


Institut far Energetik und Umwelt
gemeinnutzige GmbH

Institute for Energy and Environment

Non-profit German public limited company

gGmbH

Cost and Life-Cycle Analysis of Biofuels

- Long version -

Sebastian Brauer
Alexander Vogel

Franziska Muller-Langer

Manager:

N
Prof. Dr. Martin Kaltschmitt Deutsche Kreditbank AG Stadt- und Kreissparkasse Leipzig
German Trade Register: Local Court Leipzig HRB 8071 (BLZ 120 30 000) (BLZ 860 555 92)

Seat and jurisfdiction Leipzig Account/Konto-Nr.: 1364280 Account/Konto Nr.: 1100564876Cert.-Nr. 1210010564/1



Customer

Contractor

Editors

UFOP

Union for the Promotion of Oil and Protein Plants e.\VV
Haus der Land- und Ernahrungswirtschaft
Claire-WaldoffstraRe 7

10117 Berlin

Institut fur Energetik und Umwelt gGmbH Leipzig
Torgauer Stralle 116

04347 Leipzig

Internet: www.ie-leipzig.de

Dipl.-Ing. Sebastian Brauer 03 41 - 24 34 — 420
«@:  sebastian.brauer@ie-leipzig.de

Dr.-Ing. Alexander Vogel
@®: 0341-2434-537
«: alexander.vogel@ie-leipzig.de

Dipl.-Ing. Franziska Miiller-Langer
B  0341-2434-423

«@P:  franziska.mueller-langer@ie-leipzig.de


mailto:alexander.vogel@ie-leipzig.de

Index

1 BACKGROUND AND OBJIECTIVE .....coiiiitiiiitis sttt ettt 1
2 METHODOLOGY ..ottt sttt s bbb bbb e e se b et e st e be b s et et e st abe b e st a b nbens 3
3 BIOFUEL PROVISION COSTS ...ootiiiiitiiiiiitisieisie sttt sttt sttt st sbe et snens 5
3.1 DAL DASIS. ... ettt b et R e b e R R et e bt R et e b e b e te et e re b ean 5
3.2 Results, graph and diSCUSSION ..........cviieieiee sttt e se e et tesneere e e eneesnenresrennens 6
4 AREA-RELATED BIOFUEL YIELD......ccioiiitiiiitese ettt 8
41 D= - T o T L LTSRS 8
4.2 Results, graph and diSCUSSION ...........cviiiiiiiiie ettt sttt sb e ebesne e 8
5 AREA-RELATED TOTAL FINAL ENERGY YIELD .....cccooiiiiiiiiciese et 10
5.1 (D=1 = o= 1 [ PSSR 10
5.2 Results, graph and diSCUSSION ..........cviiciiiiiie et re s be e re e e e e e sre e e 10
6 ENERGY-RELATED GREENHOUSE GAS REDUCTION ..ottt 13
6.1 DALA DASIS. ¢ ettt bbb bt bbb bbb 13
6.2 Results, graph and diSCUSSION .........ccviieieiee st neera e e e e e nrenre e 13
7 AREA-RELATED GREENHOUSE GAS REDUCTION... ..ottt siee et 15
7.1 Do - T o T L LSRR 15
7.2 Results, graph and iSCUSSION .........coiiiiiiieie ettt see b 15
8 GHG AVOIDANCE COSTS ...iiiiitiiiietisieis sttt sttt e sesbe b e s e be b esestesbenesbesbesessessens 17
8.1 DAL DASIS. ... ettt E e bR bbbt et be e b bt et nbens 17
8.2 Results, graph and diSCUSSION ..........cviiiiiiiiieie st re e reera e e e sresresre e 17



L)
Background and objective -1- @

1 Background and objective

In the past, different pathways in view to generate fuel from biomass were developed or put
into practice in order to reduce both the dependency of the current traffic sector of fossil
resources and the greenhouse gases. Thus, the established biofuels as plant oil, biodiesel from
vegetable and animal oils and fats (especially rape seeds) or ethanol from cereals make an
essential contribution at the market. Moreover, it is expected in the future to increase the
generation and use of synthetical biofuels (BTL ans SNG) and ethanol from lignocellulose as
well as biomethane.

The current available studies as results of the vast investigation and development works show
considerable bandwidths of the potentials, environment impacts and costs of biofuels and are
therefore controversally discussed. This makes an objective assessment difficult, consequently
influences the continuous further development of target-aimed biofuel pathways.

