar power, it is important to optimize the 

rates and efficiencies of the electrode reactions 

at both cathode (producing H2) and anode 

(evolving O2). The efficiency of electrochemi-

cal processes is defined by the current density 

and by the electrode potential, relative to the 

thermodynamic potential, at which the cur-

rent density starts to rise (the overpotential 

requirement, often called the overvoltage). A 

large overpotential requirement at either an-

ode or cathode means that energy is wasted. 

An electrolyzer typically operates at a voltage 

above 2  V (compared to the reversible, ther-

modynamic cell potential of 1.2  V) reflecting 

the sizable overpotential requirements at both 

anode and cathode. It should be noted that 

the same principle applies to proton-exchange 

membrane fuel cells, as their output voltage is 

typically as low as 0.7 V. Production and oxida-

tion of H2 is very efficient at Pt metals because 

the electrode reaction is fully reversible, i.e. 

requires only a small overpotential in either 

direction to drive the reactions. On the other 
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hand, even at Pt (or iridium oxide, IrO2) wa-

ter oxidation requires a sizable overpotential, 

usually above 0.3 V. Although Pt (cathode) and 

IrO2 (anode) are the best catalysts, both Pt and 

Ir are limited, expensive resources. Alterna-

tives must be found if green H2 technology is 

to be sustainable and cheap. Replacing noble 

metals is the “holy grail” for future renewable 

energy and great efforts are being made to find 

ways of producing proficient catalysts from 

abundant metals. 

3.2.	Biological routes to hydrogen
		  production based on water and
		  sunlight
“Learning from biology” means copying the 

principles by which enzymes catalyze reac-

tions at rates that are often many orders of 

magnitude higher than for synthetic catalysts. 

The metals at the active site of enzymes are 

indeed abundant, sustainable and cheap. The 

same principle applies to electro-catalysis be-

cause despite their large size, many enzymes 

are superb electro-catalysts on a per site basis, 

providing high rates (current density) at small 

overpotentials and often yielding fully revers-

ible electrochemistry. Thus hydrogenases, en-

zymes that catalyze the reversible conversion of 

H2 into protons and electrons, host active sites 

containing Fe and in some cases Ni in addition 

to Fe. They exhibit activities for H2 production 

and H2 oxidation that are comparable, on a per 

site basis, to Pt. Likewise copper (Cu) enzymes 

known as ‘blue’ Cu oxidases reduce O2 to wa-

ter at smaller overpotentials than Pt and even 

Pt3Ni. In photosynthesis, the water-oxidizing 

manganese (Mn) complex operates at reason-

ably low overpotential and a rate (turnover fre-

quency) that exceeds typical synthetic catalysts 

by orders of magnitude. The key enzymes in-

volved in biological H2 production from water 

will now be described in more detail.

3.2.1. Photosynthetic hydrogen formation 
from water 
In photosynthetic microorganisms such as 

green algae and cyanobacteria light-induced 

cleavage of H2O yields O2 and biochemically 

usable energy that under certain physiological 

conditions is released as H2.
4-6 This naturally 

occurring process involves two photosynthetic 

protein complexes, the H2O-splitting photosys-

tem II (PS II) and the electron-delivering pho-

tosystem I (PS I). Protons (H+) and electrons 

(e-) released during H2O oxidation are con-

verted by the enzyme hydrogenase to molecu-

lar hydrogen (H2) as depicted in Figure 3.2. An 

alternative highly energy-consuming pathway 

for natural H2 production by oxygenic photo-

synthetic microbes is the use of the enzyme ni-

trogenase, which can produce high levels of H2 

under certain external conditions.11

The key catalysts of biosolar H2 production, 

the two photosystems (PS I, PS II) and hydro-

genase (Figure  3.2), contain intricate metal 

cofactors embedded in a network of amino ac-

ids that form the protein pocket and providing 

Figure 3.2: Photosynthetic H2 production from water. Oxygenic photosyn-
thesis is functionally divided into two parts: (i) the light-dependent reactions 
where light energy is converted to chemical energy and (ii) the light-inde-
pendent reactions where carbon dioxide is converted into biomass. The 
light-dependent reactions occur at membranes catalyzed by complexes of 
proteins, chlorophylls and other cofactors. Photosystem II (PS II, on the left) 
captures light energy at 680 nm exciting electrons (e-) that enter the electron 
transport chain. Electrons are replaced with electrons stripped from water 
(the water-splitting reaction) creating O2 as a by-product. The energized 
electrons are shuttled from PS II via components of the respiratory chain 
to photosystem I (PS I, on the right) capturing light energy at 700 nm. The 
e- transfer releases energy to pump protons (H+) across the membrane (not 
shown) forming a reservoir for the synthesis of chemical energy, primarily 
ATP. In PS I light energy excites electrons, and this time electrons are cap-
tured by the electron carrier molecule NADP+, which is reduced to NADPH. 
The reduction process involves ferredoxin (Fd) as electron carrier molecule 
and the enzyme ferredoxin-NADP+ reductase (FNR). The product NADPH 
is used in addition to ATP (not shown) for fixation of carbon dioxide in the 
light-independent reactions of the Calvin Cycle. 
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tunnels for the substrate H2O and the products 

O2, protons (H+) and electrons (e-). The elec-

trons released from water in a light-dependent 

reaction by PS II are shuttled via membrane-

associated components (Cyt b6f) to PS I, which 

captures light energy for the reduction of the 

electron carrier ferredoxin. Reduced ferredox-

in can either serve as direct electron donor for 

the reduction of protons by hydrogenase or for 

the reduction of NADP+ by ferreodoxin-NADP+ 

reductase (FNR). Reduced NADPH is normal-

ly utilized by the cells for autotrophic carbon 

dioxide fixation via the light independent re-

actions of the Calvin Cycle yielding biomass.5,6

3.2.2. Photosystem II 
A broad inventory of molecular, biochemical 

and biophysical methods provided the tools to 

derive detailed insights into the structure and 

function of the photosynthetic apparatus. In 

particular, recent progress has been achieved 

on the water-splitting PS  II complex, which 

constitutes a membrane-spanning protein 

complex composed of more than 20 polypep-

tides (Figure  3.2). The molecular structure 

was recently analyzed at very high resolution 

(1.9  Å) with a protein preparation from the 

thermophilic cyanobacterium Thermosyn-
echococcus vulcanus.12 The central proteins 

D 1 and D 2 carry several cofactors, including 

a Mn4O5Ca cluster. The Mn cofactor is the site 

where photolysis of water and the evolution of 

O2 take place (Figure 3.3).

Oxidation of H2O is a four-electron transfer 

process (Figure 3.3) powered by light-induced 

charge separation across the photosynthetic 

membrane. The model predicts that H2O binds 

to the Mn cluster in a stepwise cycle (S0 to S4). 

Oxidation occurs by successive subtraction of 

4 H+ accompanied by liberation of O2 in the last 

step. Advanced spectroscopic analyses in con-

cert with theoretical calculations13-15 contributed 

to a functional model as depicted in Figure 3.3. 

The recently published protein structure with 

considerably improved resolution12 is consid-

ered as a major breakthrough in understand-

ing this elementary process of life. Needless to 

emphasize that in addition to the metal cofactor 

the protein matrix of PS II plays an important 

role in the photosynthetic reaction.

Figure 3.3: The catalytic site of photosystem II. The left site shows the structural model of the Mn4O5Ca cluster at which 
photolysis of H2O takes place derived from crystal structure analysis.12 The right site demonstrates the catalytic S-state cycle 
of H2O oxidation at the Mn4O5Ca cluster of PSII. Proposed oxidation states of the manganese (Mn) ions are given (boxes). 

The function of other protein-associated 

components such as chlorophylls, quinones, 

carotenoids and lipids is only partially un-

derstood, they are active in light harvesting, 

charge separation, electron and proton trans-

fer, and contribute to the stability and protec-

tion of the biocatalyst. 

3.2.3. Hydrogenases 
The second partner in biological hydrogen pro-

duction is the enzyme hydrogenase. Hydroge-

nases, microbial metal proteins that catalyse 

rapid H+/H2 inter-conversion, are usually con-

sidered as very O2-sensitive enzymes.
16 Based 

on the composition and structure of their active 
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sites, three classes of hydrogenases are distin-

guished: the mono-iron [Fe]-, di-iron [FeFe]-, and 

nickel-iron [NiFe]-hydrogenases.17,18 [FeFe]-hy-

drogenases are highly productive in H2 evolution 

(turnover rates up to 10,000 s-1) but are irrevers-

ibly inactivated by traces of O2.
19 [NiFe]-hydro-

genases preferentially catalyse H2 oxidation and 

are less sensitive to O2 
6,20 (Figure 3.4). Typically 

[NiFe]-hydrogenases and [FeFe]-hydrogenases 

consist minimally of a large subunit that accom-

modates the bimetallic active site and at least 

one electron-transferring iron-sulfur (Fe-S) 

cluster usually located in a separate subunit as 

illustrated in Figure 3.4. In both cases the met-

als are bound to cysteine residues and varying 

numbers of carbonyl (CO) and cyanide (CN-) li-

gands. This fragile environment is a target for O2 

and most of the “standard” hydrogenases, which 

are instrumental under anaerobic conditions in 

nature, are inactivated by traces of O2.
18 How-

ever, some [NiFe]-hydrogenases display high 

catalytic activity for sustained periods under 

aerobic conditions and are therefore character-

ized as “O2-tolerant”.20 An important clue to ex-

plain O2 tolerance is a modified iron-sulfur clus-

ter (4Fe-3S) coordinated by six instead of four 

cysteine residues (Figure  3.4) that is proximal 

to the [NiFe] active site.21-24 Any ability of hydro-

genases to remain active in air is important for 

the design of H2-producing cellular systems and 

inspired synthetic catalysts for future H2 energy 

technologies.6,25

Biological and bio-inspired solar dihydrogen production

Figure 3.4: The catalytic sites of most common hydrogenases. The [NiFe] active site (left) and the [FeFe] active site 
(right) are shown in a stick and sphere representation with their carbonyl ligands (red) and cyanide ligands (blue). 
The cysteine residues that coordinate the proximal Fe-S cluster are shown in yellow. The two supernumerary cysteine 
residues that are found only in O2 tolerant [NiFe]-hydrogenases are highlighted in magenta.

3.3.	Cellular and semi-artificial
		  systems for H2 production 
Oxygenic photosynthesis evolved in cyano-

bacteria approximately 2.8 billion years ago. 

Recruiting PS  II enabled the organism to 

generate organic carbon compounds and cell 

material from CO2 and water using sunlight as 

a source of energy (Figure 3.2). This achieve-

ment represents one of the major milestones 

in the evolution of our planet, yielding all 

fossil resources and the total amount of cur-

rently available biomass. In the course of this 

process O2 was liberated and accumulated 

gradually in the atmosphere providing condi-

tions for the development of the O2-respiring 

organisms.

Biological H2 conversion in nature is a com-

mon metabolic trait. Microorganisms exist 

that preferentially use H2 as an energy source 

and others that produce H2 to dispose of excess 

reducing power during anaerobic fermentation 

of organic biomass as discussed in Chapter 2 

(p. 43). Anaerobic H2 production either occurs 

in the dark or is powered by a photosynthetic 

process. Here we focus on H2 production by 

photolysis of water carried out by oxygenic pho-

totrophic microbes such as unicellular green 

algae and cyanobacteria. This process requires 
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two membrane-bound photosystems, PS I and 

PS  II, which act in series as demonstrated in 

Figure 3.5. The electron carrier ferredoxin (Fd) 

functions as a distributor of electrons. It can ei-

ther reduce [FeFe]-hydrogenases26 present in 

green algae thereby producing H2 as a biofuel or 

alternatively donate electrons to NADP+, which 

once reduced to NADPH is mainly used for CO2 

fixation, finally yielding biomass (Figure 3.5). It 

is anticipated that in cyanobacteria NADPH can 

also feed electrons into [NiFe]-hydrogenases to 

form H2.
27

Figure 3.5: Cellular H2 production from water. A cellular model for designing an H2-evolving cell is the cyanobacte-
rium Synechocystis (left). To increase the efficiency of the system the flow of electrons from the photosystems (PS I 
and PS II) and the electron carrier ferredoxin (Fd) should be tightly coupled to the enzyme hydrogenase (H2ase) 
instead of producing biomass via autotrophic CO2 fixation. 

Bio-photolysis of water is an attractive option 

for energy generation. To exploit this process 

as an efficient and economically viable process 

for H2 production several requirements have 

to be met: tight coupling of PS I and hydroge-

nase,6 avoidance of the detrimental effect of the 

by-product O2 on hydrogenases,19 and improve-

ment of the natural repair system to stabilize 

PS II which is destroyed by light-induced reac-

tive oxygen species.28 These are the most chal-

lenging tasks for biosolar H2 research.

Up to now, protection of H2 formation 

against detrimental effects of O2 has mostly been 

achieved through indirect bio-photolysis in which 

H2 production is spatially or temporally separat-

ed from water-splitting photosynthesis. Spatial 

separation is realized, for instance in cyanobac-

terial cells, that differentiate into heterocysts, 

which can fix molecular nitrogen to ammonia.27 

These modified cells contain the nitrogen-fixing 

oxygen-sensitive enzyme nitrogenase that copro-

duces H2 in a highly energy-consuming process. 

The system is protected against O2 damage due 

to the lack of PS II and a special morphology of 

the host cells that guarantees a low O2 content. 

Most recently a high potential H2-producing cy-

anobacterium has been reported which is even 

active in air, producing up to ten times more H2 

than organisms under anaerobic conditions – al-

though not on a continuous basis.11

Temporal separation of H2 production from 

oxygenic photosynthesis can experimentally 

be achieved by anaerobic fermentation of stor-

age compounds such as starch or glycogen ac-

cumulated during light-driven CO2 fixation.
26 

The most intensively studied form of indirect 

bio-photolysis is to grow Chlamydomonas re-
inhardtii photosynthetically, i.e. under air, and 

then expose the cells to a sulfur-limiting me-

dium to decrease PS  II activity.29 Under these 

conditions, the O2-producing water-splitting re-

action is suppressed while respiration proceeds 

at a high rate, thereby maintaining a low O2 

concentration and allowing for H2 production 

discontinuously. Reported H2 production yields 

from one liter of algal culture after six days in 

sulfur-free medium are about 170 ml H2 using 

C. reinhardtii wild type cells while the light con-

version efficiencies are very low (up to 1.6 %).30

3.3.1. Using immobilized enzymes for H2 
production 
Several approaches have been initiated to ac-

celerate the photosynthetic electron transport 

Biological and bio-inspired solar dihydrogen production
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by coupling the photosystems tightly with hy-

drogenase and to channel the bulk of electrons 

to proton reduction rather than CO2 fixation 

(Figure 3.5). These approaches were first tested 

by in vitro assays. One device used genetic engi-

neering to construct a protein fusion between a 

small stromal subunit of PS I from the cyanobac-

terium Synechocystis and the electron-trans-

ferring subunit of an O2-tolerant [NiFe]-hydro-

genase from the aerobic bacterium Ralstonia 
eutropha. This procedure arranged PS  I suffi-

ciently close to the hydrogenase to outcompete 

charge recombination within PS I and direct the 

electron flow towards the hydrogenase. The re-

combinant PS  I-hydrogenase hybrid complex, 

immobilized on a gold electrode, evolves H2 

at a fairly high rate of 3,000 µmol mg chloro-

phyll-1 hr-1. 31,32

Another attempt used a synthetic biological 

approach by tethering the redox cofactors of 

both PS  I and a [FeFe]-hydrogenase through 

a chemically synthesized molecular wire to 

build a direct connection between the elec-

tron transfer chains of PS I and hydrogenase. 

After self-assembly of the modified proteins 

the complex showed light-induced H2 evolu-

tion.33 More recently this nano-construct could 

be improved yielding an H2 production rate 

of 2,200  µmol  mg  chlorophyll-1  hr-1, which is 

equivalent to 105 e- PS I-1 s-1. 34

An alternative design is focused on the im-

mobilization of PS I and PS II using osmium-

polymers on gold electrodes (Figure 3.6). The 

photosynthetic electron transport reactions 

are divided into two compartments, of which 

one is aerobic (due to water photolysis) and 

the other one anaerobic as required by O2 sen-

sitive hydrogenases, all components can then 

be changed individually aiming at the design 

of an efficient photosynthetic cellular system. 

As both half-cells have already been improved 

considerably the system is now available for at-

taching various hydrogenases.35

3.3.2. On the way to H2 producing design cells
To establish an economically viable biosolar H2 

technology the efficiency of the existing cellu-

lar systems needs to be increased by a factor of 

about 100.36 This means that 75 % of the pho-

tosynthetic energy derived from water oxida-

tion should be channeled towards H2 instead of 

forming biomass. Such an optimized system is 

expected to produce 250 ml H2 per liter culture 

within one hour.37

Biological and bio-inspired solar dihydrogen production

Figure 3.6: An immobilized enzymatic H2 producing system. The “biobattery“ consists of a H2O-splitting, electron-
generating aerobic compartment (left) and a H2-producing anaerobic compartment (right). Both photosystems are 
immobilized to gold electrodes via conducting osmium (Os) polymers, which have been optimized for high photocur-
rents. Illumination is provided by LEDs. 
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Two cellular targets are amenable to optimiza-

tion using genetic engineering techniques. Con-

siderable improvement has been achieved by 

reduction of the antenna size for decreasing the 

light sensitivity.38 Systems employed in practice 

should take advantage of living cells which are 

capable of self-repair by replacing the D 1 protein 

of PS II, which has a half-life of 20 minutes, by 

an intact possibly even more stable component.28 

Current research is therefore directed at: (i) Sys-

tematic screening for novel phototrophic organ-

isms (cyanobacteria and green algae, especially 

marine systems) with thus far unprecedented 

H2-producing capacity. However, the outcome of 

such an approach is difficult to estimate. (ii) Ge-

netic engineering of existing microbes to design 

super H2-producing cells taking into account the 

progress of scientific knowledge in this field. This 

approach is expected to lead to an acceleration of 

H2 production rates. However, it remains elusive 

whether the resulting capacity can compete with 

other technologies. (iii) Both natural and design 

cells need to be cultivated more efficiently under 

low-operational costs. This implies the applica-

tion of new materials for the construction of pho-

to-bioreactors especially in view of the transmis-

sion of light and maintenance of homogeneous 

cell suspensions. Investigations on continuous 

cell cultivation using specifically designed flat-

bed reactors are currently in progress.

