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1 Introduction to and objectives of Subproject 2

The production of liquid transportation fuels from coal via Fischer-Tropsch synthesis was
developed in Germany in the 1920ies. Coal reacts with steam and oxygen to a gas mixture of
hydrogen, carbon monoxide and carbon dioxide. Of this, the former two are purified to
synthesis gas and react in the presence of a catalysts to paraffinic hydrocarbons, which may
be used after further processing as transportation fuel. The process was applied in a capacity
of 0.7 million tons per year in World War II. Later fuel production from mineral oil was more
economic and FT synthesis was restricted for a long time to South Africa. Increasing oil
prices led to reactivation and the introduction of natural gas as feedstock. But both resources
are not renewable and their use leads to the emissions of large amounts of greenhouse gases
and global warming. This introduced biomass like wood from forest residues, straw or energy
crops as possible source for transportation fuels.

Compared to coal and gas, biomass is a structured and salt containing feedstock. Wood
usually gives rise to less than 1% ash material and is frequently used in CHP plants.
However, fast growing plants like straw or hay may yield 5 to 10 % ash. Especially potassium
salts are difficult due to their low melting point and volatility (mostly below 700°C) leading
to slag formation and clogging of pipes.

In subproject 1 of the RENEW project, wood is used for the synthesis of FT-fuel for product
optimisation. SP 3 is dedicated to the conversion of a pulp mills black liquor to syngas and
recycling of cooking chemicals. SP4 studies the thermo-chemical production of ethanol from
lignocellulosic biomass. SP5 assesses biomass availability and distribution, environmental,
economic and technical properties of BtL production processes as well as gaseous fuels. SP6
is dedicated to dissemination of results.

The objective of subproject 2 “Process optimisation” of the RENEW project is the
development of new or the adaptation of existing equipment for the gasification-, gas
treatment- and Fischer-Tropsch synthesis from fresh or dried straw, wood or energy crops.
Subsequently, upgrading of the FT-raw product, fuel analysis and testing completes the
process chain of Fischer-Tropsch fuel production from biomass for transportation.

Workpackage 1 was dedicated to the biomass feedstock. Its physical properties (e.g. density,
moisture, grindability) and chemical composition (Na, K, Cl, S, N, heavy metals) were
studied by CUTEC and FZK. Subsequently, the suitability and most efficient conditioning
method to feed the gasifier or pyrolysis reactor was determined.

WP 2 focused on the gasification process. Two routes were studied:

At CUTEC a 400 KW circulating fluidised bed gasifier is blown with steam and oxygen.
Different bed materials and various biomass feedstock were investigated for optimal syngas
production.

At FZK a two stage process of biomass liquefaction by fast pyrolysis and subsequent
entrained flow gasification of the pyrolysis slurry was developed. A pyrolysis reactor was
designed for milled straw and other lignocellulosic biomasses. In a purpose designed mixer
the produced char is suspended in the liquid pyrolysis oil and forms a transportable slurry. In
the second step the gasification of respective bioslurries with oxygen under 20 to 30 bar
pressure was studied and conditions optimised at the 3 MW research gasifier of Siemens AG
at Freiberg.
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In WP3 raw gas cleaning and conditioning to synthesis gas was developed or adapted and
studied at the facilities of BKG and CUTEC. TUV and RPT designed and constructed the
equipment operated by BKG in a slipstream of the 8 MW internally circulating fluidised bed
gasifier in Giissing. CUTEC developed a system for its CFB gasifier. At both installations, the

gas quality was monitored and improved in several steps to meet the requirements of the FT-
synthesis.

In WP4 was dedicated to Fischer-Tropsch synthesis. A tubular fixed bed reactor and a slurry
reactor were developed by CUTEC and TUV and run at the facilities in Clausthal and
Giissing, respectively. Access to commercial FT-catalysts was not possible but the partners
were able to cooperate with a catalyst manufacturer and received pre-commercial material.
However, this unexpected difficulty caused severe delays and reductions in the amount of fuel
produced.