Against this background, the essential methodologies on the biofuel provision are
consecutively compared in a synopsis taking into account selected criteria. The biofuel
pathways considered in this study with the relevant feedstocks as well as biofuel and

by-products can be taken from Table 1.
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Table 1: Considered provision pathways

Provision pathway

Biomass input

biomass

Conversion technology

—» conversion ———>»

main fuel products,
other revenues

biofuel

rape oil rapeseed cleaning/milling, pressing, rape oil, extraction
extraction, oil processing groat
rapeseed cleaning/milling, pressing, oil rape oil, press cake
processing
biodiesel (RME) rapeseed rape oil provision (see above), RME, press cake, raw
catalytic transesterification using  glycerine
methanol
rape oil catalytic transesterification using ~ RME, raw glycerine
methanol
biomethane maize silage silage pre-treatment, anaerobic biomethane,
fermentation, gas processing fermentation residues
BTL from wood chips (willow biomass pre-treatment, FT diesel, naphtha,

lignocelluloses

from SRC)

straw slurry

gasification, gas cleaning and
conditioning, FT synthesis,
product upgrading

biomass pre-treatment,
gasification, gas cleaning and
conditioning, FT synthesis,
product upgrading

electricity

FT diesel, naphtha,
electricity

ethanol from wheat straw biomass pre-treatment, ethanol, electricity,
lignocelluloses hydrolysis, fermentation, fertiliser

distillation, rectification
ethanol from wheat wheat grain biomass pre-treatment, saccharide  ethanol, slop/DDGS

pulping, fermentation, distillation,
rectification

SNG

wood chips (willow
from SCR)

biomass pre-treatment,
gasification, conditioning

SNG, electricity, heat

RME-rapeseed methyl ester, DDGS-Dried distillers grains with solubles, SRC-short rotation coppice, SNG-Synthetic

natural gas

The synopsis comprises potential, costs and environmental effects that are raised according to
unitary basic conditions or for the pathways of respectively typical basic conditions. Thus, the
present research shall contribute to the reduction of the bandwidth of these criteria and

consequently, to an objectification of the discussion.
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4 Area-related biofuel yield

The area-related biofuel yield is the highest energy amount of biofuel that can be generated if
the initial products obtainable on a hectare of area under cultivation can be converted via the
respectively considered pathway. The by-product naphtha is also considered as fuel as a
particularity of the BTL method, though the reasonability of this option has to be proven with
regard to the material utilisation from technical-economical point of views. Further energetic
utilisable by-products, such as electricity or heat, are not considered in this case and will be

tackled only in chapter 5 regarding balancing.

4.1 Data basis

Various sources /4/, /5/, 18/ are used on order to determine the literature bandwidth, among
others the BEE values provided by the UFOP /1/ (pure fuel yield).

The calculations of the IE are based on the average hectare yields of the initial products
(rapeseed, grain or silo maize, cereal, cereal straw /9/ as well as wood from short-rotation
coppices /11/) and the degrees of conversion of existing biofuel provision plants. The latter
vary according to the context of the plant (agricultural or industrial utilisation), of the plant
size and the used raw material (among others composition of the maize silage biogas
substracts, wheat or triticale for the ethanol production.). The bandwidth of the IE values is

obtained as a result therefrom.

4.2 Results, graph and discussion

The area-related yields of the considered biofuels derived from the described data basis are
represented in Fig. 2. The bandwidth represented in grey reproduces the assessed literature

values, whereas the value range calculated by IE is marked in blue.
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Fig.2:  Area-related biofuel yield
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The values obtained by the IE can confirm and limit the considered literature values of the

established fuels. It can be clearly seen that they are partially lower than the literature values

as for the fuels of the second generation. The reason is that the hectare yields required for the

calculation can considerably fluctuate according to the season and regional situation. Yield

numbers that can be reached in long-term annual averages according to the literature

indications are used for the calculation of the IE in order to obtain applicable values that are

as universally valid as possible. Conversion plants with optimal location will exceed the

obtained values due to higher local yields.
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5 Area-related total final energy yield

The area-related final energy yield is the highest energy amount of the biofuel that can be
generated if the initial products obtainable on a hectare of area under cultivation can be
converted via the respectively considered pathway. The energetically utilizable by-products
are taken into consideration, too. Materially utilizable by-products are additionally indicated.

5.1 Data basis

The total energy yield is composed of:
» the fuel yield determined in passage 4,
> the energetically utilisable by-products obtained during the fuel generation and
> the heat and electricity provided during the fuel generation.
The BEE values /1/ and /4/ for Bio-SNG, in this case under consideration of the by-products,

are used as literature sources.

