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Abstract

-

Four promising biofuels for the future methanol, ethanol, hydrogen, and synthetic diesel- were systematically analyzed for their technical and economic potentiaI, and for improvements necessary to fulfil these potentials. Key technologies for the production of these
fuels, such as gasification, gas processing, synthesis, hydrolysis and fermentation, and their improvement options were studied and
modelled. The production facilities' technological and economie performance were analysed, applying variations in technology and
scale. Production costs of these fuels range 16 22 €/GJHHV now, down to 9 13 €/GJHHV in future (2030) under the assumption that

-

-

certain technologicaldevelopmentshave taken place and that biomassis availableat 3 €/GJHHV'The feedstockcosts stronglyinfluence the resulting biofuel costs by 2

- 3 €/GJCuel for each €/GJHHV feedstock change. In biomass producing
-

regions such as Latin

America, the four fuels could be produced at 7 11 €/GJHHV' equalling diesel and gasoline production costs. The uncertainties in the
biofuels production costs of the four selected biofuels are 15 30 %. Large-scale gasification, thorough gas cleaning, and microbiolog-

-

ical processes for hydrolysis and fermentation are key major flelds for RD&D efforts.
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Introduction
Biofuels are an important emerging business worldwide, driven by
threatened fuel supplies, c1imate change concerns, the call for rural
development, and ultimately by attractive policies. The amount of biomass feedstock that can be produced for fuels and other energy purposes is potentially very large (Hoogwijk el al. 2003).
A few main routes can be distinguished to produce biofuels:
extraction of vegetable oils, fermentation of sugars to alcohol, gasifi-
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und Entwicklungsanstrengungen.

cation and chemical synthesis, etc to conceive methanol, ethanol,
hydrogen, synthetic diesel, biodiesel, bio oil, etc (see Figure 1). AH
have very different properties and well-to-wheel performances.
Advanced fuels
Biofuels have often been c1assified in terms of "first" versus "second" generation. Generally, the first generation considered fuels produced from traditional agricultural (feed) crops by established tech-
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Figure 1. Overview of conversion routes from crops to biofuels
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nologies: biodiesel from oil crops and ethanol from sugar and starch
crops. The second generation biofuels uses waste and whole crops as
a feedstock and calls for new ("advanced") conversion technologies.
Although these terms "tirst and second generation" can no longer be
applied stricdy, some biofuels derived from traditional agricultural
crops have severe disadvantages related to the feedstock (Berodes et
al. 2003; van den Broek 2000):

.
..
..

Current high costs of rapeseed biodiesel and ethanol from cereals or

heets
Low net energy yield (100 - 200 GJ/ha/yr potentiallyachievable)
Requirement of high quality (valuable) intensively managed agricul-

turalland
High fertilizer input

Limited well-to-wheel reduction of fossil energy use and other environmental benetits.
The net energy yield of perennial crops (220 - 550 GJ/ha/yr), grasses (220 - 260) and sugarcane (400 - 500) is much higher. These crops
can he grown on less valuable land (Rogner 2000). Use of lignocellulosic biomass (e.g. wood and grasses) is thus more favourable and

CHECK OUT ISJ'S NEW WEB PACKAGES - Visit www.isjbuyersguide.com

gives better economie prospects to the future of biofuels. More types
of feedstock are in principle suitable to produce a broader range of
fuels than when applying traditional biofuels feedstock.
Higher overall energy conversion efficiencies and lower overall
costs are the key criteria for selecting biofuels for the longer term. Key