3.4	Bio-inspired systems for
		  solar water splitting and
		  hydrogen production
“Learning from biology” means replacing en-

zymes by small molecular counterparts, not nec-

essarily by analogues that mimic the structures 

of the active sites, but rather by “functional” 

analogues that conform to the same mechanistic 

principles, i.e. abilities to carry out multiple pro-

ton-electron transfers at potentials not too dif-

ferent from the thermodynamic potentials of the 

reactions being driven. In the long term, the new 

catalysts that are functional analogues of the en-

zyme active sites must be robust and inexpensive 

to produce, but at the current stage of research 

and development the priorities are to ascertain 

what is possible and identify any special prin-

ciples of mechanism or synthesis that have not 

so far been obvious. Two examples of functional 

analogues are a nickel (Ni)-based system for pro-

duction and oxidation of H2 and a cobalt (Co)-

based system for photolysis of water.39-41

Bio-inspired systems for H2 production are 

still at a relatively early stage of mostly basic re-

search, whereas research on biological H2 pro-

duction using self-reproducing photosynthetic 

microorganisms has been investigated for 

longer. The maximum solar-energy conversion 

efficiency is limited and a photo-bioreactor is 

unlikely to become a stand-alone system with 

low operational costs. The concept of artifi-
cial photosynthesis has been developed to go 

beyond natural photosynthesis by utilization 
of photosynthetic microorganisms (cyanobac-

teria, algae) for H2 production. Researchers in 

this field also aim at systems for transformation 

of solar energy into chemical energy. However, 

instead of using organisms, they copy key pro-

cesses of natural photosynthesis and H2 cycling 

systems. In artificial photosynthesis, systems 

are built up from synthetic modules, without 

involvement of photosynthetic organisms or 

biomass. These modules never represent a 

direct copy of the photosystems and hydroge-

nases found in microorganisms. It is merely 

the function and frequently also the elemental 

composition and structure of the active site in 

proteins that is copied – never the natural pro-

tein itself. Depending on the level of similarity 

to the biological paragon, a synthetic module or 

technological system is considered to be biomi-
metic or bio-inspired. Crucial points that char-

acterize a bio-inspired system (Figure  3.7) of 

artificial photosynthesis are:

•	 Energetically the overall process is driven by 

solar energy. The final synthesized product 

is not electricity but a fuel, that is, an energy-

rich chemical. 

•	 The system can cope with a fluctuating solar 

energy supply.

•	 Water is the only feedstock if molecular hy-

drogen (H2) is to be produced as a fuel. For 

the synthesis of carbon-based fuels, both wa-

ter and atmospheric carbon dioxide are used 

as starting material. 

•	 Reactions proceed at “physiological” tem-

peratures (<100  °C). Moreover extreme 

pressures and pH-regimes as well as aggres-

sive solvents are largely avoided. 

Biological and bio-inspired solar dihydrogen production
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•	 For the catalytic entities, abundant first-row 

transition metals (V, Mn, Fe, Co, Ni) are the 

primary choice as in biological redox cataly-

sis where these metals also constitute the ac-

tive sites of metalloproteins. The use of rare 

and/or expensive elements like platinum 

group metals is avoided.

The light-driven transformation of H2O into 

H2 and O2 is currently the predominant target 

of research in artificial photosynthesis. A basic 

view on the system is illustrated in Figure 3.7. 

Key processes to be addressed are those dis-

cussed in the previous chapter:

•	 The oxidation of H2O to O2, which in nature 

is catalyzed by the Mn-Ca complex of PS II 

in photosynthesizing organisms (see also 

Chapter 3.3).

•	 The reduction of protons to H2, which in in-

tact organisms is not facilitated by proteins 

of the photosynthetic apparatus but by hy-

drogenases, these are enzymes that can use 

reducing equivalents provided by PS I.

•	 The coupling of these two catalytic processes 

to the primary light reactions, where in natu-

ral photosynthesis the chlorophyll molecules 

of PS II and PS I are the key players.

Biological and bio-inspired solar dihydrogen production

Figure 3.7: A bio-inspired system for H2-formation from H2O. A, electron acceptor; D, electron donor. The gray box 
labeled, as ‘PS II mimic’ comprises the reactions for light-driven water oxidation; the box labeled, as ‘PS I / H2ase 
mimic’ comprises the light-driven reductive reactions resulting in the formation of H2. The two boxes are coupled via 
an electron relay R. Alternatively, electrodes may substitute for the molecular electron relay.42

3.4.1. Light reactions 
Coupling the catalytic processes with the pri-

mary light reactions can be addressed by em-

ploying conventional and new concepts devel-

oped in various fields of physical and chemical 

science. Following the natural example closely, 

organic or metal-organic pigments (dyes) can 

be used both as light-absorbing photosensi-

tizers and primary electron acceptors (A) and 

donors (D) in Figure 3.7. These dye molecules 

have been coupled to molecular catalysts or 

semiconducting materials. Alternatively, semi-

conducting materials themselves can facilitate 

the primary photo-physical steps, provided that 

they possess a suitable band structure.42,43 The 

use of charge-transfer transitions in relatively 

simple, purely inorganic transition-metal com-

pounds represents another promising route 

that recently came into focus.39 Also other types 

of new inorganic materials, e.g. quantum dots, 

may replace dye molecules as photosensitizers.

While research on artificial photosynthesis 

typically is aiming at the direct coupling of light 

reactions to the catalytic processes, electro-cat-

alytic systems are of interest as well (Figure 3.1). 

Here, solar energy is first converted into elec-

tricity, e.g., by photovoltaic solar cells, and then 

used, in a second step, for the electro-catalysis 

of water oxidation and proton reduction. Again, 

for any large scale use of such systems it is es-

sential that only non-rare elements are used 

and that the system operates efficiently under 

largely fluctuating irradiation conditions.

3.4.2. Water oxidation 
New catalysts for water oxidation are the topic 

of a number of current research projects. Many 

of these have adopted a biomimetic approach, 
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aiming	 at	 copying	 the	 very	 effi	cient	 natural	

catalyst	for	reaction	(1),	the	“Water	Oxidizing	

Complex” (WOC) of PS II.44	 This	 enzyme	 is	

able	to	catalyze	water	oxidation	at	high	turno-

ver	frequency	and	little	energy	loss.	Moreover,	

in PS II this is achieved with a catalyst com-

posed	 of	Mn,	Ca	 and	O2, all inexpensive and 

earth-abundant elements (Figure 3.3).

2 H 2O O 2 + 4 H + + 4 e -     (1)

In recent years, progress has been made es-

pecially for two classes of WOC-mimics: oxido-

bridged di-nuclear metal complexes and metal 

oxides. For homogeneous H2O oxidation catal-

ysis, a large number of complexes containing 

two	 (or	more)	 closely	 linked	Mn	 centers	 has	

been	 synthesized	 and	 studied	 in	 great	 detail.	

Important knowledge about both the archi-

tecture and the properties of the WOC could 

be gained in this way.44,45 However, catalysis 

of reaction (1) in homogeneous solution could 

not	be	reached	using	such	Mn	compounds,	but	

only by similarly constructed di-ruthenium 

(Ru2) complexes. In some cases, these Ru com-

pounds reached very high turnover frequen-

cies and good stability for H2O oxidation, but 

the high price and low abundance of Ru leaves 

doubts whether such compounds will ever be-

come	affordable	components	of	artifi	cial	pho-

tosynthetic systems.

Alternatively, heterogeneous catalysts in 

the form of oxides could model the active site 

of	 PS	 II.	 Specifi	c	 Mn	 and	 Co	 oxides	 showed	

promising catalytic performances and were 

successfully used both as catalysts in light-driv-

en systems (Catox in the left half of Figure 3.7) 

and for electro-catalytic H2O oxidation. Reac-

tion rates are still slow and a convincing link of 

the catalysts to photoreactions is so far lacking. 

If it were possible in the future to improve the 

catalytic rates of these materials, such oxides 

would have the potential to play a key role in 

solar fuel production, as they are easily pre-

pared from both affordable and abundant raw 

materials.	Their	discovery	thus	marks	a	signifi	-

cant step forward, represents a real milestone 

in	 the	 fi	eld	 of	 artifi	cial	 photosynthesis	 and	

indicates a potentially rewarding research di-

rection.44 The device constructed by Nocera´s 

group consisting of earth-abundant metals and 

a cobalt-borate catalyst allows the solar-driven 

water-splitting	reaction	at	effi	ciencies	of	4.7	%	

for	a	wired	confi	guration	and	2.5	%	for	a	wire-

less	 confi	guration	 when	 illuminated,41 which 

can compete with the basic functional ele-

ments of natural photosynthesis.

In conclusion, homogeneous (molecular) 

and heterogeneous (solid state) approaches 

are currently being pursued for the develop-

ment of H2O-oxidation catalysts. There is no 

clear dividing line between molecular and 

solid-state catalysts. The catalytically active 

oxides	formed	from	fi	rst-row	transition	metals	

are highly amorphous and exhibit molecular 

properties. Also recently discovered all-inor-

ganic metal complexes built up from a larger 

number of metal centers may be considered as 

an “in-between” with respect to both concepts. 

Key	challenges	for	all	approaches	are	fi	rst-and-

foremost to increase the catalytic rates and cat-

alyst stability. For the natural catalyst, nature 

has developed repair mechanisms to replace 

the protein subunit D 1 containing the WOC 

within	 the	 PS	 II	 enzyme	 (see	 Chapter	 3.3).	

Given the very high oxidation potentials need-

ed for water oxidation, it is likely that in long-

term	 applications,	 also	 any	 artifi	cial	 catalyst	

will need a mode of “healing” (or self-repair) 

after	oxidative	modifi	cations.

3.4.3. Hydrogen formati on 
The reversible inter-conversion of protons 

and H2 is a two-electron process, which also 

requires catalysts to make it practically useful.

 
(2)

Available technological devices, such as 

proton	 exchange	 membrane	 (PEM)	 electro-

lyzers	and	fuel	cells,	 integrate	rare	and	expen-

sive metals such as Pt for catalysis. Except for 

Ni	 electrodes	 used	 in	 alkaline	 electrolyzers	 (a	

technology associated with strong corrosion)46 

only few noble-metal-free H2-evolving systems 

are known. One of which is molybdenum di-

sulfi	de,	operating	under	pH	0	conditions	with	

an overpotential of 0.1 – 0.2 V.40 Interestingly, 

this catalyst has a structure close to that found 

in the H2-evolving	metalloenzyme,	nitrogenase.

Again, inspiration for the development of 

catalysts for reaction (2) comes from nature 

Biological­and­bio-inspired­solar­dihydrogen­production
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where a family of enzymes, the hydrogenases, 

catalyzes this reaction at active sites contain-

ing Fe and Ni centers (Figure  3.4). Starting 

from the detailed structural information on 

hydrogenases, a number of chemists succeed-

ed in synthesizing bio-inspired complexes that 

imitate the active sites of hydrogenases.39,48,49 

When assayed in non-aqueous solvents, some 

of these compounds have been shown to dis-

play remarkable catalytic properties for both, 

the electro-reduction of protons to H2 or the 

electro-oxidation of H2. Alternatively, Co 

and Ni complexes coordinated with imine or 

oxime ligands also proved to be efficient and 

robust catalysts for H2-evolution at low over-

potentials. Such catalysts have been success-

fully coupled with photosensitizers to generate 

light-driven H2-evolving systems (they act as 

Catred in the right half of Figure 3.7).39

It was an important step forward when re-

cently bio-inspired Ni complexes bearing an-

chor groups where immobilized onto carbon 

nanotubes (Figure 3.8).39,47 Carbon nanotubes 

were chosen for their outstanding electron 

conductivity and also because of their large 

surface area, optimal for high catalyst loading. 

Deposition of a thin film of these electro-active 

Ni-functionalized carbon nanotubes onto a 

carbon substrate generated an inexpensive, 

stable, air-resistant cathode material with re-

markable performance especially under the 

strongly acidic conditions required for the 

expanding proton exchange membrane tech-

nology. In this system, H2 evolves from aque-

ous sulfuric acid solution at very low overvolt-

ages and exceptional stability of the catalyst 

(>  100,000 turnovers). Interestingly, this Pt-

free catalyst is also very efficient for the reverse 

reaction, H2 oxidation under the same condi-

tions with current densities similar to those 

observed for previously described hydroge-

nase-based materials (1-5 mA cm-2).39 The lat-

ter property was completely unexpected from 

solution studies and shows how a modification 

of the distant environment of a metal complex, 

may also allow tuning of its catalytic proper-

ties. This has been the first report of a molecu-

lar-engineered and noble-metal-free electrode 

material that is capable of achieving H2 evolu-

tion/oxidation with no or little overpotential. 

Key challenges now include the improvement 

of catalytic turnovers and development of new 

electrode materials for direct photocatalysis of 

H2 production.

3.4.4. Perspectives
The concept of artificial photosynthesis offers 

a highly attractive perspective for sustain-

able production of molecular H2 and also for 

fuels in general. For this concept to be imple-

mented, the development of catalysts based on 

abundant, low-cost materials will be essential. 

Insufficient functionality and lack of robust-

ness presently characterize molecular catalysts 

for homogeneous H2O oxidation, especially the 

group of biomimetic Mn complexes. Degrada-

tion problems resulting from ligand oxidation 

may be solved by the development of new li-

gand systems or the employment of inorganic 

frameworks instead of organic ligands. Re-

cently, there has been a wealth of new develop-

ments relating to heterogeneous water-oxida-

tion catalysts composed of oxides of abundant 

transition metals (Co, Mn, Fe). These materi-

als achieve catalysis without the need of organ-

ic ligands and are therefore highly promising 

candidates for the development of robust oxi-

dation catalysts.50

Biological and bio-inspired solar dihydrogen production

Figure 3.8: Schematic representation of the structure of 
the bio-inspired H2-evolving nickel (Ni) catalyst grafted 
on a carbon nanotube (CNT). The material catalyzes 
both H2 production and oxidation, without overpotential 
requirement.47
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In the field of H2-evolving catalysis, recently 

developed bio-inspired Fe and Ni complexes 

catalyze the reduction of protons at high rates. 

As catalyst performance could be increased 

substantially by the attachment of catalytic 

units to carbon nanotubes, well-designed 

nano-structures could generally result in de-

sirable new properties of immobilized mo-

lecular catalysts. Metal oxides cannot easily 

be employed at the reducing potentials needed 

for proton reduction, but sulfides or other in-

organic materials synthesized from abundant 

elements are of interest. 

Today specific rates (per metal ion) for re-

actions electro-catalyzed by these new bio-

inspired materials typically are by more than 

three orders of magnitude lower than those of 

the corresponding reactions in enzymes. How-

ever, taking into account the catalytic rate (or 

turnover frequency) per catalyst volume, com-

parable performance levels are within reach. 

The development of functional components 

for artificial photosynthesis appears to be an 

especially promising concept for replacement 

of fossil fuels. However, all research and de-

velopment activities in this area are at an early 

stage. The foundations for a technologically 

and economically viable solution are expected 

to arise from ongoing research on the biologi-

cal systems, which still provide the basis for 

bio-inspired solutions. Therefore, most inves-

tigators in the field believe that currently any 

commitment to a specific direction of techno-

logical development might be premature; mul-

tiple alternatives are therefore currently being 

explored.50 This implies that the timeframe for 

large-scale implementation of technological 

systems is highly uncertain and as a conse-

quence neither natural nor artificial photosyn-

thesis can contribute to short-term solutions. 

Biological and bio-inspired solar dihydrogen production
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Glossary 

Acetone: an organic solvent (CH3COCH3) 
that is formed as a co-product with fermenta-
tive butanol formation. 

Arable land is land that can be used for 
growing crops.

Aerobic, in the presence of oxygen (O2).

Anaerobic, in the absence of oxygen (O2).

Anoxygenic, without the formation of oxy-
gen (O2).

Advanced biofuels are generated by aerobic 
microorganisms as part of their anabolism 
whereas biofuels such as bioethanol are 
generated as part of the energy metabolism 
of anaerobic microorganisms. Amongst them 
are isobutanol (2-methylpropanol) and iso-
prenes. In spite of beneficial properties, these 
“anabolic fuels” have, the disadvantage that 
the energy recovered from them is less than 
50% of the energy that was contained in the 
substrate from which they were synthesized.

Autotrophic, capable of synthesizing most 
cell components (carbohydrates, lipids, 
proteins, nucleic acids) from simple inorganic 
sources such as carbon dioxide, water, sulfate 
and nitrates.  

Autotrophic respiration provides auto-
trophic plants with energy for maintenance 
and tissue construction in the dark and under 
light-limiting conditions and reduces gross 
primary productivity of photosynthesis on 
average by 50%.

Barrel: a volumetric unit (=159 L) by which 
petrol is traditionally quantified in the oil 
industry. 

Billion: 109

Biobutanol is generated by microorganisms 
from the sugar-containing components of 
biomass via fermentation. It is more similar to 
gasoline than to ethanol. 

Biodiesel is made from vegetable oils and 
animal fats by methanol-based transesterifi-
cation. It can be used as a fuel for vehicles in 
its pure form, but it is usually used as a diesel 
additive. It is the most common biofuel in 
Europe.

Biodiversity is the variety of life forms 
(plants, animals, microorganisms) within a 
given ecosystem. 

Bioenergy is the energy released upon 
combustion of recently grown biomass (e.g. 
wood) or of biomass products (e.g. bioethanol, 
biobutanol or biogas). The term does not cover 
the energy released upon combustion of fossil 
fuels such as coal, oil or methane although fos-
sil fuels also have their origin in ancient carbon 
fixation. Fossil fuels are not considered biofuels 
because they contain carbon that has been 
“out” of the carbon cycle for a very long time. 

Bioethanol is an alcohol (CH3CH2OH) gen-
erated by microorganisms via fermentation 
from carbohydrate components of biomass or 
of biomass waste. Bioethanol can be used as 
a fuel for vehicles either in its pure form or as 
additive to gasoline.

Biofuels are fuels that are derived from 
biomass. They can be solid (wood chips), 
liquid (bioethanol and biodiesel), or gase-
ous (biogas). Although fossil fuels have their 
origin in ancient carbon fixation, they are not 
considered biofuels by the generally accepted 
definition because they contain carbon that 
has been “out” of the carbon cycle for a very 
long time.
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Biogas is comprised of methane (approxi-
mately 60%) and carbon dioxide, produced by 
anaerobic digestion (absence of oxygen) of or-
ganic material by microorganisms. Biogas can 
be used as a transport fuel or, as a replace-
ment for natural gas.