5.2 Results, graph and discussion

The bandwidth determined by the IE for the net biofuel yield (blue) is represented in Fig. 3, in
the process of decoupable amounts of electric current (yellow) and heat amounts (red) as well
as possibly when converting obtained utilisable by-products (green). The latter group is only
exemplarily quantified through its heating value — due to the area-related efficiency
comparison that occurs here — moreover it is mentioned in the diagram. The reasons for this
methodology are explained in the following. The bandwidth of the assessed literature is

marked in grey in the graph.
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Fig.3:  Area-related total energy yield

The calculated values represent an interesting additional statement with regard to the
area-related fuel yield since certain concepts are in part substantially coined by their
by-products from economic point of view. Nevertheless, a comparison of various final
energies such as heat, electricity and fuel should always be assessed critically. Therefore,
from an exergetic point of view electric energy should be assessed at a considerably higher
degree than decoupled heat energy. A simple addition as in Fig. 3 causes an overassessment
of exergetically inferior energy forms.

However, according to the plant conditions, an elevated electricity and heat decoupling — to
the detriment of the fuel yield in BTL and SNG plants - can be reasonable from the point of
view of the fuel utilisation. That is why the energy yield was calculated both for the fuel
generation and for the combined generation of heat and electricity. Consequently, a clearly
lower provided fuel amount is obtained as a result for the combined provision of electricity,
heat and fuel (in so-called polygeneration plants), the biomass input conversion rate increases
simultaneously.

An allocation of an energy yield is still more difficult for the by-products obtained apart from
electricity and heat. The reason for this is that the by-products can be used in different ways;

some examples are compiled in Table 3:
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Table 3: Possible ways of by-product utilisation

By-product Possible ways of utilisation
rape extraction groat combustion, forage
rape press cake combustion, forage
slop combustion, biogas production, fertiliser
glycerine energy recovery, chemical industry
fermentation residues fertiliser, post-combustion, energy recovery

Furthermore, the by-products can be allocated or credited in different manners. Apart from the
purely energetic utilisation (quantifiable through the calorific values of the by-products) the
revenues that occur due to an alternative use can be taken into consideration herein. Either
the energetic (manufacture process of the alternative product) or the monetary approach
(provision costs of the alternative product) is possible. Energy values for the by-products are
obtained according to the assessment method used for the by-products that are significantly
different from one another.

Therefore, it is necessary to get familiar with the used assessment methods with the aim to
carry out a comparison of the determined IE data with help of the BEE reference (marked in
grey in the diagram). These are not obtained from the available data. That is why, a
reasonable target is the determination of homogeneous criteria regarding the energetic
assessment of electric current, heat and obtained by-products so that further considerations
can be made. By-products are exemplarily quantified in the diagram via their heating value
(compare Table 4). It does not necessarily correspond to the really existing utilisation ways,
therefore, e.g. glycerine is utilised rather as chemical base material than as fuel.

Table 4: Heating values used for the quantification of the by-products

by-product used heating value
rape extraction groat 18,40 MJ/kg
rape press cake 20,25 MJ/kg
slop 19,00 MJ/kg
glycerine 18,00 MJ/kg
fermentation residues hardly determined, strongly correlation to water content
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6 Energy-related greenhouse gas reduction

The reduced greenhouse gas emissions are determined, expressed in COj-equivalents
(basically carbon dioxide (CO,) that is developed during the combustion of fossil fuels (as
energy sources), moreover, among others, methane (CH,4) and laughing gas (N.0) that is taken
into account via so-called equivalent factors) if compared to the equivalent fossil fuel
(compare Table 2). The energy content of one litre of the equivalent fuel serves as reference
point. The allocation occurs as in the case of the fuel provision costs. By-products are also

considered herein.

6.1 Data basis

Calculations are carried out and indications are made by the IE in order to reduce the
greenhouse gases when using biofuels. The methodology of the LCA (ecobalancing) is used
then. Ecological impacts play a relevant role that can be ascribed to the provision of
biogeneous energy sources. As for the combustion, it is to be considered that CO, emissions
of the biogeneous energy sources are put to zero in contrast to the fossil equivalent fuel since
this amount was bound from the atmosphere during the growth of the plant. However,
CO; emissions derived from cultivation, care, processing or conversion are not considered
here. The obtained bandwidths result from the different variants of the fuel use.

Different studies and lectures /3/, /6/, [7/, /8] are used as reference literature.