examples that are considered/developed that have good potentiaIs are
ethanol produced from lignocellulosic biomass, synthetic diesel via
Fischer-Tropsch, methanol and hydrogen (Arthur D. Litde 1999;
Katofsky 1993; Turkenburg 2000; Williams et al. 1995). These four
fuels are in attractive stages of research, development and demonstration. In this paper we present a detailed analysis of their long-term perspectives and RD&D needs. This gives insights both in the possible
barriers to implementation that need to be overcome, and in the technological improvement options that should he stimulated. This paper is
for a large part based on our earlier techno-economic studies on the
production of methanol and hydrogen (Hamelinck and Faaij 2002),
Fischer- Tropsch diesel (Hamelinck et al. 2004a; Tijrnensen et al. 2002)
and ethanol (Hamelinck et al. 2005), which have resulted in a PhD thesis (Hamelinck 2004).
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Production of the selected biofuels
Methanol, hydrogen and Fischer-Tropsch diesel can be produced from
biomass via gasification. Several routes involving conventional, commercial, or advanced technologies under development are possible.
Figure 2 (top) pictures a generic conversion flowsheet for this category of processes.A train of processes to convert biomass to required gas
specifications precedes the methanol or FT reactor, or hydrogen separation. The gasifier produces syngas, a mixture of CO and Hz, and a
few other compounds. The syngas then undergoes a series of chemical reactions. The equipment downstream of the gasifier for conversion to Hz, methanol or FT diesel is the same as that used to
make these products from natural gas, except for the gas cleaning
train. A gas turbine or boiler, and a steam turbine optionally employ
the unconverted gas for electricity co-production.
Ethanol, instead, is produced via (largely) biochemical processes (Figure 2, bottom). Biomass is generally pre-treated by mechanical and physical actions (steam) to clean and size the biomass, and
destroy its cell structure to make it more accessible to further chemical or biological treatment. Also, the lignin part of the biomass is
removed, and the hemicellulose is hydrolysed (saccharified) to
monomeric and oligomeric sugars. The cellulose can then be
hydrolysed to glucose. The sugars are fermented to ethanol, which
is purified and dehydrated. There are two pathways possible
towards future processes: the continuing consolidation of hydrolysis-fermentation reactions in fewer reactor vessels and with fewer
micro-organisms, and the optimisation of separate reactions. As

only the cellulose and hemicellulose can be used in the process, the
lignin can be used for power production.
Status of knowledge
Several studies exist that provide an overview of (part of) the biofuels field (e.g. Arthur D. Little 1999; van den Broek et al. 2003;
Van Zeijts et al. 1994). Other studies present the techno economic
performance of individual biofuels (Katofsky 1993; Williams et al.
1995; Wooley et al. 1999). However, often these studies incorporate
only small biomass input scales (authors assume that large scale is
a priori not feasible) and existing technologies. The potential for a
better performance that could be obtained by applying improved or
new technologies, combined fuel and power production, and
increasing scale giving higher efficiencies and lower unit capital
costs, has not exhaustively been explored. Also, the results are not
comparabie: the capital analysis for biofuels producing facilities has
been done in different ways; the data quality is very variabie; the
level of detail varies enormously, from very superficial, to thorough
plant analysis, and the influence of individual parameters (e.g. feedstock costs) on the final product price is unclear.
Research method
Modelling mass and energy balances

For analysing the production of methanol, hydrogen and FT diesel,
Aspen Plus flowsheet models were made and used for optimisation

Figure 2. Generic flowsheet for methanol, hydrogen, or FT diesel production, via gasification of
biomass (top), and ethanol production by hydrolysis fermentation (bottom)
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Table 1. Unifiedl set of input parameters

Scale

400 -+ 2000 MWHHv input (short-term

Electricity price (supply and demand)
Economic lifetime (depreciation time)
Technicallifetime
Interest rate
Load
Investment path

0.03 fJkWhe

-+ long-term)

15 years
25 years
10%
8000 h (91 % of time)
20 % in first year, 30 % in second and 50 % in last year

"Severalinput parameters were slighUydifferent between the original papers, which may complicate direct comparison. Therefore, the results have been recalculated Irom the separate studies by using this unilied set ol parameters.

purposes. The gasifier, refonner and gas turbine deliver heat, whereas
the dryer, gasifier, refonner, and water gas shift reactor require steam.
The supply and demand of heat (taking into account steam quality) is
added to or drawn from the steam turbine, and the surplus heat is converted into electricity.
Ethanol production was for the greater part modelled in Excel
(except for the power isle, which was modelled in Aspen Plus). For
each process step in the hydrolysis fennentation process, conversion
extents (of hydrocarbons to sugars, of sugars to ethanol, of energy generation, etc) and losses were applied, so that each step yielded intermediate amounts of sugar, ethanol and solid residuals.

Economic evaluation

Table 2. Definition of the selected processes
Fuel

The resulting mass and energy balances served as basis for economic evaluation. Fuel production costs were calculated by dividing the
total annual costs of a system by the annually produced amount of
fuel. The total annual costs consist of annual capital costs, operating
and maintenance (inc1uding maintenance, consumables, labour,
waste handling), biomass feedstock costs and costs of electricity
supply / demand (fixed power price). The total capital investment, or
TCI, is calculated by factored estimation, based on known costs for
major equipment as found in literature or estimated by experts, and
translated to the actual equipment's size. Scaling-up has been done
by using individual scale factors for each piece of equipment. The
uncertainty range of such estimates is up to :t:30 %.

for biofuels production

Technical description

Methanoll)