Biome is a large geographical area of dis-
tinctive plant and animal groups, which are 
adapted to that particular environment.

Biomass, as a renewable energy source, is 
biological material from living, or recently liv-
ing organisms. As an energy source, biomass 
can either be used directly, or converted into 
other energy products such as bioethanol.

Biomimetics is the examination of nature, 
its models, systems, processes, and elements 
to emulate or take inspiration from in order to 
solve human problems.

Bioreactor may refer to any manufactured 
or engineered devices that support growth of 
cells or processes that involve organisms or 
cell tissues.

Butanol: an alcohol composed of 4 carbon 
atoms (CH3CH2CH2CH2OH) which can be 
formed by fermentation of sugars by specific 
bacteria (e. g., Clostridium acetobutylicum)

C, carbon.

Calory is a pre-SI metric unit of energy. 
1 cal = 4.184 J; 1 Joule per second = 1 Watt (W)

Capacity credit of a fuel indicates the prob-
ability of the energy source reliably meeting 
fluctuating demands. Thus bioenergy can sup-
port grid stability by providing balancing and 
reserve power to an energy system with an 
increasing component of fluctuating renew-
able energy.

Carbon nanotubes are nanometer-scale 
tube-like structures composed of carbon.

Catalysis is the change in rate of a chemical 
or biological reaction due to the participation 
of a substance called a catalyst. Unlike other 
reagents that participate in the reaction, a 
catalyst is not consumed by the reaction itself. 
Typical catalytic materials are transition met-
als often used to catalyze redox reactions (oxi-
dation, hydrogenation). Examples are nickel, 
iron, manganese or “late transition metals”, 
which include palladium, platinum, gold, 
ruthenium, and iridium. Biological catalysts, 
in contrast to synthetic catalysts, are enzymes 
composed of amino acids and often equipped 
with metal cofactors.

Cellulose is a cell-wall component of plants. 
It is a polysaccharide consisting of a linear 
chain of several hundred to over ten thousand 
β (1 → 4) linked D-glucose units. Cellulose is 
crystalline and resistant to hydrolysis.

CH4, methane.

CO2, carbon dioxide.

C3 plants are plants in which CO2 is first 
fixed into a compound containing three car-
bon atoms (3-phosphoglycerate) before enter-
ing the Calvin cycle of photosynthesis. Most 
broadleaf plants (dikotyls) such as clover and 
sugar beet are C3 plants.

C4 plants are plants in which CO2 is first 
fixed into a compound containing four carbon 
atoms (oxaloacetate) before entering the Cal-
vin cycle. Most grasses (monokotyls) such as 
maize and sugar cane are C4 plants.

Distillation: a process in which a mix 
of liquids is separated through preferred 
evaporation of single components at elevated 
temperatures, e. g. production of (nearly) pure 
ethanol from a fermentation broth. Requires 
substantial amounts of heat energy. 

Ecosystems are systems of living organisms 
interacting with each other and with their 
physical environment. 
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Electrochemistry is a branch of chem-
istry that studies chemical reactions which 
take place in a solution at the interface of an 
electron conductor (a metal or a semiconduc-
tor) and an ionic conductor (the electrolyte), 
and which involve electron transfer between 
the electrode and the electrolyte or species in 
solution. The potential difference (voltage) be-
tween a half-reaction’s thermodynamically de-
termined reduction potential and the poten-
tial at which the redox event is experimentally 
observed is expressed as the overpotential.

Electrolysis is a method of using an electric 
current to drive an otherwise non-spontane-
ous chemical reaction. An electrical potential 
is applied across a pair of electrodes (anode 
and cathode) immersed in the electrolyte. For 
instance electrolysis of water is the decom-
position of water (H2O) into oxygen (O2) and 
hydrogen gas (H2) due to an electric current 
being passed through the water.

Energy crops are plants grown to make bio-
fuels, or to be burnt directly for their energy 
content to generate electricity or heat. Energy 
crops are generally categorized as woody or 
herbaceous (grassy).

EROI, energy return on investment.

Energy return on investment = energy 
output divided by fossil energy input.

EU, European Union.

EU-25 countries are: Austria, Belgium, Cy-
prus, Czech Republic, Denmark, Estonia, Fin-
land, France, Germany, Great Britain, Greece, 
Hungary, Ireland, Italy, Latvia, Lithuania, 
Luxemburg, Malta, Netherlands, Poland, Por-
tugal, Slovakia, Slovenia, Spain and Sweden.

Exa = 1018.

Ferredoxins are iron-sulfur proteins that 
mediate electron transfer in a range of meta-
bolic reactions including photosyntheiss.

Final energy is the energy sold to the end-con-
sumers after conversion of the primary energy to 
useful energy such as electricity, heat and fuels. 

First-generation bioethanol is derived 
from the starch part of plants, second-gen-
eration bioethanol from the lingo-cellulosic 
parts of plants.

Fischer-Tropsch-Synthesis is a large 
scale technical process developed before 1925 
by Franz Fischer and Hans Tropsch in Mül-
heim an der Ruhr, Germany, in which carbon 
monoxide ( CO) and hydrogen (H2) mixtures 
are converted to liquid hydrocarbons. 

Flex engines are power units that can use 
ethanol and gasoline at all mixing ratios.

Fossil fuels include coal, petroleum, and 
natural gas. They are fuels that have been 
formed biogenically and abiogenically from 
biomass millions of years ago, their age 
sometimes exceeding 650 million years. 

Fuel cells are devices that convert the chemi-
cal energy from a fuel into electricity through 
a chemical reaction with oxygen or another 
oxidizing agent. Hydrogen (H2) is the most 
common fuel.

Genetic engineering is the direct modi-
fication of an organism’s genome using 
modern DNA technology.

GHG, greenhouse gas.

GPP, gross primary production.

Gross primary production is a measure 
of photosynthesis and is almost twice as 
high as the net primary production because 
approximately 50% of the photosynthesis 
products are respired by the plant for main-
tenance and growth in the dark and light-
limiting conditions. It is generally given in 
g C m-2 yr-1, 1 g C corresponding to about 2 g 
biomass dry-weight.

Greenhouse gas is a gas (mainly CO2, N2O 
or CH4) in the atmosphere that absorbs and 
emits radiation within the thermal infrared 
range. 
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Habitat is an area that is inhabited by a par-
ticular species of animal, plant or other type 
of organism. It is the natural environment 
in which an organism lives, or the physical 
environment that surrounds (influences and 
is utilized by) a species population. 

Hydrogenase is an enzyme that catalyzes the 
reversible oxidation of molecular hydrogen (H2).

HANPP, human appropriation of net pri-
mary production.

H2, hydrogen.

H2O, water.

Hemicelluloses are cell-wall components of 
plants. They are polysaccharides composed of 
pentoses present along with cellulose in almost 
all plant cell walls. While cellulose is crystalline, 
strong, and resistant to hydrolysis, hemicellu-
lose is easily hydrolyzed by dilute acid or base.

Heterocysts are differentiated cyanobacte-
rial cells that carry out nitrogen fixation.

IPCC, Intergovernmental Panel on Cli-
mate Change.

Jatropha is a genus of approximately 175 
succulent plants, shrubs and trees from the 
family Euphorbiaceae.

J, Joule.

Joule is a unit of energy. 1 J = 0.239 cal; 1 cal 
= 4.184 J; 1 Joule per second = 1 Watt (W).

Jet fuel is an aviation fuel designed for use 
in aircraft powered by gas-turbine engines. 
The most commonly used fuels for commercial 
aviation are Jet A and Jet A-1 which are pro-
duced to a standardized international specifica-
tion. The only other jet fuel commonly used in 
civilian turbine-engine powered aviation is Jet B 
which is used for its enhanced cold-weather per-
formance. Jet fuel is a mixture of a large number 
of different hydrocarbons. The range of their 
sizes (molecular weights or carbon numbers) is 
restricted by the requirements for the product, 
for example, the freezing point or smoke point.

Land-use change: An example of direct 
land-use change is the conversion of grass-
land to cropland for bioenergy production. 
Indirect land-use change (iLUC) occurs if 
cropland previously used for food crops is 
used for bioenergy crops and food production 
moves elsewhere. This may result in defor-
estation of other regions. The extent of iLUC 
depends on (i) changes in the food system 
(i.e. whether the lost food crop production is 
replaced or not – if not, however, this may 
result in more hunger), (ii) changes in the 
yields of food crops (e.g., if food crop produc-
tion can be maintained through increased 
yields iLUC may be reduced or even absent, 
although in this case the additional emissions 
from land-use intensification must be taken 
into account) and (iii) the area required for 
bioenergy (and therefore the volume to be 
produced).

Lignin is a cell-wall component of plants. It 
is one of the most abundant organic polymers 
on Earth, exceeded only by cellulose, employ-
ing 30% of non-fossil organic carbon and 
constituting from a quarter to a third of the 
dry mass of wood.

Lignocellulose is composed of cellulose, 
hemicellulose, and lignin. 

Metabolic rate is the amount of daily food 
energy expended by humans or animals. Food 
energy is the amount of energy obtained from 
food that is available through cellular respira-
tion. 

Million: 106

Miscanthus is a genus of about 15 species 
of perennial grasses native to subtropical and 
tropical regions of Africa and southern Asia, 
with one species (M. sinensis) extending north 
into temperate eastern Asia.

Mycorrhiza is a symbiotic association 
between a fungus and the roots of a vascular 
plant. In a mycorrhizal association, the fungus 
colonizes the host plant’s roots, either intra-
cellularly as in arbuscular mycorrhiza, or 
extra-cellularly as in ectomycorrhiza. 
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N2O: Dinitrogen oxide (nitrous oxide), laugh-
ing gas, a side product of microbial nitrate 
reduction (denitrification). 

NPP, net primary production.

Net primary production is the amount of 
plant biomass (above- and belowground) that 
grows within a year in a given area that can 
be maximally harvested. It neglects emis-
sions of volatile organic compounds and root 
exudates. It is generally given in g C m-2 yr-1 or 
for countries in million t C per year, 1 g C cor-
responding to about 2 g biomass dry-weight. 
The gross primary production (GPP), which is 
a measure of photosynthesis, is almost twice 
as high because approximately 50% of the 
photosynthesis products are respired by the 
plant for maintenance and growth when there 
is no light, or not enough light. 

Nitrogenases are enzymes used by some 
microorganisms to fix atmospheric nitrogen 
gas (N2) to form ammonia (NH3).

NPPo, NPP in the absence of human inter-
ventions such as deforestation, land use for 
infrastructure, fertilization, irrigation or soil 
sealing.

O2, oxygen.

Petrochemistry is a branch of chemistry 
that studies the transformation of crude oil 
(petroleum) and natural gas into useful prod-
ucts or raw materials. These petrochemicals 
have become an essential part of the chemical 
industry today.

Perennial is a plant that lives for more than 
two years. The term is often used to differen-
tiate a plant from shorter lived annuals and 
biennials.

Photosynthesis is a chemical process that 
converts carbon dioxide (CO2) by reduction 
into organic compounds of biomass, espe-
cially sugars, using the energy of sunlight. The 
light-driven splitting of water (H2O) to hydro-
gen (H2) and oxygen (O2) is a special case of 
photosynthesis. 

Photosystems are functional and struc-
tural units of protein complexes involved in 
photosynthesis that together carry out the pri-
mary photochemistry of photosynthesis: the 
absorption of light and the transfer of energy 
and electrons. They are found in the thylakoid 
membranes of plants, algae and cyanobacte-
ria. Two families of photosystems exist: type I 
(photosystem I) and type II (photosystem 
II). Type I photosystems use ferredoxin-
like iron-sulfur cluster proteins as terminal 
electron. Photosystem II uses photons of light 
to energize electrons that are then transferred 
through a variety of coenzymes and cofactors 
to reduce plastoquinone to plastoquinol. The 
energized electrons are replaced by oxidizing 
water to form hydrogen ions (protons) and 
molecular oxygen.

Photosensitizer is a light-absorbing 
substance that initiates a photochemical or 
photophysical reaction in another substance 
(molecule), and is not consumed in the reac-
tion. 

Photovoltaics is a method of generating 
electrical power by converting solar radiation 
into direct current electricity using semicon-
ductors that exhibit the photovoltaic effect. 

Photon is an elementary particle, the quan-
tum of light and all other forms of electromag-
netic radiation. 

Primary energy is the energy contained 
in natural resources, before undergoing any 
conversions or transformations. In the case 
of biomass, coal and oil it is the energy of 
combustion. In the case of non-combustible 
energy sources, including nuclear energy and 
all non-combustible regenerative energies, pri-
mary energy is the secondary energy that they 
produce (e.g. electricity). 

Proton exchange membrane (PEM) is a 
semipermeable membrane to conduct protons 
while being impermeable to gases such as oxy-
gen or hydrogen. This is the essential function 
when incorporated into a proton exchange 
membrane fuel cell or of a proton exchange 
membrane electrolyzer : separation of reac-
tants and transport of protons.
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PV, photovoltaics.

Pyrolysis is a thermochemical decomposi-
tion of organic material at elevated tempera-
tures without the participation of oxygen.

Renewable diesel is derived from fats and 
oils by catalytic hydrogenation. It is distinct 
from biodiesel which is derived from fats and 
oils via transesterification. 

Renewable fuels are fuels produced from 
renewable resources such as bioenergy and 
water or wind turbine electricity.

Renewable wastes are all agricultural and 
forestry wastes (manure, crop and wood resi-
dues etc.), food wastes and e.g. scrap paper.

Respiration is the process in which nu-
trients are converted into useful energy by 
oxidation with oxygen (O2) in a cell. Anaerobic 
respiration is respiration without oxygen (O2).

Second-generation bioethanol is derived 
from the lingo-cellulose part of plants, first-
generation bioethanol from the starch parts of 
plants.

Semiconductor is a non-metallic material 
with electrical conductivity. 

Solar thermal collectors are a designed to 
collect heat by absorbing sunlight. The term is 
applied to solar hot water panels, but may also 
be used to denote more complex installations 
such as solar parabolic, solar trough and solar 
towers or simpler installations such as solar 
air heat. 

SRREN, Special Report on Renewable 
Energy sources and climate change mitigation. 

Switchgrass is a perennial warm season 
bunchgrass native to North America, where 
it occurs naturally from 55°N latitude in 
Canada southwards into the United States 
and Mexico. Switchgrass is one of the domi-
nant species of the central North American 
tallgrass prairie and can be found in remnant 
prairies, in native grass pastures, and natu-
ralized along roadsides.

Syngas = synthesis gas

Synthesis gas is a mixture of carbon mon-
oxide and hydrogen. Examples of production 
methods include steam reforming of natural 
gas or liquid hydrocarbons and the gasifica-
tion of coal or biomass and the steam reform-
ing of methane and other hydrocarbons.

Synthetic diesel: A mix of hydrocarbons 
produced from synthesis gas by e. g. Fischer-
Tropsch synthesis. It is chemically very simi-
lar to refined conventional fossil fuel. 

t, tonne = 103 kg.

Transesterification is a reaction that is 
catalyzed by an acid or a base, to replace in an 
ester compound one alcohol by another alco-
hol, e.g. glycerol by methanol. The process is 
used in biodiesel production.

Triticale is a hybrid of wheat (Triticum) and 
rye (Secale) first bred in laboratories during 
the late 19th century. The grain was originally 
bred in Scotland and Sweden. Commercially 
available triticale is almost always a second 
generation hybrid, i.e., a cross between two 
kinds of primary (first cross) triticales.

yr, year.

W, watt = 1 J per second.

Wind turbines are devices that convert 
kinetic energy from the wind into mechani-
cal energy. If the mechanical energy is used 
to produce electricity, the device may also 
be called a wind generator or wind charger. 
Wind is the movement of air across the 
Earth’s surface. Most winds are produced by 
differences in air pressure between one place 
and another. Differences in air pressure and 
the pressure gradient force are caused by the 
unequal heating (in time and space) of the 

Earth’s surface by solar radiation. 
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Supplement: Nettoprimärproduktion und Bioenergie

Seit der Steinzeit hat der Mensch Biomasse als 

Energiequelle zum Heizen und Kochen verwen-

det,1,2 und somit liegt es nahe, daran zu denken, 

einen Teil des fossilen Brennstoffbedarfs durch 

die Verwendung von Biomasse zu ersetzen.3,4 

Die sog. „Bioenergie“ wird im Allgemeinen als 

„nachhaltig“ angesehen, da sie auf der Nutzung 

der Sonnenenergie durch Photosynthese beruht 

und gehört damit zu dem Katalog der „grünen“ 

Energiequellen (www.erneuerbare-energien.de). 

Im Gegensatz zu dieser positiven Beurteilung 

der Bioenergie zeigen neuere Untersuchungen 

über die Kohlenstoffbilanz Europas,5,6 dass ins-

besondere die landwirtschaftliche Erzeugung 

von Biomasse mit Emissionen weiterer Spuren-

gase verbunden ist. In der Gesamtbilanz ist die 

Landwirtschaft nach diesen Erkenntnissen eine 

Spurengasquelle. Damit wäre die Bioenergie 

vor allem aus landwirtschaftlicher Erzeugung 

keineswegs nachhaltig und sogar klimaschäd-

lich. 

Im Folgenden soll die Energie- und Stoff-

bilanz der Biomasseerzeugung untersucht 

werden. Zusätzlich werden die wirtschaftli-

chen Auswirkungen einer Umsteuerung der 

Biomassenutzung von einer stofflichen- hin zu 

einer energetischen Nutzung betrachtet, und 

es wird versucht, den virtuellen Kohlenstoff-

Fußabdruck land- und forstwirtschaftlicher 

Produktion zu quantifizieren.