6.2 Results, graph and discussion

The energy-related greenhouse gas reductions of the considered biofuels are represented in
Fig. 4, based on the described data. The bandwidth marked in grey reproduces the assessed

literature values; the value range calculated by the IE is represented in blue.
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Fig.4:  Energy-related greenhouse gas reductions

The bandwidth of the reference literature can be practically reduced by values obtained by the
IE for almost all considered biofuels. An exception is the ethanol provision from
lignocellulose (straw). The reason for this divergence is to be found in the fact that the
assessed literature concerning biofuels from residues allows that an eventual use of
alternatives of these residues is not taken into account. Straw can be really used as fertiliser
and for soil improvement. If, however, it is supplied to the fuel provision, additional
expenditures are required for the compensation, e.g., the production of mineral fertilisers.
These compensations measures were also considered in the IE calculations for ethanol from
straw. That is why the calculated values are clearly below the numbers indicated in the
considered studies. The described facts and circumstances do not exert any influence on the
BTL fuel and Bio-SNG, since short-rotation wood can be taken into account barely here as

biomass input, for which there is no corresponding agricultural relevant use.
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7 Area-related greenhouse gas reduction

The reduced greenhouse gas emissions are determined here, expressed in CO, equivalents. A
hectare of area under cultivation can be used as reference quantity for the relevant source

material.

7.1 Data basis

The BEE data /1/ provided by the UFOP as well as further literature references /6/ are
available.

The used IE numbers are obtained from the previously above-determined values as for the
energy-related greenhouse gas reductions and the area-related biofuel yield.

The following consideration is applicable:

k
GHGRLitre|: gCOz

| e } GJ|_ k9o,
-HA{—}_GHGRW{ ha } (@8]

GJ ha
HU,FE |:|i|
FE

GHGR e energy-related greenhouse gas savings

Hu e heat or calorific value of the equivalent fuel
HA area-related biofuel yield

GHGRy, area-related greenhouse gas reductions

The bandwidths of the previously determined input values are taken into consideration in the
above-mentioned equation obtaining the bandwidth as a result for the area-related greenhouse

gas reductions.

7.2 Results, graph and discussion

The area-related greenhouse gas reductions of the considered biofuels are represented in Fig.
5 based on the described data. The bandwidth marked in grey reproduces the assessed

literature values; the value range calculated by the IE is represented in blue.
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Fig.5: Area-related greenhouse gas reductions

The values determined by the IE can appropriately reduce the numbers indicated in the
assessed literature for almost all considered biofuels. Certain divergences occur only with
ethanol from lignocellulose and Bio-SNG. In this case, this should provide a reference to the

backgrounds with regard to the energy-related greenhouse reductions and the fuel yield.
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8 GHG avoidance costs

The GHG avoidance costs provide a comparison of the costs and the greenhouse gas
emissions of the two different fuel provision pathways (here: plants used for the provision of
biofuels or equivalent fossil fuels). Therefore, they can be interpreted as costs that have to be

raised in order to avoid a unit of greenhouse gas emissions, measured in CO, equivalents.

8.1 Data basis

Literature values are provided by the above-mentioned source /6/, with an adapted bandwidth,
completed by /8/ with respect to Bio-SNG-plants.

Own calculations are carried out by the IE, starting from the previously above-determined
provision costs and greenhouse gas reductions. The GHG avoidance costs are calculated as

follows, respectively for a considered biofuels:

o E}E‘KFEH_VK{ 2

2
I(gCO kgCO ( )
GHGRLitre : ?
IFE

BK provision costs biofuel

BKre provision costs of the equivalent fuel

GHGR e area-related greenhouse gas saving

VK CO, - avoidance costs

The range of the previously determined input values are taken into consideration in the above-

mentioned equation obtaining the bandwidth for the GHG avoidance costs.

8.2 Results, graph and discussion

Starting from the above calculation the GHG avoidance costs for the considered biofuels are
compiled in Fig. 6. The bandwidth marked in grey reproduces the assessed literature values;

the value range calculated by the IE is represented in blue.
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Fig.6:  GHG avoidance costs

The values obtained by the IE can sensibly reduce the bandwidth of the assessed literature.
Bandwidths are almost identical for both BTL and biomethane; the values of the IE reproduce
the lower cost range of the reference literature for the remaining fuels. Rape oil shows
negative CO, avoidance costs when considering more favourable basic conditions (lower
provision costs, high area-related greenhouse gas reductions). As a result, apart from
greenhouse gas emissions this can additionally represent an economic advantage with regard
to the provision of rape oil instead of fossil diesel.