Now: Atmospheric indirect gasifier, wet gas cleaning, steam reforming (partly fed by oft gas), shift reactor, low pressure gas
phase

methanol

reactor with recycle,

and a steam

turbine

Future: Atmospheric indirect gasifier, wet gas cleaning, steam reforming (partly fed by oft gas), a liquid phase methanol
reactor with steam addition and recycle, and a steam turbine

Ethanol2)

Now: Dilute acid pre-treatment,

on-site enzyme production,

hydrolysis and C6 fermentation

integrated in one reactor vessel), boiler and steam turbine

Future: Liquid hot water pre-treatment,
co-fermentation
Hydrogen3J

CBP configuration

enzymatic cellulose hydrolysis, SSF configuration
(enzyme production,

(cellulose

enzymatic cellulose hydrolysis and

in one reactor vessel), boiler and steam turbine

Now: Atmospheric

indirect gasifier, wet gas cleaning, shift reactor, pressure swing adsorption for H2 separation,

and a

combined cycle
Future: Pressurised direct oxygen fired gasifier, hot gas cleaning, ceramic membrane with (internal) shift, and a combined
cycle

FT diesel4J

Now: Direct 25 bar oxygen fired gasifier, tar cracker, wet gas cleaning, no reforming, and once through FT synthesis at 60
bar with 90 % conversion
Future: Direct 25 bar oxygen fired gasifier, tar cracker, wet gas cleaning, no reforming, and once through FT synthesis at
60 bar with 90 % conversion

'Hamelinck and Faaij (Hamelinck and Faaij 2002) assessed six concepts lor the production ol methanol. Methanol now is the sixth of those concepts; it is the concept that performs best with
currently available technology. Methanol luture is the fourth and overall best ol those concepts, but it applies a technology that is not yet available. The results quoted resu"s are compensated lor 15% cost reduction through leaming, which was not incorporated in that study.
. Hamelinck et al. (Hamelinck et al. 2005) assessed three concepts lor the production of ethanol via hydrolysis fermentation lor short. medium. and long-term. Ethanol now is ethanol shortterm concept, and ethanol luture is the long-term concept ol that study.
. Hamelinck and Faaij (Hamelinck and Faaij 2002) assessed flVe concepts lor the production ol hydrogen. Hydrogen now is the fifth ol those concepts; " is the concept that performs best w~
currenUy available technology. Hydrogen luture is the third and overall best ol those concepts, but " applies technologies that are not yet available. The quoted results are compensated for
15 % cost reduction through leaming, which was not incorporated in that study.

.

Hamelinck et al. Iteratively assessed a braad range ol concepts lor the production ol FT diesel (Hamelinck et al. 2004a). The FT diesel now concept is the concept that was lound to per-

lorm best; it incorporates technology that is currently available. The luture concept is the same concept w"h 15 % and 5 % cost reduction (Ieaming + process improvement).
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Figure 3. Breakdown of the production costs of selected biofuels (methanol, ethanol, hydrogen and FT
diesel) now and in future. Feedstock costs 3 €/GJHHV.Time path also incorporates a scale increase:
now 400 MWHHV,medium-term: 1000 MWHHV,and ultimate: 2000 MWHHV.Uncertainty ranges of 30 %
are applied to capital (and O&M, because this is a linear function of capitai), 50 % for the ethanol concepts
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For some of the process equipment costs are known from current
practical reality, while other costs have been estimated from literature, or by consulted experts.
Although largely the same method was applied in the analysis of
the selected fuels, there were some differences in the degree of
detail, the amount of variations, and overall assumptions. The studies have been made comparable by applying a unified set of input
parameters (Tabie ]).
Feedstock costs
The biomass feedstock costs are a major input parameter for the calculation of the biofuel production costs. Because of space limitations
in this paper, we only mention that we assume that biomass could be
delivered to Western Europe at about 3 €'/GJ'HHV (60 €Itonnedry) in

large amounts (170 - 290 EJHHVannually) (Azar and Larson 2000;
Hamelinck et al. 2004b; Hoogwijk et al. 2003; van den Broek 2000).

Selection for comparison
Based on the earlier broader evaluations, for each of the four fuels
we present one concept for the short-term, and one concept for the
long-term (see Table 2). For the short-term, we choose the best performing from concepts that are possible with currently available
technology. For the long-term, we compare the ultimately best performing concepts, which may need further technological development.
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Results and discussion
Technological insights

.