Die Nettoprimärproduktion der 
Pflanzen als Teil der Kohlenstoff-
umsetzungen im Ökosystem
Die Nettoprimärproduktion (NPP) bezeichnet 

in erster Näherung die Menge an Biomasse, die 

in einem Jahr pro Bodenfläche wächst.7 Diese 

enge Definition ist aber nicht korrekt, denn die 

Photosynthese versorgt nicht nur den eigenen 

Organismus mit Kohlenhydraten, sondern sie 

liefert Zucker auch an die Mykorrhiza. Zucker 

werden als pflanzliche Schleime ausgeschie-

den, und ein Teil der Zucker und der Biomasse 

wird durch saugende und fressende Insekten 

entnommen, ohne dass dies bei der Bestim-

mung der NPP als Biomassezuwachs berück-

sichtigt wird. Die Bestimmung dieser Verluste 

ist mit großer Unsicherheit behaftet, liegt aber 

je nach Ökosystem zwischen 10 und 50%. We-

gen der Schwierigkeiten, die Gesamt-NPP zu 

bestimmen, taucht dieser Begriff in den sche-

matischen Darstellungen des Kohlenstoff-(C)-

Kreislaufes des IPCC nicht auf.8 NPP bleibt 

damit ein Begriff, der vor allem im Zusammen-

hang mit Landnutzung durch den Menschen 

Verwendung findet. Die „Ernte“ nutzt einen 

je nach Pflanzenart unterschiedlichen Teil der 

NPP. Bei Feldfrüchten ist dies der sogenannte 

„Ernte-Index“, der selten 50% übersteigt, d.h. 

der Kornertrag kann 50% der oberirdischen 

Biomasse erreichen. Im allgemeinen liegt der 

Ernte Index aber bei 30 bis 40%. 9

Die Verwendung von Biomasse als „Ver-

meidungsstrategie im globalen Klimawandel“ 

täuscht darüber hinweg, dass im Ökosystem 

mehrere hintereinandergeschaltete Prozesse 

ablaufen, und dass die Abzweigung von C in 

einen Energiekreislauf des Menschen durch-

aus nachteilige Auswirkungen auf andere Tei-

le des Ökosystems, insbesondere auf Boden-

organismen, haben kann, auf die der Mensch 

ebenfalls angewiesen ist. Dies wäre ein weite-

rer Grund, die Nachhaltigkeit der Bioenergie 

zu hinterfragen.

Da die Diskussion über die Nachhaltigkeit 

der Bioenergie sehr davon abhängt, ob man das 

Ökosystem als Ganzes oder nur die Pflanzen-

bedeckung betrachtet, wird in Abbildung 1 der 

Kohlenstoff-Fluss durch ein Ökosystem und die 

dabei gängigen Definitionen wiedergegeben. 
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Ausgangspunkt ist die sogenannte Bruttop-

rimärproduktion (GPP = Gross Primary Pro-

duction) als Maß für die Photosynthese. Der 

Begriff wurde eingeführt, da bis heute nicht 

geklärt ist, ob die mitochondriale Atmung, 

mit der alle Organismen ihren heterotrophen 

Betriebsstoffwechsel bestreiten, bei Photosyn-

these weiter läuft. Hierzu gibt es widersprüch-

liche Befunde.10 Bei der Berechnung der GPP 

wird also angenommen, dass die Atmung ent-

sprechend der Dunkelatmung auch bei Photo-

synthese in den Blättern weiterläuft, d.h. die 

GPP könnte höher sein als die apparente Pho-

tosynthese. Die Pflanze verbraucht einen Teil 

der erzeugten Zucker für die Erhaltung der 

eigenen Struktur (Betriebsatmung) und für 

die Synthese neuer Strukturen (Wachstums-

atmung). Der verbleibende Rest entspräche 

in erster Näherung der Nettoprimärproduk-

tion (NPP). Ein anderer Teil wird vom Men-

schen geerntet oder verbleibt über längere 

Zeit als strukturelle Biomasse in der Pflanze 

(Netto-Biom-Produktivität in der Biomasse, 

z.B. Holz). Ein Teil der NPP wird alljährlich 

umgesetzt als Streu von Blättern und Wur-

zeln. Dieser Bodeneintrag ist zusammen mit 

Mineralstoffen die Lebensbasis der Bodenor-

ganismen. Es kommt zu weiteren C-Verlusten 

durch Feuer, andere Störungen und Auswa-

schungen an gelöstem organischem und an-

organischem Kohlenstoff (DOC/DIC). Die C-

Bilanz auf Ökosystem-Ebene würde mit einer 

Netto-Biom-Produktivität (NBP) abschließen, 

die die Bodenprozesse und alle weiteren C-

Verluste enthält. Die NBP ist aber noch nicht 

die Treibhausgasbilanz, die die Atmosphäre 

sieht, und die den Klimawandel bestimmt, 

denn je nach menschlicher Einflussnahme 

(z.B. Düngung) werden weitere Treibhausgase 

freigesetzt (insbesondere CH4 und N2O). Erst 

die Netto-Treibhausgas-Bilanz (NGB = Net 

Greenhouse Gas Balance) ist die Größe, mit 

der die Ökosysteme mit der Atmosphäre in 

Verbindung stehen. 

Sofern die Bioenergie dazu dienen soll, dem 

Klimawandel Einhalt zu bieten, darf die Frage 

der Nachhaltigkeit der Nutzung von NPP nicht 

losgelöst von NGB betrachtet werden.

Häufig wird in der CO2-Diskussion NPP 

nicht nur wegen der möglichen Nutzung an-

stelle fossiler Energieträger (Substitution) 

genannt, sondern auch als Maß für die Koh-

lenstoffspeicherung (Sequestrierung) angese-

hen, was grundsätzlich falsch ist, wenn man 

die maßgeblichen zeitlichen und räumlichen 

Skalen betrachtet. Da dies eine der häufigsten 

Missdeutungen der Waldfunktion im CO2-

Kontext ist, sei folgendes Beispiel genannt: 

Nimmt man der Einfachheit halber eine hun-

dertjährige Lebensspanne (bis zum Tod oder 

bis zur Ernte) von Bäumen an und setzt den 

maximalen Vorrat an Kohlenstoff (Biomasse) 

gleich 100%, so kann man NPP (im Wesentli-

chen das Wachstum der Bäume) verdoppeln, 

ohne dass sich am Vorrat etwas ändert, wenn 

die Bäume wieder bis zu 100% Vorrat stehen 

bleiben (zwei Ernten von 100% in 100 Jah-

ren statt einer;Abbildung 2). Der Kohlenstoff 

rezykliert einfach doppelt so schnell durch 

das Ökosystem. Optimiert man nun NPP wei-

ter und erntet in raschen Zyklen lange bevor 

der Zuwachs den ursprünglichen Wert von 

100% Vorrat erreicht (intensive Plantagen-

wirtschaft), so reduziert sich der Vorrat in der 

Landschaft sogar deutlich. Diese Vorratsände-

rung muss unabhängig von dem Umsatz nach 

Abbildung 1: Kohlenstoff-Fluss durch ein Ökosystem. Nach oben gerichtete Pfeile beschreiben Emissionen, nach 
unten gerichtete Pfeile beschreiben C-Speicherung (nach 5).
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den Vorgaben des Kyoto-Protokolls gemeldet 

werden, denn sie belastet die Atmosphäre 

als CO2. Ein Beispiel soll dies verdeutlichen: 

Eine Senkung der Umtriebszeit der Wälder in 

Deutschland statt von im Durchschnitt 125 auf 

60 Jahre wird im Augenblick in der Forstwirt-

schaft angestrebt. Diese Maßnahme verringert 

den Holzvorrat Deutschlands voraussichtlich 

um ca. 1000 Mio. Festmeter innerhalb von 10 

Jahren, das sind etwa 5% des jährlichen fossi-

len Brennstoff-Verbrauchs. Damit würden die 

Anstrengungen zum Schutz der Atmosphäre 

durch Reduktion fossiler Brennstoffe zunichte 

gemacht. 

Abbildung 2: Wachstumsgeschwindigkeit und Vorrat an Biomasse-Kohlenstoff in der Landschaft an einem Beispiel für 
Bäume, die traditionell nach 100 Jahren geerntet werden. Solange immer derselbe maximale Vorrat (100%) erreicht 
wird, ist es bedeutungslos, wie rasch die Bäume wachsen und wie oft sie in den 100 Jahren geerntet werden. Dieser Fall 
tritt aber selten ein. Im allgemeinen führen rasche Erntezyklen zu einer Reduktion des maximalen Vorrates (nach 11).

NPP (Umsatz) und Vorrat (Kapital) dürfen 

somit nicht verwechselt werden. Hoher Um-

satz (NPP) reduziert in der Regel die Größe 

des Kohlenstoffvorrates. Die Nutzung der NPP 

steht somit im Wald in direktem Konflikt mit 

der C-Sequestrierung (Vorratserhöhung). Den 

Vorrat kann man pro Fläche nur ein Mal etab-

lieren, die Nutzung von NPP ist fortsetzbar, so-

fern alle mineralischen Nährstoffe ins System 

zurückgeführt werden und der Bodenkohlen-

stoff-Vorrat ebenfalls erhalten bleibt.

Die flächenbezogenen
Kohlenstoffbilanzen
bewirtschafteter Ökosysteme
Die NGB von Wäldern, Grasländern und Ag-

rarökosystemen zeigen im Mittel über Europa 

sehr unterschiedliche Bilanzen (Abbildung 3). 

Die drei Bewirtschaftungsformen sind sich sehr 

ähnlich hinsichtlich der GPP, denn die Rate der 

Photosynthese pro Bodenfläche und Jahr wird 

bei gegebener Einstrahlung von Sonnenergie 

im wesentlichen bestimmt durch die vorhande-

ne Blattfläche, die Blattstellung und die Länge 

der Vegetationsperiode. 12 Die unterschiedli-

chen Atmungsraten führen zu unterschiedlicher 

NPP, wobei die Wälder als einziges Ökosystem 

einen Teil des Wachstums längerfristig auch in 

Form von Holz speichern können. Die geern-

tete Biomasse ist im Grünland und bei agrari-

scher Nutzung höher als im Wald. Die Menge 

an C, die zur Versorgung der Bodenbiologie in 

den Boden gelangt, ist am niedrigsten bei agra-

rischer Nutzung, wobei ein Teil der nutzungs-

bedingten Entnahme durch organische Dünger 

wieder ausgeglichen werden kann. Die Atmung 

der heterotrophen Bodenorganismen ist am ge-

ringsten im Agrarland, wobei nicht auszuschlie-

ßen ist, dass ein Teil der Atmung aus dem Abbau 

von langfristig gespeichertem Bodenkohlenstoff 

vergangener Jahrhunderte stammt. NBP ist 

im Grasland höher als im Wald. Die Agrarlän-

der sind eine C-Quelle auf der Ebene der NBP. 

Die Auswertung von 41 Erntejahren quer über 

Europa zeigt, dass der Bodenkohlenstoffgehalt 

agrarisch genutzter Flächen um 2.6% ± 4.5% 

(Mittelwert ± Standardabweichung) abnimmt. 13 

Wegen der Zufuhr von Düngemitteln und wegen 

der Nutzung der Grasländer durch Wiederkäuer 

kommt es aber vor allem im Grasland und im 

Agrarland zusätzlich zu Emissionen an Methan 

(CH4) und Lachgas (N2O). In der Gesamtbilanz 
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(NGB) sind die Wälder im europäischen Durch-

schnitt die stärkste GHG-Senke, die im Konflikt 

steht mit der Nutzung, eng gefolgt von Grünlän-

dern. Die Emissionen aus dem Ackerbau steigen 

aber auf einen Wert, der in Europa die Senken 

von Grasländern und Wälder kompensiert. 

Die Betrachtung der Ökosystem-Flüsse 

zeigt, dass die Landwirtschaft die Bioenergie 

nicht nachhaltig erwirtschaftet, solange Dün-

gemittel eingesetzt werden. Auch die Nutzung 

von Restprodukten, z.B. von Stroh, würde die 

Gesamtbilanz weiter verschlechtern.

Abbildung 3: Der Fluss des Kohlenstoffs und die assoziierten Emissionen anderer Spurengase am Beispiel von 
Wald, Grasland und Agrarland 5. Die angezeigten Werte sind Mittelwerte pro Bodenfläche gemittelt über Europa
(± Standardabweichung). 

Die Kohlenstoffbilanz Europas 
Letztlich entscheidet die anteilige Fläche der 

Landnutzungen über die C-Bilanz eines Landes. 

In Tabelle 1 werden einige Kenngrößen der kon-

tinentalen und regionalen C-Bilanz zusammen-

gefasst. Tabelle 1 verdeutlicht, dass die zu ern-

tende Energiemenge sehr gering ist im Vergleich 

zur eingestrahlten Sonnenenergie. NPP enthält 

nur 0.6% der Sonnenenergie. Die Nettoernte (die 

Ernte unter Berücksichtigung der betrieblichen 

Energiekosten) beträgt nur 0.2% der Sonnen-

energie. Vergleicht man dies mit der Leistung 
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einer Solarzelle (bis zu 30% Energieausbeute), 

die das gesamte Spektrum der eingestrahlten 

Sonnenenergie nutzt, so verbietet sich die direk-

te Nutzung von Biomasse als Energiequelle. Die 

gleiche Energiemenge wäre technisch auf einem 

Hundertstel der Fläche zu gewinnen.

Die NGB des Kontinents Europa ist eine 

geringe Senke, aber die EU-25 ist eine Net-

to-Quelle. Diese Ergebnisse beruhen auf 

Messungen der CO2-Konzentrationen in der 

Atmosphäre und anschließender inverser Mo-

dellierung der Senken und Quellen.

Für Deutschland können im Augenblick 

die C-Flüsse nur aus europaweiten Messun-

gen abgeleitet werden, wobei die Schwierig-

keit darin besteht, dass die Flussgrößen nicht 

gleichförmig über Europa verteilt sind. Die 

flächenanteilige Interpolation der EU-25 – Da-

ten führt zu einer Unterschätzung der Flüsse 

über Deutschland, da Deutschland die stärkste 

Emissions-Quelle über Europa ist. Die Extra-

polation der Ökosystemdaten über die antei-

lige Flächennutzung (Forst 11 Mio. ha, Agrar-

land 15 Mio. ha, Grasland und Feuchtgebiete 

8 Mio. ha, Siedlungen 3 Mio. ha) führt zu hö-

heren Werten als die flächenbezogene Interpo-

lation. Am genauesten ist die Integration der 

Emissionskarten, die durch inverse Modellie-

rung der gemessenen CO2 Konzentrationen in 

der Atmosphäre erzeugt wurden. Hier zeigt 

sich für die Methan- und Lachgasemissionen 

und die NGB, dass die Extrapolation aus eu-

ropäischen Daten die tatsächliche Emission 

stark unterschätzt. Deutschland erzeugt 35% 

der biogenen Treibhausgase und 76% der 

NGB-Emissionen.

Im Augenblick ist unklar, wie hoch der 

Ernteentzug sein kann, ohne dass Ökosyste-

me nachhaltig geschädigt werden. Sofern die 

Ernte den oberirdischen Kohlenstoff entzieht, 

kommt es zum Humusabbau. Dieses „Expe-

riment“ wird zurzeit in der Landwirtschaft 

durchgeführt, d.h. landwirtschaftliche Böden 

verlieren pro Jahr 2.6% des Bodenkohlenstoff 

(siehe oben) und das ist nicht nachhaltig. Ver-

mutlich könnte man unter hohem Energieauf-

wand auch ohne Bodenkohlenstoff und ohne 

Bodenorganismen landwirtschaftliche Früchte 

erzeugen. Solch eine Landwirtschaft wäre aber 

voraussehbar sehr riskant und setzt energie-

aufwändige Infrastruktur voraus.

Die geographische Verteilung der einzel-

nen Flusskomponenten ist sehr unterschied-

lich (Abbildung 4). Die Gesamtemissionen 

(biogene Emissionen und fossile Brennstoffe) 

erreichen über Deutschland ein Maximum 

Tabelle 1: Kohlenstoff- und C-äquivalente Flüsse über Europa im Vergleich zur eingestrahlten Sonnenenergie 6. 
Diese Flüsse enthalten auch die wirtschaftsbedingten Änderungen in den Vorräten. Alle Flüsse sind in Relation zur 
Atmosphäre aufgetragen. Negative Vorzeichen kennzeichnen die terrestrische Landfläche als Senke, positive Vorzei-
chen kennzeichnen eine Quelle. Für Deutschland wurden die Daten extrapoliert: a: Flächenanteilige Interpolation der 
EU-25 Daten, b: Extrapolation der Ökosystemdaten aus Abbildung 3 bei anteiliger Landnutzung, c: Integration der 
Emissionskarten von Abbildung 4 für das Territorium von Deutschland.

Europa (geographisch)
9,21x106 km2

EU-25
3,50x106 km2

Deutschland
0,35x106 km2

Energie
(J yr-1)

CO2 – C –
äquivalent

(Tg yr-1)

Energie
(J yr-1)

CO2
 – C- 

äquivalent
(Tg yr-1)

CO2-C- äquivalent
(Tg yr-1)

Sonnenenergie 3x1022 1x1022

Brutto Primär
Produktion, GPP 363x1018 -9306 137x1018 -3536 -353a to -388b

Netto Primär
Produktion, NPP 184x1018 -4607 69x1018 -1750 -175a to -195b

Netto Ernte 
(Ernte-Energiebedarf) 37x1018 -932 14x1018 -350 -35a to -40b

CH4 + N2O Emission +192 +130  46c to 8b

Netto Sprurengas Bilanz -29 +34 +26c to 2b
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(Abbildung 4a). Die einzigen großflächigen 

Senken existieren in Europa über den bore-

alen Wäldern Russlands. Deutschland ist im 

Augenblick eine schwache C-Senke. Gleich-

zeitig erreichen aber die landwirtschaftlichen 

Emissionen von Methan und Lachgas über 

Deutschland ein Maximum, so dass Deutsch-

land in Europa der größte biogene Emittent 

von Spurengasen ist (Abbildung 4e) und da-

mit NGB positiv wird. Bezogen auf alle klima-

wirksamen Spurengase ist Deutschland eine 

Spurengas-Quelle. 

Auswirkungen einer
Bioenergiewirtschaft
Grundsätzlich besteht eine „Lücke“ zwischen 

den Erwartungen, die aus ökologischer und 

gesellschaftlicher Sicht an Ökosysteme gestellt 

werden und den wirtschaftlichen Interessen 

der Landeigentümer. Die Landeigentümer 

erhalten keine Vergütung für C-Speicherung, 

Tourismus oder Naturschutz. Es gibt Subven-

tionen, die einen Teil der gesellschaftlichen 

Leistungen abgelten sollen. Subventionen wer-

den aber z.T. eingesetzt, um genau das Gegen-

teil einer klimawirksamen Senke zu erreichen, 

wie z.B. die Kalkung im Wald.