The circumstance that the represented costs describe a sort of ,,snapshot” /6/ can be given as a
cause for the enormous literature bandwidth (especially in case of ethanol from cereal). They
are strongly dependent on the personal and transportation costs and fluctuating feedstock
prices. The data of different moments and locations are based on the used studies; the
calculation of the IE rests on assumptions specifically related to Germany made at the current
date (2007).



Bibliography

. @

Bibliography

11/

12/

13/

14/

15/

16/

7/

18/

19/

110/

111/

112/

113/

Bundesverband Erneuerbare Energie e.V. BEE: ,Vergleich der Umweltbilanzen der
Biokraftstoffe der ersten und Zweiten Generation*“. http://www.bee-
ev.de/uploads/Umweltbilanzen_Biokraftstoffe_Vergleich BEE.pdf, Zugriff: Juni 2007.

Fachagentur Nachwachsende Rohstoffe e. V. FNR: ,Basisdaten Biokraftstoffe*. Flyer, Stand
August 2005.

Gértner, S.; Reinhardt, G.: ,,Erweiterung der Okobilanz von RME*. Ifeu-Gutachten im Auftrag
der UFOP. Heidelberg, 2003.

Hofbauer, Prof.-Dr. H.: ,,Energiezentrale zur Umwandlung von biogenen Roh- und Reststoffen
einer Region in Wérme, Strom, SNG und fllssige Kraftstoffe”. Ein Projekt der ,,Energiesysteme
der Zukunft* (Projekt-Nummer 807763 ). Vortrag, undatiert.

Krewitt, W.: ,Biomasse-Kraftstoffe im Vergleich zu anderen alternativen Kraftstoffen -
Einordnung in eine Biomassestrategie*. DLR Stuttgart. Vortrag zum FVS-Workshop Biomasse.
Garching. Juni 2006.

KTBL-Datensammlung ,,Energiepflanzen”. Kuratorium fir Technik und Bauwesen in der
Landwirtschaft e. V. Darmstadt, 2006.

Quirin, Dr. M. et al.. ,,CO,-Studie — CO,-neutrale Wege zukinftiger Mobilitdt durch
Biokraftstoffe — eine Bestandsaufnahme®. Ifeu GmbH, FVV e.V., UFOPe.V. FATe. V.
Frankfurt am Main, 2004.

Schmitz, Dr. N.: Vorstellung der Ergebnisse der Studie ,Innovationen bei der
Bioethanolerzeugung®. Kongress ,,Bioethanol als Kraftstoff“. Bonn. Mai 2005.

Specht, M.; Zuberbihler, U.; Bandi, A.: ,,Kraftstoffe aus erneuerbaren Ressourcen — Potentiale,
Herstellung, Perspektiven“.Nova Acta Leopoldina NF 91, Nr. 339, S. 239 — 263. 2004

Stock, H.; Diepenbrock, W.: ,,Agronomische Artenpésse landwirtschaftlicher Nutzpflanzen —
Bedeutung und Anbauverfahren wichtiger landwirtschaftlicher Fruchtarten in Kurzfassung“.
Shaker Verlag. Aachen. 1999.

Stucki, S. et al.: ,, Treibstoff der Zukunft: Methan aus Holz — ein Projekt mit zwei KMU". Paul
Scherrer Institut, CH-5232 Villigen PSI; CTU Conzepte Technik Umwelt AG, Winterthur.
Vortrag zum 7. Thurgauer Technologietag. Thurgau. Dezember 2006.

TU Dresden, Professur flr Forst- und Holzwirtschaft Osteuropas: ,,Anbau, Ernte und Verwertung
schnellwachsender Baumarten auf landwirtschaftlichen Flachen®. http://www.agrowood.de,
Zugriff: Juni 2007.

Van Thuijl et al.: “An overview of biofuel technologies, markets and policies in Europe”. ECN-
C-03-008. Januar 2003.


http://www.bee-ev.de/uploads/Umweltbilanzen_Biokraftstoffe_Vergleich_BEE.pdf
http://www.bee-ev.de/uploads/Umweltbilanzen_Biokraftstoffe_Vergleich_BEE.pdf
http://www.agrowood.de/

	Background and objective
	Methodology
	Biofuel provision costs
	Data basis
	Results, graph and discussion

	Area-related biofuel yield
	Data basis
	Results, graph and discussion

	Area-related total final energy yield
	Data basis
	Results, graph and discussion

	Energy-related greenhouse gas reduction
	Data basis
	Results, graph and discussion

	Area-related greenhouse gas reduction
	Data basis
	Results, graph and discussion

	GHG avoidance costs
	Data basis
	Results, graph and discussion