Gasification based fuels

The findings of the previously published papers can be summarised
as follows: Gasification based fuel production systems that apply
pressurised gasifiers have higher joint fuel and electricity energy
conversion efficiencies than atmospheric gasifier based systems. The
total efficiency is also higher for once-through configurations, than
for recycling configurations that aim at maximising fuel output. This
effect is strongest for FT production, where (cosdy) syngas recycling
does not only introduce temperature and pressure leaps, but also
'materialleaps' by reforming part of the product back to syngas. For
methanol and hydrogen, however, maximised fuel production, with
litde or no electricity co-production, generally performs economically somewhat better than once-through concepts.
Hot (dry) gas cleaning generally improves the total efficiency, but
the economical effects are ambivalent, since the investments also
increase. Similarly, COz removal does increase the tota! efficiency
(and in the FT reaction also the selectivity), but due to the accompanying increase in investment costs this does not decrease the product
costs. The bulk of the capital investment is in the gasification and
oxygen production system, syngas processing and power generation
units.
These parts of the investment especially profit fiom cost reduc-
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The bare influence of scale on the biofuel production costs is
tions at larger scales. Also, combinations with enriched air gasification (eliminating the expensive oxygen production assumed for some made visible in Figure 4. Analysis of the curves yields different overmethanol and hydrogen concepts) may reduce costs further.
all scale factors for the production facilities' total capital investments
Several technologies considered here are not yet fully proven or for the different technologies. Also, these scale factors change over
commercially available. Pressurised (oxygen) gasifiers still need fur- the whole 80 - 2000 MWHHVrange. AII thermal gasification based
ther development. At present, only a few pressurisedgasifiers, operat- processes experience a stronger influence of scale between 80 and
ing at relatively small scale, have proved to be reliable (Larson et al. 400 MWHHV,than ethanol production. This is because hydrolysis
200 I). Consequently,the reliabilityof cost data for large-scalegasifiers fermentation takes place in vessels that have a small maximum size.
is uncertain. A very critical step in all thermal systems is gas cleaning.
In the base situation (Figure 3) feedstock (at 3 €IGHHV)accounts
It still has to be proven whether the (hot) gas cIeaning section is able for 45 - 58 % of the total product costs. The influence of biomass
to meet the strict cIeaning requirements for reforming, shift and syn- feedstock price depends on the conversion efficiency from feedstock
thesis. Liquid phase reactors (methanol and Fischer-Tropsch)are like- to fuel, e.g. a T1HHV'fuel of 35% (ethanol-now) implies that with
Iy to have better economies of scale. The development of ceramic every € feedstock cost reduction, the production costs reduce with 2.9
membrane technology is crucial to reach the projected hydrogen cost € (110.35).A much more efficient process, such as "methanol now"
level. For Fischer-Tropsch diesel production, high CO conversion, thus becomes relatively more attractive at high feedstock costs (refer
either once through or after recycle of unconverted gas, and high C5+ to Figure 5). Since cheap feedstock will be used first (up to 3 €IG] at
selectivity are important for high overall energy efficiencies. Several gate), process improvements may initially focus on capital, O&M an
units may be realised with higher efficienciesthan considered in this power cost reduction.
paper: New catalysts and carrier liquids could improve liquid phase
The fuels could also be produced in the biomass supplying counmethanol single pass efficiency.At largerscales,conversionand power tries, provided that the amount of cheaply available biomass locally
systems (especially the combined cycle) have higher efficiencies, but suffices, after which the biofuel is internationally shipped. This has
this has not been researched in depth.
two advantages: the elirnination of the costly densification step (pellets) otherwise necessary to minimise long distance transport costs,
Ethanol
and the higher energy density of the transported commodity. The
The assumed conversion extent of (hemi)cellulose to ethanol by joint cost reduction is about 9% for methanol (Hamelinck et al.
hydrolysis fermentation is close to the stoichiometric maximum. 2004b). Although ethanol has a higher energy density than methanol,
There is only litde residual material (mainly lignin), while the steam the cost advantage will be practically the same. It can be concluded
demand for the chosen concepts is high. This makes the application that this route is very attractive for sugarcane ethanol from Brazil.
of BIG/CC unattractive at 400 MWHHV'Oevelopments of pre-treatment methods and the gradual ongoing reactor integration are inde- Broader comparison
pendent trends and it is plausible that at least some of the improved
performance will be realised in the medium-term. The projected The current prices for sugarcane ethanol in South East Brazil are in
long-term performance depends on development of technologies that the lower range of the costs achievable for the advanced biofuels dishave not yet passed laboratory stage, and that may come commer- cussed, 7 - 9 €IGJHHV(GoIdemberg et al. 2004). International alcocially available earlier or later than 20 years from now. This would hol shipment from Latin America to Europe will not add more than
mean either a more attractive ethanol product cost in the medium- 0.5 €IGJ. If road tanker transport from a inland production location
to the harbour were necessary, this would add half a euro extra per GJ
term, or a less attractive cost in the long-term.
The investment costs for advanced hemicellulose hydrolysis per 100 km (Hamelinck et al. 2004b).
Oelivered costs for other fuels are reported to amount 21 - 38
methods need to be assessed more exact. Continuing development of
new rnicro-organisms is required to ensure fermentation of xylose €IGJHHV for ethanol from wheat, 15 - 29 €IGJHHV for RME, sugar
and arabinose. At the moment of writing (2006), a thirty-fold beet ethanol 26 - 40 €IGJHHV,and higher when the production of
decrease of cellulase enzyme costs is already cIaimed to be achieved feedstock receives no subsidy. Dimethylether (OME) is projected to
by Novozymes.
cost about 13 €IGJHHV(OME), and substitute natural gas (SNG) 13
€IGJHHV(Arthur O. Little 1999; van den Broek et al. 2003; Van
Zeijts et al. 1994).
Economic perfonnance