Die Situation in der Landwirtschaft
Die Landwirtschaft hatte in der Vergangen-

heit die primäre Aufgabe, für die Ernährungs-

sicherheit der Menschheit zu sorgen (CAP: 

Common Agricultural Policy). Für die Errei-

chung dieses Ziels werden auch Emissionen 

in Kauf genommen, die z.B. mit der Düngung 

verbunden sind. In neuer Zeit wird aber die 

landwirtschaftliche Fläche nicht mehr al-

lein für die Erzeugung von Lebensmitteln 

verwendet, sondern für die Erzeugung von 

Rohstoffen eingesetzt, aus denen industrielle 

Produkte hergestellt werden (Biodiesel, Kos-

metika aus pflanzlichen Ölen, Einkaufstüten 

aus Stärke). Die direkte energetische Nutzung 

von Biomasse (Bioenergie) gehört ebenfalls 

in diese Kategorie. In Deutschland dienen 

im Augenblick 17% der landwirtschaftlichen 

Abbildung 4: Kohlenstoff und Spurengasflüsse 
über Europa. (a) Gesamtemission, inklusiver der 
Verbrennung fossiler Brennstoffe, (b) terrestrische 
Senken, (c) biogene Methanquellen, (d) biogene 
Lachgasquellen, (e) Gesamtbilanz (nach 5).
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Fläche der Erzeugung von nachwachsenden 

Rohstoffen (2% für industrielle Produkte 

und 15% für Bioenergie), d.h. diese Fläche 

erzeugt keine Nahrungsmittel. Im Folgenden 

bezeichnen wir diese Art der Landnutzung als 

„industrielle Nutzung“ im Gegensatz zu einer 

Nutzung für die menschliche Ernährung.14 

Die hohe NPP auf diesen industriell genutz-

ten Flächen wird erreicht durch den Ein-

satz hoher Düngemittelgaben, die wiederum 

Emissionen von N2O zur Folge haben. Diese 

Emissionen, die eine Lebensdauer von über 

100 Jahren haben und etwa 300 Mal stärker 

klimawirksam sind als CO2, müssten entspre-

chend den industriellen Vorgaben über N2O 

verrechnet werden.

Die Umwandlung der Landnutzung von 

einer Ernährungswirtschaft hin zu einer Er-

zeugung von Industrieprodukten erfolgte in 

Deutschland trotz der negativen Erfahrungen 

in den USA, wo die Umstellung auf Bio-Etha-

nol als Treibstoffzusatz den Anbau von Mais 

erhöhte, und die Produktion von Soja sank.15 

Die zusätzliche Maisproduktion diente der 

Bioethanol-Gewinnung. Dies führte nicht nur 

zu erheblichen Versorgungsschwierigkeiten an 

Nahrungsmitteln in Mittelamerika, sondern 

auch zu einer erheblichen Ausweitung des So-

ja-Anbaus in Brasilien durch zusätzliche Ro-

dung von Regenwäldern. Ein wesentlicher Teil 

der Soja-Produktion aus Brasilien (und früher 

aus den USA) wird exportiert nach Europa 

und dient in Europa als Futterzusatz in der 

Viehzucht,16 denn von der deutschen Kuh wird 

eine Milchleistung von 8000 bis 12000 Liter 

Milch/Tier und Jahr erwartet. Diese Leistung 

ist mit deutschem Heu nicht zu erreichen, da 

es zu wenig Protein enthält. Damit wäre Gras 

verfügbar für Bioenergie. Dies ist aber nicht 

im Sinne einer Nachhaltigkeit, denn diese Bio-

masse steht nur deshalb zu Verfügung, weil 

Importe von Futtermitteln stattfinden und die 

mit der Erzeugung dieser Futtermittel verbun-

denen Emissionen in anderen Ländern verla-

gert werden (Leakage).

Geht man in der Agrarwirtschaft von einer 

Ernte von 257 gC m-2Jahr-1 aus (Abbildung 3), 

dann wäre unter Einbeziehung des Einsatzes 

von fossilen Brennstoffen als Gestehungskos-

ten, der assoziierten Spurengasemissionen 

und der Rückführung von C in Form von or-

ganischem Dünger der Nettoertrag nur etwa 

160 gC m-2 Jahr-1. Würde man auf der Gesamt-

fläche der Landwirtschaft die Bewirtschaftung 

extensivieren, z.B. durch 20% weniger Dünge-

mitteleinsatz auf der gesamten Fläche, dann 

würde sich der Nettoertrag wegen der verrin-

gerten Emission sonstiger Spurengase wie z.B. 

N2O und der verringerten Betriebskosten trotz 

verringerter Gesamternte sogar erhöhen. 

Das Einsparungspotential bei den Emissio-

nen durch eine Extensivierung der Landwirt-

schaft wird in Deutschland nicht diskutiert, da 

Deutschland die Emissionen aus der Landwirt-

schaft im Kyoto-Prozess nicht anerkennt. Dies 

wird damit begründet, dass die Emissionen 

nicht ausreichend quantifizierbar sind und die 

Landwirtschaft das Alleinstellungsmerkmal 

der Sicherstellung der Ernährung hat. Dies gilt 

aber nicht für die Flächen, auf denen Rohstof-

fe für industrielle Produkte erzeugt werden. Im 

Gegensatz zu Deutschland erkennen die meis-

ten Nachbarn von Deutschland ehrlicherweise 

die Emissionen aus Land und Forstwirtschaft 

an. Mindestens auf den für industrielle Pro-

dukte genutzten Flächen müssten die Emis-

sionen verrechnet werden. Darüber hinaus 

muss man davon ausgehen, dass die Nutzung 

von Stroh den langfristigen Abbau an Boden-

kohlenstoff auf landwirtschaftlichen Flächen 

verstärkt.17

Differenzierter zu betrachten ist die Nut-

zung von Abfallstoffen (Prozessabfall), die 

z.B. bei der Nahrungsmittelerzeugung an-

fallen (z.B. Spelzen beim Getreide). Schwie-

rig wird die Frage der Nachhaltigkeit z.B. bei 

der Erzeugung von Methan aus Fäkalien und 

Abfallstoffen. Sofern das Schwein aus impor-

tiertem Mais und Soja gefüttert wird, erfolgt 

die Methangewinnung auf Kosten von Emis-

sionen in anderen Ländern (Leakage). Sofern 

Mais-Pflanzen aus heimischer Produktion für 

die Herstellung von Biogas verwendet werden, 

ist dies hinsichtlich des Kohlenstoffhaushaltes 

sicher nicht nachhaltig, denn es fehlt die Rück-

führung von Kohlenstoff in den Betriebsstoff-

wechsel der Böden. 

In der Summe aller Effekte kann man nicht 

behaupten, dass die Erzeugung von Energie 

aus Produkten der Landwirtschaft in Bezug 
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auf den Kohlenstoffhaushalt der Ökosysteme 

und in Bezug auf die Spurengaskonzentrati-

on in der Atmosphäre nachhaltig ist, und zu 

einer wesentlichen Verminderung der fossi-

len Brennstoff-Emissionen führt. Nachdem 

Deutschland „Europameister“ in der Emission 

landwirtschaftlicher Spurengase ist, wäre ein 

Abbau dieser Emissionen vordringlich anzu-

streben.

Die Situation in der Forstwirtschaft
In der Forstwirtschaft hat der Bedarf an Säge-

holz, Faserstoffen und Energieholz nicht nur 

zu einer Erhöhung des Einschlages von etwa 

54 Mio. Festmetern im Jahr 2004 auf ca. 75 

Mio. Festmetern im Jahr 2007 geführt 18, son-

dern auch zu einer erheblichen Erhöhung und 

Verschiebung der Holzpreise. Die Sägeholz-

preise, die früher das Preisgefüge beherrsch-

ten, stiegen von ca. 65 EUR/Festmeter im Jahr 

2004 (Langholzabschnitte Nadelholz 25 bis 30 

cm Durchmesser) auf fast 100 EUR/Festmeter 

im Jahr 2011. Im Vergleich dazu stieg der Preis 

für Brennholz und geringwertiges Industrie-

holz von 8 EUR/Festmeter im Jahr 2004 auf 

ca. 50 EUR/Festmeter im Jahr 2011 (Nadel-

holz; Holzpreise Sachsen,19 Holzpreise Thürin-

gen, Schulze unveröffentlicht).

Der Preisanstieg im Brennholz und Indus-

trieholz beruhte aber nicht allein auf dem Be-

darf an Bioenergieholz sondern an dem welt-

weit gestiegenen Bedarf an Papier. Dies zeigt, 

dass die Bioenergiewirtschaft von anderen 

Wirtschaftaktivitäten abhängt, die das glei-

che Holzprodukt benötigen, so dass die Wirt-

schaftlichkeit von Bioenergieanlagen auf so 

hohem Preisniveau nur durch Subventionen 

möglich ist. Offensichtlich ist die Waldfläche 

von Deutschland zu klein, um alle drei Markt-

segmente (Sägeholz, Industrieholz einschließ-

lich Paletten und Papier, Bioenergieholz) zu 

bedienen. Würde man den gesamten jährli-

chen Holzeinschlag für die Energiegewinnung 

einsetzen, würde dies nur 4.7% des derzeitigen 

fossilen Energiebedarfs ausgleichen.20 Dies 

zeigt die begrenzten Möglichkeiten dieses 

Energiepfades, wobei ein Ausgleich für die 

stoffliche Nutzung von Holz dann durch zu-

nehmende Importe (Leakage) gedeckt werden 

müsste.

Die Folge des hohen Biomassebedarfs aus 

dem Forst führte zu einer verstärkten Vollbaum-

nutzung (Nutzung der gesamten Krone ein-

schließlich aller Äste, Zweige und Nadeln). Diese 

Art der Forstwirtschaft ist nicht nachhaltig, denn 

mit der Rinde der Zweige und Äste werden große 

Mengen an Kationen (Kalium, Kalzium, Magne-

sium) exportiert, was zu Nährstoffungleichge-

wichten führt, wie aus den Zeiten der „Neuar-

tigen Waldschäden“ bekannt ist.21 Aus diesem 

Grunde werden Kalkungsmaßnahmen im Forst 

subventioniert. Kalkungen führen im Wald zu 

einem Humusabbau und zu erheblichen Lach-

gasemissionen und Nitrat-Auswaschungen.22,23 

Das bedeutet, dass auch diese Maßnahme zur 

Steigerung der Holzerzeugung nicht nachhaltig 

ist. Interessanterweise sind Kalkungen z.B. in 

der Schweiz per Gesetz grundsätzlich verboten. 

Eine nicht-industrielle Nutzung von Holz 

als Brennholz für den Bedarf einer Ofenhei-

zung ist von diesen Überlegungen nicht betrof-

fen, denn der Umsatz ist im Vergleich zu den 

industriellen Nutzungen gering. Die Brenn-

holznutzung wird durch die steigenden Preise 

indirekt eingeschränkt.

Im Gegensatz zur Situation in der Landwirt-

schaft nimmt der Bodenkohlenstoffgehalt der 

Wälder zu.24

Der Virtuelle Fußabdruck land- und 
forstwirtschaftlicher Produktion
Die Gesamtbilanz der land- und forstwirt-

schaftlichen Produktion enthält neben dem 

Einsatz von fossilen Brennstoffen und den 

Emissionen im Produktionsprozess zusätzlich 

Aufwendungen aus fossilem und organischem 

Kohlenstoff im Produktionsprozess (siehe z. 

B: Smil 2000; From farm to fork – Food chain 

statistics, 2011).25,26 In Tabelle 2 wird der Ver-

such unternommen, die Kohlenstoff-Aufwen-

dungen bis hin zu einem verkaufsfähigen Pro-

dukt so weit als möglich zu quantifizieren. Zu 

diesen Aufwendungen gehört der C-Verbrauch 

aus Futtermitteln bei der Fleischproduktion 

in Ställen, die bei Eddy-Kovarianz Messungen 

nicht erfasst wird. Weiterhin geht es um den 

Einsatz von Energie im Produktionsprozess, 

wobei angenommen wird, dass diese Energie 

aus fossilen Brennstoffen stammt (Atomener-

gie wurde nicht berücksichtigt). 
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Umstritten ist, ob der Pro-Kopf Verbrauch 

fossiler Brennstoffe durch die Arbeitskräf-

te einzurechnen ist. Bei einem Vergleich von 

Wirtschaftszweigen oder Ländern mit un-

terschiedlichem Grad der Mechanisierung 

erscheint dies angebracht, um die Vergleich-

barkeit zu gewährleisten. Doch im Augenblick 

besteht kein Konsens darüber, wie der fossile 

Brennstoffverbrauch durch Arbeitskräfte ein-

zubeziehen ist. Daher wurde in Tabelle 2 dar-

auf verzichtet. Würde der pro-Kopf Verbrauch 

der Angestellten verrechnet, unabhängig, ob 

dieser Verbrauch privat oder produktions-

bezogen (Arbeitsweg) ist, würden sich zusätz-

liche Kohlenstoffverluste im Umfang von ca. 

20 gC m-2 Jahr-1 ergeben.

Abbildung 5: Die Kalkung von Wäldern erfolgt mit dem Hubschrauber, wobei ein Gemisch aus Kalzium- und Mag-
nesiumcarbonat mit Phosphatzusätzen ausgebracht wird. Diese Maßnahme sollte ursprünglich den Verlust an Kat-
ionen durch die Ernte und die Auswaschung durch sauren Niederschlag kompensieren. Da die Sulfat Deposition sich 
inzwischen auf einem vorindustriellen Niveau befindet, wird die Kalkung zu einer „Volldüngung“. Die Kalkung führt 
damit zu einer Steigerung des Wachstums der Bäume, sie hat aber erhebliche negative Seiteneffekte. Die Kohlen-
stoffvorräte im Boden werden stark abgebaut, es kommt zu erheblichen Nitrat-Auswaschungen und zu Emissionen 
von N2O. Zusätzlich wird die Standortvielfalt und die assoziierte Biodiversität an Pflanzen und Tieren nivelliert. Diese 
Nebeneffekte einer versuchten Maximierung des Waldwachstums haben die Schweiz dazu bewogen, die Kalkung per 
Gesetz zu verbieten. Eine Reduktion der Stickstoffdeposition würde die Kalkung auch auf sauren Standorten erübri-
gen, und es wäre dies ein tatsächlicher Beitrag zum Klimaschutz (Foto: S. Klaus, Thüringer Wald am Rupperg). 

Supplement: Nettoprimärproduktion und Bioenergie
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Tabelle 2: Virtueller Kohlenstoff-Fußabdruck land- und forstwirtschaftlicher Produktion (siehe Text). Quellenan-
gaben: a: 5, 6, als „Dünger“ in Forstwirtschaft gilt der Abraum mit 20% des Einschlags; b: 13, 27 ; c : 6,13 ; d : Wikipedia, 
Meat production in Germany, Wirsenius (http://onlinelibrary.wiley.com/doi/10.1162/108819803766729195/pdf). 
Effizienz der Fleischerzeugung 14% für Milch und Rindfleisch, 15% für Schweinefleisch, 20% für Geflügel. e: 28. Bei der 
Forstwirtschaft enthält die Zahl „-55“ unter „Fossile Brennstoffe für Verarbeitung“ die Importe. Die Zahl „-20“ enthält 
die Energieaufwendungen für die Inlandproduktion. Negative Zahlen kennzeichnen C-Verluste des Ökosystems.

Nach Tabelle 2 ist die Ernte in der Landwirt-

schaft am höchsten und in der Forstwirtschaft 

am niedrigsten. Ein Teil der Erne wird als orga-

nischer Dünger zurückgeführt, bzw. verbleibt 

als Zweige und Laubwerk im Wald. Unterirdi-

sche Ernterückstände (Wurzeln und Stoppeln) 

wurden nicht berücksichtigt. Angerechnet 

werden die operativen Kohlenstoff-Kosten für 

fossile Brennstoffe, um das Produkt anzubau-

en und zu ernten, und die kohlenstoffäquiva-

lenten Emissionen, die in der Grünlandwirt-

schaft am höchsten und in der Forstwirtschaft 

am niedrigsten sind. Diese „Produktionskos-

ten“ addieren sich zu 26 (Forst) bis zu 45% 

(Grünland) der geernteten Biomasse. 

Im virtuellen Fußabdruck sind weitere 

Aufwendungen zu berücksichtigen. Insbe-

sondere die C-Verluste durch Atmung bei der 

Viehhaltung im Stall und der Bedarf an fossi-

len Brennstoffen in der Produktionskette. In 

der Landwirtschaft handelt es sich bei dem 

Energiebedarf um die gesamte Nahrungs-

mittelindustrie inklusive der Bioenergie. Die 

hohen Produktionskosten in der Holzindus-

trie ergeben sich vor allem aus der Zellstoff-

industrie, die aber zu einem überwiegenden 

Teil auf Holzimporten beruht. Im Jahr 2007 

waren für Deutschland die Rundholzimpor-

te und die Papierholzimporte größer (131.6 
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Mio. m3) als die Inlandproduktion (76.7 Mio. 

m3). Um nur die Energie der Inlandproduk-

tion zu berücksichtigen, müsste der Wert für 

Produktionsenergie in der Forstwirtschaft 

auf etwa 37% sinken, und damit würde die 

Gesamtbilanz positiv werden (Netto-C-

Abgabe, siehe Tabelle 2). Für eine entspre-

chende Anrechnung der Importe fehlen in 

der Landwirtschaft die Daten. Die Verluste 

im Bodenkohlenstoff bei der Agrarwirtschaft 

wurden nicht berücksichtigt.

In der Gesamtbilanz liegen die Gesamt-C-

Verluste von der Ernte bis hin zur Erzeugung 

der Produkte zwischen 70% (Forstwirtschaft 

Inland) und 97 % (Weidewirtschaft). Damit 

liegt die Gesamtbilanz unter Berücksichti-

gung aller Fehler und Ungenauigkeiten, die 

hier nicht diskutiert wurden,6 und unter Be-

rücksichtigung, dass der fossile Brennstoff-

bedarf der Arbeitskräfte und der Mechani-

sierungsgrad nicht berücksichtigt wurde, für 

Land- und Forstwirtschaft nahe Null, d.h. es 

gibt kaum Spielraum für weitere holzverar-

beitende industrielle Aktivitäten, bzw. Ener-

giegewinne für andere Wirtschaftszweige. 

Diese Analyse wird durch den WBGU 4 bestä-

tigt, der eine negative Treibhausgasbilanz für 

Biomethan, Bioethanol, Pflanzenöle und Bio-

diesel ausweist.
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Schlussfolgerung
Die direkte Nutzung von Biomasse als Rohstoff 

für industrielle energetische Nutzung verbie-

tet sich wegen der geringen Effizienz und der 

vielfältigen Nebenwirkungen. Sie sollte auf die 

Nutzung nach einer Produktkette (Verbren-

nung von z.B. Sägeabfälle, Lebensmittelreste 

oder Altpapier) beschränkt werden.

Die Nutzung von Biomasse ist auch nach Ab-

zug der fossilen Prozesserergie noch nicht spu-

rengasneutral und damit nicht klimaschonend. 

Ohne die Einbeziehung der Emissionen anderer 

Spurengase als CO2 ist die Klimabilanz falsch.

Die Erzeugung von Biomasse ist in der 

Landwirtschaft nicht nachhaltig. Es kommt 

bei der derzeitigen Bewirtschaftungsintensität 

zum Abbau von altem Bodenkohlenstoff. 

Rein rechnerisch ist die Produktionsflä-

che von Deutschland nicht ausreichend,11 um 

signifikante Einsparungen in der Nutzung 

an fossilen Brennstoffen zu erreichen. Die 

derzeitigen Umwidmungen der Flächen in 

der Landwirtschaft sind nur möglich durch 

Futtermittelimporte aus dem Ausland. Die 

Nutzung von Holz für Bioenergie hat zu einer 

starken Verzerrung im Preisgefüge von Holz-

produkten und zu nicht-nachhaltigen Nut-

zungsformen (Vollbaumernte) geführt, was 

wiederum technische Maßnahmen der Dün-
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gung erforderlich macht, um den Nährstoff-

haushalt auszugleichen. Diese Maßnahmen 

haben wegen des Abbaus von Humus erhöhte 

Emissionen zur Folge.

Dabei sinkt die agrarische Produktionsflä-

che von Deutschland ständig durch die Aus-

weitung von urbanen Infrastrukturen.7

Aus all den zuvor genannten Gründen und 

trotz eines noch bestehenden Forschungsbe-

darfs hinsichtlich der Gesamtbilanzen postu-

lieren wir, dass die Vorstellung, durch primä-

re Nutzung von Biomasse oder pflanzlicher 

Öle für energetische Zwecke den drohenden 

Klimawandel nennenswert abzuschwächen, 

falsch ist. Dies gilt auch für die direkte Um-

wandlung von Biomasse in andere Trägerga-

se, denn die sekundäre Verarbeitung ändert 

nichts an dem Grundproblem der begrenzten 

Produktionsfläche und der Emissionen auf 

der Erzeugerfläche. Selbst wenn Biomasse un-

ter dem Gesichtspunkt der heimischen Wert-

schöpfung genutzt wird, obgleich die Auswir-

kungen auf den Klimawandel kaum geringer 

sind als bei fossiler Nutzung, ist diese Nutzung 

selten nachhaltig. Sie geht auf Kosten der Bo-

denfruchtbarkeit, der Waldgesundheit und der 

Naturräume in anderen Ländern, die dann Le-

bensmittel und andere organische Substanzen 

für Europa produzieren.
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Menschliche Aneignung von 
Nettoprimärproduktion in
Europa: Schlussfolgerungen 
für Bioenergiepotentiale
Helmut Haberl, Karl-Heinz Erb, Christian Lauk, Christoph Plutzar
Institut für Soziale Ökologie Wien (SEC), Alpen-Adria Universität Klagenfurt,
Wien, Graz; Schottenfeldgasse 29, 1070 Wien, Österreich

Die Nutzung der Erdoberfläche für unter-

schiedliche menschliche Zwecke – vor allem 

Infrastruktur, Land- und Forstwirtschaft – 

führt zu einer Vielzahl an teilweise weitrei-

chenden Veränderungen in Ökosystemen. 

Unter anderem ändern sich die Artenzusam-

mensetzung, der Boden, Bestände und Flüsse 

von Kohlenstoff, Stickstoff und anderen Ele-

menten, der Wasserhaushalt und vieles mehr.

Angesichts dieser vielfältigen Effekte be-

steht die Notwendigkeit, die Intensität der 

Landnutzung durch Indikatoren abzubilden, 

die in der Lage sind, einzelne dieser Verände-

rungen räumlich verortet und im Zeitverlauf 

abzubilden und zu quantifizieren. Einer die-

ser Indikatoren ist die „menschliche Aneig-

nung von Nettoprimärproduktion“ (abgekürzt 

HANPP für „human appropriation of net pri-

mary production“). HANPP ist ein Indikator 

für die Beeinflussung der Biomasseflüsse in 

Ökosystemen durch menschliche Nutzung.1,2,3 

Auch wenn es wissenschaftlich wünschens-

wert wäre, NPP weiter zu fassen (siehe das 

Supplement von Schulze und Körner), bezieht 

sich das HANPP-Konzept auf Biomasseflüsse. 

Gründe dafür sind die bessere Messbarkeit, 

aber auch die unmittelbare Bedeutung von 

Biomasse für Menschen und Ökosysteme.

 

Definition von HANPP
HANPP bezeichnet die Differenz zwischen der 

NPP der potentiellen Vegetation, also der Ve-

getation, die an einem bestimmten Standort 

auf Grund von Standortfaktoren wie Boden 

und heutigem Klima in Abwesenheit menschli-

cher Nutzung zu erwarten wäre,4 und dem An-
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teil der NPP der gegenwärtig vorherrschenden 

Vegetation, der nach der menschlichen Ernte 

im Ökosystem verbleibt.

Die folgenden Formulierungen der Definiti-

on von HANPP, die in diesem Aufsatz verwen-

det wird (siehe Abbildung 1), sind äquivalent: 5,6

HANPP = NPP0 – NPPt = NPPh – NPPact

Unterschiedliche Definitionen von HANPP 

führen zu stark abweichenden Ergebnissen. So 

beträgt die globale terrestrische HANPP nach 

dieser Definition etwa ein Viertel der NPP0 

(bzw. knapp 30% bezogen auf die oberirdische 

NPP; vgl. Ref. 7). Berechnet man die globale 

HANPP hingegen auf Basis der umfassendsten 

Definition von Vitousek et al.2 unter Verwen-

dung der gleichen Datenbasis, so erhält man ei-

nen Wert von 37%, d.h. fast exakt den gleichen 

Wert, den Vitousek et al.2 bereits vor über 20 

Jahren errechnet haben. Der wichtigste Unter-

Abbildung 1: Definition der menschlichen Aneignung von Nettoprimär-
produktion im vorliegenden Bericht. NPP0 … NPP der potentiellen Vege-
tation, NPPact … NPP der aktuellen Vegetation, NPPt … Verbleib von NPP im 
Ökosystem, NPPh … Ernte und zerstörte Vegetation, ∆NPPLC … Veränderung 
der NPP durch Landnutzung. Quelle: Ref. 7.
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schied besteht darin, dass Vitousek et al.2 in die-

ser umfassenden Definition die gesamte NPP 

von stark anthropogen beeinflussten Ökosys-

temen als ‚angeeignet’ betrachten, während die 

in Abbildung 1 dargestellte Definition lediglich 

die tatsächlich geernteten oder von Menschen 

zerstörten Pflanzenteile (z.B. Wurzeln von Bäu-

men, anthropogen verursachte Feuer) umfasst.

Methoden zur Berechnung von HANPP
Wie im Supplement 1 von Schulze und Körner 

im Detail ausgeführt, bestehen erhebliche Un-

sicherheiten bei der Ermittlung der NPP, so-

wohl auf Grund von definitorischen Unschär-

fen, als auch aus Gründen der Methodik und 

Datenlage, insbesondere wenn die NPP für 

größere Gebiete ermittelt werden soll. Im Be-

wusstsein entsprechender Unsicherheiten zie-

len die im Folgenden diskutierten Ergebnisse 

für Europa darauf ab, den menschlichen Ein-

fluss auf die Biomasseflüsse möglichst genau 

zu erfassen. Die Methoden werden im Folgen-

den kurz zusammengefasst:

•	 Bestehende Datenquellen unterschiedlichen 

Typs (Statistik, Fernerkundung, Vegetati-

onsmodellierung, Daten aus standortspezi-

fischen, empirischen Studien zur NPP) wer-

den bestmöglich verknüpft. Dabei werden 

vor allem die Veränderungen durch mensch-

liche Eingriffe so genau wie möglich erfasst; 

Fehlerquellen durch inkonsistente Daten-

quellen (z.B. Verwendung unterschiedlicher 

Modelle für NPP0 und NPPact) werden so 

weit wie möglich vermieden.

•	 Die Methoden zielen darauf ab, ein Gesamt-

bild zu erhalten, welches in möglichst viele 

Richtungen konsistent ist (z.B. entlang des 

Biomasseflusses vom Pflanzenwachstum bis 

zum Endkonsum der Biomasse sowie zwi-

schen verschiedenen räumlichen Einheiten, 

d.h. von Pixels bis zur globalen Ebene). Die 

globale HANPP-Datenbasis, welche im Artikel 

von Haberl et al.7 dokumentiert ist (und unter 

http://www.uni-klu.ac.at/socec/inhalt/1191.

htm heruntergeladen werden kann), beruht 

auf drei großen Klassen an Daten:

•	 Daten zur globalen Landnutzung. Hierfür 

wurde ein eigener Datensatz erstellt, wel-

cher umfassenden Konsistenzbedingungen 

genügt,14 Die Ackerbau- und Forstwirt-

schaftsdaten sind auf nationaler Ebene mit 

FAO-Daten sowie mit den großen globalen 

Forst-Assessments (FRA, TBFRA) konsis-

tent. Die fünf Landnutzungsklassen sind 

auf Ebene einzelner Rasterzellen (Auflö-

sung: 5min, ca. 10x10 km am Äquator) flä-

chentreu, d.h. die Summe der Fläche der 

fünf Klassen ergibt die Fläche des gesamten 

Pixels. Der Datensatz wurde umfangreich 

statistisch mit anderen Landnutzungs- und 

Landbedeckungsdatensätzen verglichen.

•	 Einer Datenbasis für globale sozioöko-

nomische Biomasseflüsse (inklusive Fut

termittelbilanzen der Nutztiere) auf na-

tionalstaatlicher Ebene (ca. 140 Länder), 

welche thermodynamischen Bilanzgleichun-

gen genügt.8 Diese Datenbank beruht auf 

FAO-Daten und Futtermittelbilanzierungen 

und verfolgt Biomasseflüsse von der Ernte 

bis zur Ebene von Rohprodukten.

•	 NPP-Daten aus dem Dynamischen Glo-

balen Vegetationsmodell (DGVM) LPJ.9 

Zusätzlich wurden zahlreiche weitere Da-

tengrundlagen herangezogen, etwa Daten 

über Bewässerung,10 Bodendegradation,11 

und NPP-Daten aus dem IBP (z.B. Ref. 

12, 13 und die online verfügbaren ORNL 

Daten).

Die Berechnung der NPP0 sowie von Teilen 

der NPPact (insbesondere Wälder, Wildnis-

gebiete und manche Grasländer) erfolgte mit 

Hilfe des LPJ-Modells. Am Ackerland wurden 

so genannte ‚harvest indices’ (Erntefaktoren) 

verwendet, welche die NPP aus den in der Sta-

tistik verfügbaren Daten über kommerzielle 

Ernte extrapolieren. Die Berechnung der NPPh 

erfolgte auf Basis von FAO-Daten sowie den 

oben erwähnten Zuschätzungen mit Hilfe von 

Bilanzierungsmethoden (siehe Ref. 8; für De-

tails siehe Ref. 7, dabei insbesondere das Sup-
porting Online Material).
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Tabelle 1: Landnutzung in der EU-25 im Jahr 2000. Quelle: Ref. 14.

Infrastruktur Ackerland Gras- und 
Weideland Forste Wildnisgebiete/

unproduktiv

Fläche 
insgesamt

[1000 km2]

Belgien, Luxemburg, Niederlande, 
Dänemark 9% 37% 41% 12% 1% 111

Deutschland 11% 34% 24% 30% 0% 357

Estland, Lettland, Litauen 3% 34% 20% 42% 0% 171

Finnland 2% 7% 17% 69% 5% 315

Frankreich 5% 36% 28% 31% 0% 547

Griechenland, Malta, Zypern 4% 29% 40% 27% 1% 139

Großbritannien und Irland 10% 22% 56% 10% 2% 318

Italien 10% 37% 19% 33% 0% 298

Österreich, Tschechien, Slowenien, 
Slowakei, Ungarn 6% 35% 23% 36% 0% 323

Polen 6% 46% 19% 29% 0% 310

Schweden 2% 6% 18% 69% 5% 431

Spanien und Portugal 4% 35% 30% 30% 0% 598

Summe 6% 29% 27% 36% 1% 3920

Landnutzung in Europa
Die Landnutzung in Europa wird in Abbil-

dung 2 und Tabelle 1 beschrieben. Wie Tabel-

le 1 zeigt, entfallen im Schnitt der EU-25 auf 

Ackerland, Gras- und Weideland und Forste 

jeweils etwa ein Drittel der Fläche. Wildnisge-

biete spielen keine wichtige Rolle, wohingegen 

die Fläche von Siedlungs-, Verkehrs- und In-

dustrieflächen („Infrastruktur“) mit 6% bereits 

eine substantielle Größe erreicht haben.

In den einzelnen Regionen – aus Gründen 

der Übersichtlichkeit wurden in Tabelle 1 ei-

nige Länder zu Gruppen zusammengefasst – 

zeigen sich erhebliche Unterschiede. So ist der 

Anteil von Ackerland in Schweden und Finn-

land sehr klein, während dort der Waldanteil 

weit über dem europäischen Durchschnitt 

liegt. Abbildung 2 zeigt diese Unterschiede in 

größerem räumlichem Detail.
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Abbildung 2: Landnutzung in Europa im Jahr 2000. Die Summe aus Infrastruktur, Ackerland, Forsten, Wildnisgebieten (inkl. unproduktive 
Gebiete) und Gras- und Weideländern ergibt für jede Rasterzelle 100%. ‚Grazing classes’ beschreiben die Qualität des Graslandes – Klasse 
1 ist das produktivste, Klasse 4 das am wenigsten produktive Grasland. Quelle: verändert nach Ref. 14
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HANPP in Europa
Die Aneignung von Nettoprimärproduktion 

in Europa ist in der Tabelle 2 und Abbildung 3 

dargestellt. Da der Teil der NPP, welcher von 

der Vegetation in unterirdische Pflanzenorga-

ne investiert wird, kaum menschlich nutzbar 

ist, berichten wir in Tabelle 2 nur den ober-

irdischen Anteil der HANPP in der EU-25 

(aHANPP für ‚aboveground HANPP’). Wie 

Tabelle 2 zeigt (siehe auch Abbildung 3), wird 

in der EU-25 die oberirdische NPP durch 

Landbewirtschaftung sogar gesteigert, etwa 

durch intensive Düngung und Bewässerung. 

Dies drückt sich in einem negativen Wert der 

∆aNPPLC aus.

Abbildung 3: Menschliche Aneignung von Nettoprimärproduktion und einige ihrer Komponenten in der EU-25 im Jahr 2000. Links oben 
die NPP der potenziellen natürlichen Vegetation laut LPJ-Berechnung, rechts oben der Verbleib von NPP im Ökosystem nach der Ernte. 
Unten links die Veränderung der Produktivität durch Landnutzung (∆NPPLC); rot: Verminderung, grün/blau Erhöhung der NPP), unten 
rechts die HANPP. Quelle: verändert nach Ref. 7
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Tabelle 2: Menschliche Aneignung von oberirdischer Nettoprimärproduktion in der EU-25 im Jahr 2000. Quelle: Ref. 7.

aNPP0 ∆aNPPLC aNPPact aNPPh aNPPt aHANPP

[Mio. t C/a] [%]

Belgien, Luxemburg, Niederlande, Dänemark 40 -16 56 44 12 28  69%

Österreich, Tschechien, Slowenien, Slowakei, Ungarn 121 1 119 67 52 68 57%

Estland, Lettland, Litauen 60 11 49 16 33 27 45%

Finnland 94 6 89 21 67 27 28%

Frankreich 211 -27 237 145 93 118 56%

Deutschland 130 -27 158 104 54 76 59%

Griechenland, Malta, Zypern 32 -2 35 16 19 13 41%

Großbritannien und Irland 103 -19 122 88 34 68 67%

Italien 94 -2 96 54 42 52 55%

Polen 117 15 102 55 47 70 60%

Spanien und Portugal 168 13 156 61 94 74 44%

Schweden 127 5 122 27 95 32 25%

Summe 1.296 -45 1.341 697 644 653 50%

Wie Tabelle 2 zeigt, beträgt die Aneignung 

oberirdischer NPP in der EU-25 etwa 50% 

der aNPP0, wobei die Bandbreite von 25% in 

Schweden bis zu 69% in der Ländergruppe Bel-

gien, Luxemburg, Niederlande und Dänemark 

reicht. Insgesamt wird derzeit auf dem Territo-

rium der EU-25 Biomasse mit einem Kohlen-

stoffgehalt von knapp 700 Mio. tC/a geerntet, 

während etwas weniger als 650 Mio.  tC/a an 

oberirdischer Biomasseproduktion im Öko-

system verbleiben. Das entspricht unter der 

Annahme von 50% Kohlenstoffgehalt an der 

Trockensubstanz und einem durchschnittli-

chen Brennwert von 18.5 MJ/kg Trockensub-

stanz etwa einer Energiemenge von 24 EJ/a, 

die derzeit in den europäischen Ökosystemen 

verbleibt.