.

In the short-term ethanol and FT diesel facilities are the most expensive. These processes have a relatively low total (fuel + electricity)
efficiency. In combination with high operating costs this makes cellulose ethanol the most expensive of these biofuels in the short-term.
A breakdown of the production costs into capital, O&M, feedstock and power costs is shown in Figure 3. A 30 % uncertainty
should be applied to the total capital investment of methanol, hydrogen, and FT diesel concepts. The capital costs for the ethanol concepts are estimated to have a higher uncertainty (50 %), because of
the less detailed analysis. The uncertainty bars in Figure 3 show that
the eventual influence of these uncertainties to the production costs
is could be up to 30 % to 50 %.
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Conc/usion
Main conc/usions

Through expected process improvements, technological leaming and
scale enlargement,productioncosts can decreaseand/or efficienciescan
go up. Technologicalleaming can take place through increasing production capacity and experience.
The production of four prornising biofuels - methanol, ethanol,
hydrogen, and synthetic diesel

- was systematically

analysed, based on

detailedpre-engineeringanalyses.Productioncosts of these fuels range
16 - 22 €IGJHHV now, down to 9 - 13 €IGJHHVin future (2030). This
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Figure 4. Influence of input scale on the production costs of selected biofuels. Feedstock costs 3
€/GJHHV.with a sensibility towards 2 €/GJHHVat 2000 MWHHV
input
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perfonnance assumes both certain technological developments as weil

several conversions into fewer reactors.

as the availabiJity ofbiomass at 3 €JGJHHV.The feedstock costs strong-

Iy influence the resulting biofuel costs by 2

-

3 €JGJfuel for each

€JGJHHV feedstock difference. In biomass producing regions such as
Latin America, the four fuels could be produced against 7 - II
€JGJHHY' These costs should be compared to the rising gasoJine and
diesel costs of 10 €200S/GJ at the end of 2004 and 12 €2000'GJ3at the
time of writing. The uncertainties in the biofuels production costs are

This paper is based on the PhD thesis "Outlook for advanced biofuels" by
Hamelinek.

Endnotes
I

AH costs in this paper are in €2003' unless indicated otherwise, inflation 2.5

small when considering the large uncertainty in future (2030) gasoline
and diesel prices.

% annuaHy,

The key fuel chains for the short-tenn seem to be methanol and Fr
diesel, while ethanol from Jingo-cellulose emerges in the medium-tenno

the subscript

2

I €2003

HHY. LHV indicates

the definition

Lower

Heating

VaIue, if no subscript

is given,

is unknown.

At crude prices of about 65 US$/bbl, according to the US Energy

Ultimately, hydrogen may offer the best perspective; but requires breakthroughs in hydrogen storage technology to tiek the balance.

Infonnation

RD&D issues

Acknowledgments

3

= I US$2003'

Energy is preferably expressed on Higher Heating VaIue basis, indicated by

Administration.

The gasification-derived fuels require the development of large (about

The PhD research (Hamelinek 2004) underlying this paper was made possi-

400 MWHHy input) pressurised gasifiers, a gas c1eaning section that
matches the catalyst's specification, increased catalyst selectivity (for
Fr diesel production), and ceramic membranes in the case of hydrogen.
Hot gas c1eaning and CO2 removal positively affect the tota! plant efficiency, but the economic effect is ambivalent. Co-producing e1ectricity
and biofuels deserves further research. Synergy with fossil fuels (cofeeding) could faciJitate both scale enlargement and cost reduction.
More research is desired in this field.

bie by financial help from the National Research Programme

The production of ethanol from lignocellulose biomass requires the
development of more efficient pre-treatrnent technology, and of microorganisms that yield higher conversions, as weil as the integration of
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