Unsicherheiten auf Grund von 
Flächen- und Erntedaten: Fall-
beispiel Deutschland
Deutschland liegt in der global-HANPP-Stu-

die7 mit einer oberirdischen HANPP von 59% 

deutlich über dem europäischen Durchschnitt 

von 50% (siehe Tabelle 2). Lediglich die Län-

dergruppen Belgien, Luxemburg, Niederlande, 

Dänemark sowie Polen weisen höhere Werte 

auf. Bei einer differenzierten Betrachtung fällt 

auf, dass in Deutschland die aNPPact höher ist 

als die aNPP0, d.h. die ∆aNPPLC ist negativ. Das 

bedeutet, dass die oberirdische Produktivi-

tät der Vegetation in Deutschland auf Grund 

der intensiven landwirtschaftlichen Nutzung 

trotz eines erheblichen Flächenanteils von In-

frastrukturflächen im Durchschnitt über dem 

natürlichen Niveau liegt. Dies deutet auf eine 

weit fortgeschrittene Intensivierung der Land-

nutzung hin, bei der unter anderem durch syn-

thetische Düngemittel und andere landwirt-

schaftliche Inputs die Biomasseproduktion der 

Agrarökosysteme über jene der potentiellen 

natürlichen Vegetation angehoben wird.

Grundlage dieser Werte bilden, wie oben 

erläutert, verschiedene globale Datenquellen. 

Für eine Betrachtung auf globaler Ebene sind 

gewisse regionale Unschärfen unvermeidlich, 

bei einer auf ein bestimmtes Land fokussierten 

Betrachtung stellt sich jedoch die Frage nach 

der Zuverlässigkeit der Datenquellen. Deshalb 

werden im Folgenden wesentliche Daten, auf 

denen die global-HANPP-Studie beruht, für 

den Fall Deutschland anhand weiterer, haupt-

sächlich auf nationaler Ebene veröffentlichter 

Datenquellen überprüft.

Die für die räumliche Verteilung der HANPP 

relevanten Daten über die landwirtschaftlich 

genutzten Flächen werden in Deutschland 

unabhängig voneinander durch Bodennut-

zungshaupterhebung und Flächenerhebung 

berichtet.15 Zusammenfassend werden die der 
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global-HANPP-Studie zugrunde liegenden 

Flächendaten für Wiesen und Weiden („gra-

zing land“), Acker und Wald in Abbildung 4 

dargestellt. Laut Erhard et al.15 unterschätzt die 

Bodennutzungshaupterhebung leicht die ins-

gesamt landwirtschaftlich genutzte Fläche, da 

die Flächen von Betrieben mit weniger als zwei 

Hektar (ha) darin nicht berücksichtigt werden. 

Dafür gilt ihre Zuverlässigkeit hinsichtlich des 

Verhältnisses zwischen Acker- und Grünland-

fläche als größer als jene der Flächenerhebung. 

Die in der global-HANPP-Studie verwendeten 

Daten für die Fläche des Ackerlandes (welche 

im Wesentlichen auf der FAO-Datenbank be-

ruhen) sind nahezu identisch mit der für den-

selben Zeitraum in der Bodennutzungshaup-

terhebung berichteten Ackerfläche. Daraus 

lässt sich der Schluss ziehen, dass die Ackerflä-

che auf Grund der erwähnten Untererfassung 

der Bodennutzungshaupterhebung (die offen-

bar von der FAO als Datengrundlage herange-

zogen wird) unwesentlich höher liegen könnte 

als in der HANPP-Berechnung angenommen. 

Eine hohe Übereinstimmung zeigt sich auch 

bei den Daten über die Waldflächen.

Die in der global-HANPP-Studie als „gra-

zing land“ ausgewiesenen Wiesen und Weiden 

nehmen hingegen eine deutlich größere Fläche 

ein als die in der Bodennutzungshaupterhe-

bung berichteten Grünlandflächen (Abbil-

dung 4). Ein kleinerer Teil der Differenz kann 

vermutlich durch die Erfassungs-Untergrenze 

(2 ha) der Bodennutzungshaupterhebung er-

klärt werden, die zu einer tendenziellen Un-

terschätzung der Grünlandflächen führt. Der 

wesentlich größere Teil dürfte allerdings auf 

die unterschiedliche Abgrenzung dieser Land-

nutzungskategorie zurückzuführen sein. In der 

global- HANPP-Studie ergibt sich die Fläche 

der Kategorie „grazing land“ als die gesamte 

nach Ermittlung des Flächenanteils aller an-

deren Landnutzungskategorien verbleibende 

Fläche. Sie umfasst damit auch marginale, 

zum Beispiel in Gebirgsregionen zu findende 

Weideflächen, die unter Umständen sehr ex-

tensiv oder fast gar nicht für Tierhaltung ge-

nutzt werden können. Im Unterschied dazu 

bezieht sich die Grünlandfläche der deutschen 

Statistik nur auf die durch die durch Betriebe 

gemeldeten Flächen.

Wesentliche Grundlage für die Berech-

nung der NPPh in der global-HANPP-Studie 

bildet außerdem die jährlich direkt durch den 

Menschen und indirekt durch Beweidung ge-

erntete und so den natürlichen Ökosystemen 

entzogene Biomasse. Die Berechnung in der 

Abbildung 4: Vergleich der in der global-HANPP-Studie verwendeten Flächendaten für Deutschland mit entspre
chenden Angaben aus Bodennutzungshaupterhebung (für Acker sowie Wiesen und Weiden) und Flächenerhebung 
bzw. Bundeswaldinventur II (für Waldflächen). Quellen: Ref. 16,17.
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global-HANPP-Studie beruht diesbezüglich 

hauptsächlich auf von der FAO berichteten 

Erntedaten sowie im Fall der durch die Be-

weidung entnommenen Biomasse auf Futter-

mittelbilanzen der FAO sowie eigenen Berech-

nungen der Futtermittelbilanz der Nutztiere.8 

Diese Futtermittelbilanzen ermöglichen es, die 

jährlichen Flüsse der durch Beweidung ent-

nommenen Biomasse abzuschätzen, welche in 

den Erntestatistiken nicht berichtet oder un-

terschätzt werden.

Abbildung 5 vergleicht die der global-

HANPP-Studie zugrunde liegenden Anga-

ben der FAO über Erntedaten für Holz sowie 

Ackerfrüchte und Raufutter mit den ent-

sprechenden Daten aus dem Ernte- und Be-

triebsbericht des deutschen Bundesamts für 

Statistik. Die Vergleichsdaten für die Holz

entnahme in Abbildung 5a zeigen, dass die 

FAO-Daten für den Holzeinschlag, die auf der 

deutschen Holzeinschlagsstatistik beruhen, 

den tatsächlichen Holzeinschlag deutlich un-

terschätzen. Verschiedene Vergleichsdaten 

legen nahe, dass diese Unterschätzung bei 

23% bis 46% liegen könnte. Diese Vergleichs-

daten beruhen einerseits auf der Abschätzung 

des Holzeinschlags auf Basis der Holzverwen-

dung für verschiedene Zwecke in Kombina-

tion mit Außenhandelsbilanzen (Ref. 18,19, 

modifiziert nach Ref. 20), sowie andererseits 

einem Vergleich mit der Holznutzung aus der 

Bundeswaldinventur, die für die alten Bun-

desländer für den Zeitraum 1987 bis 2002 

einen Holzeinschlag ermittelt, der um 46% 

höher liegt als der für den selben Zeitraum 

durch die Holzeinschlagsstatistik ermittelte 

entsprechende Wert.20

Für die Ernte von Ackerfrüchten zeigt sich 

eine hohe Übereinstimmung zwischen für 

die global-HANPP-Studie verwendeten FAO-

Daten und entsprechenden Daten aus der 

deutschen Ernte- und Betriebsstatistik. Deut-

liche Unterschiede zeigen sich hingegen beim 

Raufutter, wie Abbildung 5b zeigt. Begründet 

ist dieser Unterschied dadurch, dass die im 

Ernte- und Betriebsbericht berichtete Ernte 

von Raufutter nicht die Biomasse enthält, die 

durch Beweidung von ausschließlich zur Wei-

de genutztem Grünland geerntet wird, sowie 

allgemein einer potentiellen Unterschätzung 

der durch Weide entnommenen Biomasse. 

Die HANPP-Berechnung versucht, diese Un-

terschätzung zu vermeiden, indem die durch 

Wiederkäuer genutzte Biomasse über Futter-

mittelbilanzen abgeschätzt wird und kommt 

so zu höher liegenden Werten.

Insgesamt zeigt somit eine Analyse der Da-

tengrundlagen, dass die global-HANPP-Studie 

für das Fallbeispiel Deutschland recht zuver-

lässige Aussagen trifft. Vermutlich dürfte der 

in dieser Studie für Deutschland errechnete 

HANPP-Wert eher zu niedrig als zu hoch ein-

Abbildung 5: Vergleich der in der global-HANPP-Studie verwendeten Daten zur Biomasseernte mit alternativen 
Datenquellen. (a) Daten zur Holzernte, (b) Daten zu Ackerbauprodukten und Raufutter. TM, Trockenmasse. Quellen: 
siehe Text.

a) b)
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zuschätzen sein. Eine Unterschätzung betrifft 

dabei die durch die Holzentnahme geerntete 

NPP, für die die deutsche Holzeinschlagssta-

tistik und damit die darauf beruhenden FAO-

Statistik zu niedrige Werte verzeichnet20. Be-

rücksichtigt man dies, dürfte die oberirdische 

HANPP von Deutschland um 2-5% über dem 

in Tabelle 2 angegebenen Wert liegen, wobei 

dies im Wesentlichen die Waldgebiete betref-

fen würde (siehe Abbildung 2).

Unsicherheiten bezüglich
der NPP-Daten
Eine weitere Unsicherheit bezüglich der zitier-

ten Ergebnisse zur HANPP in Europa ergibt 

sich aus den verwendeten Daten zur NPP. Wie 

bereits einleitend erwähnt, bestehen nicht nur 

definitorische Unschärfen hinsichtlich des Be-

griffs der NPP, sondern auch Unsicherheiten auf 

Grund von Methoden und Datengrundlagen. 

Für größere Räume kann NPP nicht gemessen, 

sondern nur mit Hilfe von Modellen berech-

net werden. Diese Modelle sind zwar an Hand 

gemessener Daten kalibriert, ihre Ergebnisse 

sind dennoch aus vielen Gründen unsicher und 

können nur als Annäherung betrachtet werden. 

Um die Größenordnung der Unsicherheiten ab-

schätzen zu können, vergleichen wir hier zwei 

Berechnungen der potentiellen NPP (NPP0) auf 

dem Territorium der EU-25:

•	 Der im Folgenden als „SEDAC-Daten“ be-

zeichnete Datensatz wurde mit dem Carnegie 

Ames Stanford Approach (CASA) erstellt.21,22

•	 Der Datensatz der global-HANPP-Studie 

(„gHANPP“) wurde mit dem LPJ-Modell be-

rechnet.7

Wie Tabelle 3 zeigt, liegt die NPP0 laut SEDAC-

Datensatz für das Territorium der gesamten 

EU-25 um etwa 11% unter dem LPJ-Ergebnis, 

wobei die Abweichungen in einzelnen Ländern 

teilweise deutlich größer sind. Interessanter 

Weise liegen die LPJ-Ergebnisse für Zentral-, 

Ost- und Nordeuropäische Länder zum Teil er-

heblich über den SEDAC-Daten, wohingegen 

sie für West- und Südeuropa tendenziell eher 

niedriger liegen.

Im Zuge einer Berechnung der HANPP 

werden Vegetationsmodelle nicht nur zur 

Berechnung der NPP0 herangezogen, son-

dern auch für die Berechnung von Teilen der 

NPPact (z.B. Wälder, Wildnisgebiete). Ande-

re Teile der NPPact werden aus der Ernte mit 

Hilfe von Erntefaktoren hochgerechnet, diese 

sind daher von dieser Art der Modellunsi-

cherheit nicht betroffen. Sollte LPJ die NPP0 

zu hoch eingeschätzt haben, so würde nicht 

nur die NPP0 sinken, sondern auch die NPPact, 

letztere aber weniger stark, weil es am z.B. am 

Ackerland zu keiner Reduktion der NPPact-

Schätzung käme. 

Tabelle 3: Vergleich zweier Datensätze zur potentiellen NPP (NPP0) auf dem Territorium der EU-25. Datenquellen: siehe Text.

Fläche NPP0 SEDAC NPP0 gHANPP SEDAC/gHANPP

[1000 km2] [gC/m2/a] [gC/m2/a] [%]

Belgien, Luxemburg, Niederlande, Dänemark 111 577 612 94%

Österreich, Tschechien, Slowenien, Slowakei, 
Ungarn 323 579 636 91%

Estland, Lettland, Litauen 171 455 599 76%

Finnland 315 305 513 59%

Frankreich 547 713 655 109%

Deutschland 357 577 619 93%

Griechenland, Malta, Zypern 139 511 448 114%

Großbritannien und Irland 318 544 554 98%

Italien 298 621 555 112%

Polen 310 474 639 74%

Spanien und Portugal 598 460 543 85%

Schweden 431 345 514 67%

Summe 3.920 516 578 89%
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Die NPPh wird hingegen aus Produktions- und 

Verbrauchsdaten ermittelt, welche auf grund-

legend anderen Quellen beruhen, etwa Daten 

der Landwirtschaftsstatistik, Forstinventuren 

usw. Sinkt die Schätzung für die NPP0, so er-

höht sich ceteris paribus bei gleich bleiben-

der NPPh (die von der Modellunsicherheit der 

Vegetationsmodelle praktisch nicht betroffen 

ist) die HANPP. Der in der globalen HANPP-

Studie verwendete Modellansatz (LPJ) führt 

daher tendenziell zu einer Unterschätzung der 

HANPP und einer Überschätzung der NPPt, 

also des Verbleibs von Biomasse in den Öko-

systemen. Würde man also die SEDAC-Daten 

hinsichtlich der NPP0 für realistischer halten 

als jene der global-HANPP-Studie, so wäre 

etwa in Deutschland die HANPP etwas höher 

als derzeit angenommen, während sie etwa in 

Frankreich und Italien etwas niedriger sein 

könnte als laut global-HANPP-Studie.

Bioenergiepotentiale in Europa
Basierend auf den weiter oben beschriebenen 

Landnutzungs-, HANPP- und Biomassedaten 

wurde ein globales Biomasse-Bilanzmodell 

entwickelt, mit Hilfe dessen Szenarien für Er-

nährung, Ackerbau, Viehzucht und Bioener-

giepotentiale im Jahr 2050 erstellt wurden.23,24 

(http://www.uni-klu.ac.at/socec/downloads/

WP116_WEB.pdf). Diese Studie untersucht eine 

große Bandbreite an Szenarien unter verschie-

denen Annahmen zur zukünftigen Ernährung, 

zu den Ertragssteigerungen durch agrarische 

Intensivierung, zu den Veränderungen in der 

Nutztierhaltung usw. Wir berichten hier aus-

schließlich über das TREND-Szenario, welches 

die gegenwärtig beobachteten Tendenzen in die 

Zukunft fortschreibt, wobei sich die Annahmen 

stark an jenen der FAO orientieren.25,26. Andere 

Szenarien liefern auf Grund anderer Annahmen 

über Ernährung, Erträge, Nutztierhaltung usw. 

erheblich andere Ergebnisse.

Hinsichtlich der Energieflächenpotentia-

le wurde in dieser Studie angenommen, dass 

Energiepflanzen auf jenen Teilen des Acker-

landes sowie des Grünlandes angebaut werden 

könnten, welche unter den getroffenen Annah-

men über Nachfrage nach Nahrungsmitteln 

sowie Erträgen und Futtermittel-Effizienzen in 

der Nutztierhaltung ohne Rodung von Wäldern 

verfügbar gemacht werden können, indem die 

Grünlandflächen intensiver bewirtschaftet 

würden als heute. Die Studie beruht auf einem 

„food first“ Ansatz, d.h. es wird angenommen, 
dass Flächen für Bioenergie nur dann verfüg-

bar sind, wenn die Ernährung gesichert ist (für 

Details siehe http://www.uni-klu.ac.at/socec/

downloads/WP116_WEB.pdf). 

Die Studie zeigt, dass unter der Annahme 

der geschilderten Agrar-Intensivierung, ins-

besondere im Hinblick auf die Grünländer, 

substanzielle Bioenergiepotentiale auf dem 

Territorium der EU-25 lukriert werden könn-

ten. Erhebliche Potentiale bestehen vor allem 

in den osteuropäischen Ländern, weil dort 

die Nutztierdichten der Raufutterverzehrer 

sehr niedrig sind, woraus sich beträchtliche 

Flächenpotentiale ergeben. Zu beachten ist, 

dass das Potential bei größerem Bevölkerungs-

wachstum, einer Verstärkung des Trends zur 

Ernährung mit tierischen Produkten, gerin-

Abbildung 6: Flächenpotentiale (links) und Energieerträge (rechts) für 
Bioenergieplantagen in den EU-25 Ländern im Jahr 2050 in einem TREND-
Szenario. Quelle: verändert nach Ref. 23
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Tabelle 4: Energie- und Flächenpotentiale für Bioenergieplantagen in der EU-25 im Jahr 2050 in einem TREND-Szenario. Quelle: Ref. 23.

Energiepflanzenfläche Produktivität Energiepotential

[1000 km2] [gC/m2/yr] [PJ/a]

Belgien, Luxemburg, Niederlande, Dänemark 6 393 95

Österreich, Tschechien, Slowenien, Slowakei, Ungarn 66 327 799

Estland, Lettland, Litauen 42 305 478

Finnland 2 298 21

Frankreich 26 372 364

Deutschland 16 394 233

Griechenland, Malta, Zypern 4 238 32

Großbritannien und Irland 17 384 247

Italien 12 311 137

Polen 87 324 1 042

Spanien und Portugal 23 263 221

Schweden 3 298 30

Summe 305 319 3 698

Tabelle 5: Vergleich der Flächenpotentiale für Bioenergieplantagen in der EU-25 in verschiedenen Studien.

Ref. 271 Ref. 282 Ref. 293 Ref. 30,314 Ref. 23

[1000 km²]

Belgien, Luxemburg, Niederlande, Dänemark 12 13 0 5 7

Deutschland 73 0 30 32 16

Estland, Lettland, Litauen 43 50 14 31 42

Finnland 4 10 2 5 2

Frankreich 112 131 20 51 26

Griechenland, Malta, Zypern 0 0 3 12 4

Großbritannien und Irland 23 50 16 16 17

Italien 0 15 22 16 12

Österr., Tschechien, Slowenien, Slowakei, Ungarn 67 76 14 63 66

Polen 51 91 45 85 87

Schweden 5 11 2 3 3

Spanien und Portugal 187 181 26 18 23

Summe 576 627 193 337 305

1	 ‚Current Policy Scenario’, Zeithorizont 2020. Dieses Szenario bildet vermutete Entwicklungen aufgrund der bestehenden EU-Landwirtschaftspolitik ab, insbe-

sondere eine Reduzierung der Außenhandelsüberschüsse bei Milch und Fleisch. Flächenerträge für Getreide steigen um durchschnittlich 1,4% im Zeitraum 2000 

bis 2010 und durchschnittlich 1,5% im Zeitraum 2010 bis 2020. Durch beide Entwicklungen werden zusätzliche Flächen für den Anbau von Energiepflanzen frei. 

Anbau von Energiepflanzen nur auf Ackerland.

2	 ‚Scenario 3a’, Zeithorizont >40 Jahre (~2050). Errechnet die für den Anbau von Energiepflanzen verfügbare Flächen auf Basis der Annahme, dass in jedem Land 

pro Kopf 0,24 ha für den Anbau von Nahrungsmitteln benötigt werden. Anbau auf Acker- und Grünland möglich.

3	 Die EEA ermittelt nur ein Szenario, Zeithorizont 2030. Dieses Szenario bildet vermutete Entwicklungen aufgrund der bestehenden EU-Landwirtschaftspolitik ab. 

Zusätzlich werden 30% der Flächen durch umweltfreundliche Anbaumethoden bewirtschaftet und 3% der intensiv genutzten Agrarflächen für Naturschutzzwe-

cke aus der Produktion genommen. Steigerung der Flächenerträge bei Feldfrüchten etwa 1% pro Jahr.

4	 ‚LU-Ene Scenario’, Zeithorizont 2030. Selbstversorgungsgrad des Zeitraums 2000-02 wird aufrechterhalten. Die Flächenerträge bei Feldfrüchten steigen in den 

EU-15 insgesamt um 6-15% bis 2030, einer jährlichen Steigerung um etwa 0,5% entsprechend. Für die übrigen EU-Länder wird angenommen, dass die bestehen-

de Flächenertragslücke zu den EU-15 bis 2030 von etwa 50% auf 20% im Jahr 2030 zurückgeht.
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gerem Wachstum der Erträge im Ackerbau 

oder geringeren Futtermitteleffizienzen in der 

Tierhaltung sinken würde. Das hier genannte 

Energiepotential von 3,7 EJ/a enthält aus-

schließlich eigens angebaute Energiepflanzen. 

Zusätzlich könnte durch Nutzung von bioge-

nen Reststoffen aus der Land- und Forstwirt-

schaft Bioenergie erzeugt werden. 

Tabelle 5 vergleicht die Annahmen über Flächen-

potentiale in der EU-25 für Energiepflanzen-

plantagen in verschiedenen Studien der letzten 

Jahre. Diese potentiell verfügbaren Flächen lie-

gen im Bereich von 193.000-627.000 km², das 

entspricht 5-16% der gesamten landwirtschaft-

lich genutzten Fläche der EU-25. Wenn in einer 

Studie mehrere Szenarien entwickelt wurden, 

wurde das Szenario angegeben, das in seinen 

Annahmen am ehesten mit dem oben beschrie-

benen Szenario von Erb et al.23 vergleichbar ist. 

Die Unterschiede der Flächenpotentiale 

ergeben sich insbesondere durch (1) die an-

genommene Entwicklung der europäischen 

Außenhandelsbilanz für Nahrungsmittel, (2) 

die Entwicklung der Flächenerträge bei Nah-

rungsmitteln und (3) die Entscheidung, inwie-

weit durch die Intensivierung von Wiesen und 

Weiden frei werdende Flächen für den Anbau 

von Energiepflanzen genutzt werden.

Insbesondere Thrän et al.27 und die EEA29 

gehen dabei von einer Abnahme bestehender 

Exportüberschüsse vor allem bei Tierproduk-

ten und dadurch frei werdenden Flächen aus, 

während die Potentiale von Fischer et al.30,31 

sowie Erb et al.23 eine im Vergleich zum Aus-

gangsjahr gleich bleibende Außenhandelsbilanz 

für Nahrungsmittel annehmen. Die Möglich-

keit zur Steigerung der Flächenerträge bei als 

Nahrungsmitteln genutzten Pflanzen, durch 

die ebenfalls potentiell Flächen zum Anbau 

von Energiepflanzen frei werden, wird von 

neueren Studien (z.B. Ref. 30,31) aufgrund der 

Erfahrung der vergangenen zwei Jahrzehnte 

vorsichtiger eingeschätzt. Umgekehrt nehmen 

allerdings Fischer et al.30,31 und Erb et al.23 im 

Gegensatz zu den übrigen Studien an, dass 

durch die Intensivierung der Bewirtschaftung 

von Weiden und Wiesen zusätzliche Flächen für 

den Anbau von Lignozellulose-Energiepflanzen 

(z.B. Chinaschilf) frei werden. Die vergleichs-

weise niedrigen Werte der Studie der EEA29 sind 

schließlich vor allem durch die darin enthaltene 

Annahme einer starken Ausweitung von um-

weltfreundlichen Bewirtschaftungsmethoden 

mit entsprechend geringeren Flächenerträgen 

zu erklären.

Die auf Basis dieser Flächen ermittelten Bio-

energiepotentiale für die EU-25 liegen mit 7,2 

EJ/a27, 8,9 EJ/a28, 6 EJ/a29 und bis zu etwa 10 

EJ/a32 oberhalb des von Erb et al.23 ermittelten 

Potentials von 3,7 EJ/a. In einem ähnlichen 

Bereich wie Erb et al.23 liegen hingegen Berech-

nungen des deutschen Sachverständigenrates 

für Globale Umweltveränderungen, welche al-

lerdings nur eingeschränkt vergleichbar sind, 

weil hier Länder wie Bulgarien, Rumänien und 

Norwegen enthalten sind, welche nicht zur EU-

25 gehören. Für das Jahr 2050 beträgt das eu-

ropäische Bioenergiepotential demnach 4,9-5,4 

EJ/a33. Die Angaben über das Energiepotential 

in der Studie von Fischer et al.30,31 beziehen sich 

auf die EU-27 plus Norwegen. Reduziert man 

dieses Energiepotential um 25% (ein Viertel 

der Flächenpotentiale liegen außerhalb der EU-

25), so ergibt sich ein Wert von 2,6-4,1 EJ/a, 

der den Ergebnissen der Studie von Erb et al.23 

sehr ähnlich ist. Einige Studien nehmen deut-

lich höhere Erträge der Energieplantagen pro 

Flächeneinheit an als die Studie von Erb et al..23 

Ob diese häufig auf Basis von Versuchsfeldda-

ten angenommenen Erträge auf großen Flächen 

tatsächlich realisiert und langfristig aufrecht 

erhalten werden können, ist allerdings nach 

neueren Untersuchungen fraglich.24,34,35 Zudem 

ist bei diesem Vergleich zu berücksichtigen, 

dass sich nur die Angaben von Thrän et al.27 

auf die tatsächlich genutzte Energiemenge (z.B. 

Biogas) beziehen, während die übrigen Studi-

en den gesamten Energiegehalt der geernteten 

Biomasse angeben, die zu Primärenergieträ-

gern umgewandelt wird, d.h. Verluste sind hier 

meist noch nicht in Abzug gebracht.

Die vollen ökologischen Konsequenzen ei-

ner Umwandlung von 5-16% der europäischen 

Agrarflächen in Energiepflanzenplantagen sind 

beim derzeitigen Forschungsstand schwer ab-

zuschätzen. Auch wenn Plantagen mehrjähriger 

Gräser, Kurzumtriebswälder und andere Ligno-

zellulose-Energiepflanzen vermutlich ökologisch 

weniger belastend sein dürften als die meisten 

Nahrungspflanzen (Getreide, Mais etc.), sind 
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alleine aufgrund des erheblichen Flächenbe-

darfs	substantielle	Effekte	zu	erwarten.	Auch	die	

Frage,	wie	die	Treibhausgasbilanz	eines	derartig	

massiven Ausbaus der Bioenergieproduktion 

aussehen	würde,	ist	noch	zu	klären.36,37 

Energiepotentiale	von	3-9	EJ/a	sind	zudem	

erheblich weniger eindrucksvoll, wenn man 

sie	 mit	 dem	 derzeitigen	 technischen	 Primär-

energieeinsatz	(d.h.	ohne	Ernährung	von	Men-

schen	und	Nutztieren)	der	EU-25	von	etwa	70	

EJ/a vergleicht38 – mehr als 4-13% des gegen-

wärtigen	 Primärenergieeinsatzes	 der	 EU-25	

können	 durch	 Energiepfl	anzenplantagen	 auf	

dem Territorium der EU-25 wohl kaum bereit-

gestellt werden.

Außenhandel mit Biomasse
Die bisherigen Überlegungen deuten darauf 

hin,	dass	auf	dem	Territorium	der	EU-25	zwar	

eine	 gewisse	 Menge	 Bioenergie	 produziert	

werden	 könnte,	 diese	 Menge	 jedoch	 keines-

falls ausreicht, um einen massiven Umstieg 

von	Fossilenergie	zu	Biomasse	zu	ermöglichen.	

Noch nicht berücksichtigt ist in dieser Diskus-

sion allerdings die Frage des Außenhandels 

mit Biomasse. Durch Importe von Biomasse 

könnte	 zwar	 eine	deutlich	 größere	Bereitstel-

lung	an	Bioenergie	innerhalb	der	EU-25	erzielt	

Abbildung 7:­Vereinfachte Darstellung des embodied 
HANPP-Konzepts zur Ermitt lung der HANPP, welches 
im Zuge der Herstellung eines Endprodukts verursacht 
wird�­Quelle:­Ref.­40.

Tabelle 6: Vergleich der HANPP auf dem Territorium der EU-25 mit der embodied HANPP, welche aufgrund des Biomassekonsums der EU-25 Länder im 
Jahr 2000 global verursacht wurde�­Quelle:­Ref.­42.

HANPP auf der 
Landesfl äche

eHANPP aufgrund 
des Biomasse-

konsums

eHANPP des 
Außenhandels

[Mio� tC/a] [Mio� tC/a] [Mio� tC/a]

Belgien,­Luxemburg,­Niederlande,­Dänemark 53 182 129

österreich,­tschechien,­Slowenien,­Slowakei,­
ungarn 96 171 74

estland,­Lett­land,­Litauen 45 38 -7

Finnland 38 30 -8

Frankreich 179 156 -23

Deutschland 117 192 75

Griechenland,­Malta,­zypern 23 38 15

Großbritannien­und­Irland 91 161 70

Italien 84 168 84

Polen 114 126 11

Spanien­und­Portugal 137 227 90

Schweden 46 41 -5

Summe 1�024 1�529 505

werden,	 andererseits	 würden	 damit	 die	 öko-

logischen Probleme auf Grund der Biomasse-

produktion lediglich in andere Weltregionen 

verlagert. Diese Frage der ‚teleconnections’ 
(Fernwirkungen) in den globalen Landsyste-

men,	 etwa	 auf	 Grund	 von	Handelsbeziehun-

gen,	 gewinnt	 in	 der	 Landnutzungsforschung	

zunehmend	an	Bedeutung.39,40,41
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Eine Methode, mit deren Hilfe die Vorleistun-

gen des Außenhandels mit Biomasse sichtbar 

gemacht werden können, ist die sogenannte 

„embodied HANPP“. Bei einer Berechnung 

der embodied HANPP (kurz: eHANPP) wer-

den alle Verluste an Biomasse in der Vorleis-

tungskette sowie die ∆NPPLC aufgrund der für 

die Biomasseproduktion nötigen Landnutzung 

den jeweils betrachteten Produkten zugerech-

net, ähnlich wie beim ‚virtual water’-Ansatz 
(Abbildung 7).

Der eHANPP-Ansatz ermöglicht es, die 

HANPP, welche durch den Biomassekonsum 

einer definierten Bevölkerungsgruppe, etwa 

den EinwohnerInnen eines Landes, verursacht 

wird, zu ermitteln. Dies entspricht dem Ansatz 

der HANPP-Berechnung von Imhoff et al..22 

Daten über die globale eHANPP, die mit Hilfe 

eines relativ simplen first-order Ansatzes er-
mittelt wurdenia, liegen für das Jahr 2000 vor.42 

Die Daten für die EU-25 werden in Abbildung 

8 und Tabelle 6 dargestellt.

Wie Tabelle 6 zeigt, übersteigt die embo-

died HANPP, welche durch den Biomasse-

konsum der EU-25 entsteht, die HANPP auf 

dem Territorium der EU-25 um etwa 50%. Das 

bedeutet, dass bereits im Jahr 2000 netto ein 

Drittel der HANPP, die durch den Konsum der 

EU-25-Länder verursacht wurde, außerhalb 

der EU-25 stattfand und so gewissermaßen 

‚importiert’ wurde. Hierbei handelt es sich um 

Zahlen für den Netto-Import; d.h. das Saldo 

aus Importen und Exporten. Dieses Drittel 

der eHANPP ist nicht zu verwechseln mit dem 

Anteil an inländisch konsumierter Biomasse, 

der importiert wird. Stattdessen bezieht sich 

dieses Drittel auf die HANPP, die aufgrund des 

Imports der Biomasse durch die EU-25 außer-

halb ihres Territoriums verursacht wurde. Die 

eHANPP pro Kilogramm Biomasse ist keines-

wegs konstant, sondern hängt von einer Viel-

zahl an Faktoren ab. So ist etwa die eHANPP 

eines Kilogramms Fleisch sehr viel höher als 

die eines Kilogramms Holz oder Weizen. Eine 

große Rolle spielen auch Technologiefaktoren 

wie etwa die Flächenerträge oder Umwand-

lungseffizienzen in der Produktionskette sowie 

die jeweiligen Rahmenbedingungen wie Bo-

den, Klima usw.

Zu beachten ist, dass die hier verwendeten 

Daten auf Grund der Methode, mit der sie er-

mittelt wurden, nur eingeschränkt belastbar 

sind. Nötig wäre es, diese Rechnung auf Basis 

a	 Auf Grund der Verfügbarkeit der globalen HANPP-
Datenbasis7 ist die Genauigkeit dieser Rechnung allerd-
ings erheblich größer als jene von Imhoff et al.22, die 
auf einem noch viel gröberen Faktoren-Ansatz beruht 
und keine globale Bilanzgleichung enthält, welche 
zumindest global Konsistenz herstellt.

Abbildung 8: Analyse der embodied HANPP der EU-25 im Jahr 2000. (a) 
Konsum an embodied HANPP pro Flächeneinheit. (b) Differenz zwischen 
HANPP und Konsum an embodied HANPP je Rasterzelle (5min). (c) Verhältnis 
zwischen HANPP und embodied HANPP der 25 EU-Länder. Quelle: verändert 
nach Ref. 42
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bilateraler Handelsmatrizen und einer feineren 

Untergliederung der Produkte durchzuführen, 

was allerdings einen erheblichen Arbeitsauf-

wand für die Datenarbeit erfordern würde. Es 

ist aber davon auszugehen, dass die Daten zu-

mindest Tendenzaussagen ermöglichen, da die 

globale Bilanz geschlossen wurde und somit 

zwar regionale Verzerrungen möglich sind, die 

globale Summe aber korrekt ist (siehe Ref. 42).

Abbildung 8 zeigt, dass das räumliche Mus-

ter des Konsums an embodied HANPP im 

Wesentlichen der Bevölkerungsdichte folgt, 

anders als die HANPP (vgl. Abbildung 3). Dies 

ergibt sich daraus, dass für die Erstellung von 

Abbildung 8a die Populationsdichte mit dem 

jeweils national durchschnittlichen Wert für 

den Konsum an eHANPP pro Kopf und Jahr 

multipliziert wurde. Abbildung 8b zeigt, dass 

innerhalb Europas große Regionen vorhan-

den sind, in welchen die HANPP die eHANPP 

übersteigt (diese sind blau gefärbt). Diese Re-

gionen sind Netto-Lieferanten an Produkten, 

während die rot gefärbten Regionen, in denen 

die eHANPP die HANPP je Rasterzelle über-

steigt, Netto-Konsumenten sind. Abbildung 8c 

zeigt das Verhältnis von eHANPP zu HANPP 

im nationalen Durchschnitt und bestätigt das 

in Tabelle 6 dargestellte Resultat, dass die EU-

25 insgesamt ein starker Nettoimporteur ist.

Schlussfolgerungen
Europa nimmt schon jetzt weltweit erheb-

lich mehr Produktivleistungen von Ökosys-

temen in Anspruch, als es in der Lage ist, auf 

seinem eigenen Territorium zu mobilisieren. 

Ein Großteil dieser massiven Nettoimporte an 

Ökosystemleistungen wird durch das Ernäh-

rungssystem verursacht.

Eine gewisse Ausweitung der Biomassepro-

duktion auf dem Territorium der EU-25 zum 

Zweck der Energieproduktion wäre machbar. 

Würden 5-16% der Landesfläche der EU-25 zu 

Bioenergieplantagen umgewandelt, so könnten 

dadurch in den nächsten Dekaden größenord-

nungsmäßig 10% des gegenwärtigen Primär-

energieeinsatzes der EU-25 lukriert werden. 

Dies allerdings nur, wenn die erheblichen Net-

toimporte der EU-25 an Ökosystemleistungen 

aufrecht blieben. Gewisse zusätzliche Potentia-

le könnten durch Nutzung von Reststoffen aus 

der Landwirtschaft und Lebensmittelindustrie 

sowie durch Nutzung forstlicher Biomasse ge-

hoben werden; die dementsprechenden Erwar-

tungen sollten jedoch nicht zu hoch angesetzt 

werden. Die ökologischen Wirkungen eines 

derartigen Programms, insbesondere im Hin-

blick auf die Treibhausgasbilanz, eines derar-

tigen Programms könnten erheblich sein und 

sollten genauer abgewogen werden, bevor es 

realisiert wird (siehe dazu das Supplement von 

Schulze und Körner in dieser Stellungnahme).

Ein massiver Umstieg von Fossilenergie auf 

Biomasse in der EU-25 wäre nur durch erheb-

liche Importe an Biomasse möglich, zusätzlich 

zu den bereits jetzt bestehenden Nettoimpor-

ten an ‚embodied HANPP’. Dies würde jedoch 

lediglich zu einer Problemverlagerung, nicht 

zu einer Problemlösung führen.
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