In WP5 CERTH developed mild hydrocracking and catalytic cracking processes and catalysts
for the upgrade of FT-wax to high quality transportation fuels. This was done with
commercial FT-wax and verified with product from TUV/BKG.

WP6 was dedicated to the fuel analysis (ITN) and engine testing (VW). ITN characterised the
fuel samples produced in WP4 according to EN 590 and EN 228 and other methods to
determine their applicability as neat or blended fuel. This included the corrosion behaviour
and necessary additives. Due to the reduced FT synthesis in WP4 VW focused on
compatibility of FT-fuels to spray formation of the injector nozzles and of the exhausts to the
aftertreatment system.

In the following chapters, the BtL-plant developing partners FZK, CUTEC and
TUV/RPT/BKG report their achievements encompassing the respective workpackages.
CERTH and VW refer the results of the workpackages 5 and 6, respectively, of the
subproject.

WP7
WP2 WP6
Flash
pyrolysis ITN Fuel
FZK analysis
<Straw " Entrained flow VW Fuel
gasification FZK WP3 WP4 tests
Circulating fluidized Gas FT [
bed gasification » cleaning synthesis
CUTEC CUTEC CUTEC
WP5
BKG Internally Gas FT FT wax
circulating fluidized cleaning synthesis upgrading
bed gasification TUV/BKG TUV/BKG CERTH

Figure 1: Structure of Subproject 2



- T—
—

‘renéw S

2 Processing route for syngas production via bio-slurry
gasification

Authors: R. Stahl, E. Henrich, Forschungszentrum Karlsruhe

2.1 Thetwo step pyrolysis — gasification process at FZK

Lignocellulose like wood or straw is the most abundant biomass type. Generation and use of
synthesis gas from biomass involves complex technology, which can be more economically
applied in large central plants, than in many small facilities. Since biomass is rather scattered
over large areas, expensive long-distance transport of low energy-density materials like straw
bales, wood chips etc. are required. The problem can be solved by biomass liquefaction.
Biomass is first liquefied to pyrolysis oil by fast pyrolysis in many local facilities. The
relatively small amount of brittle pyrolysis char is pulverised and suspended in the pyrolysis
oil. Such pyrolysis oil/char-slurries have a high density of ~ 1300 kg/m’ and contain up to
90% of the initial biomass energy. They are easily stored in tanks and can be transported e.g.
by rail, to a large central plant for efficient and economic syngas generation and use. An
oxygen-blown entrained flow gasifier operated at high pressure is particularly compatible
with downstream synthesis of synfuel or chemicals. Slurries are easily pumped into the highly
pressurised gasifier chamber and are pneumatically atomised with oxygen. The hot, high-
pressure syngas is tar free, thus obviating expensive efforts for tar removal and syngas
compression.

2.2 Fast pyrolysis of lignocellulosic biomass

2.2.1 Advantages of fast pyrolysis

Unique characteristic of the Karlsruhe BtL process is a pumpable, hot bioslurry feed for a
highly pressurised entrained down-flow gasifier with a cooling screen, suited for high-ash
materials. Slurries are prepared by suspending char powder in the liquid condensates obtained
by pyrolysis of lignocellulosics like wood or straw. Only fast pyrolysis (FP) can generate
sufficient liquid and sufficiently low char and gas yields to allow complete char suspension
with condensate/char-mass ratios >2. Up to 90% of the initial bioenergy can thus be
concentrated in the dense slurry. Biomass liquefaction and densification are favourable not
only for use as gasifier feed, but also for storage and transport. Larger and therefore more
economic BtL-plants can be supplied by cheap electro rail transport of slurries or pre-slurries
from many regional FP plants up to ca. 500 km distance.



HEAT CARRIER LOOP WITH EXTERNAL HEATER DIRECT CONTACT HEATING

@ gas fluidised deep beds @ transported shallow beds BT FlEar i aRER

cold gas recycle, twin fluid bed low axial, good radial mixing

(et ~oil +hot cyclone
I cyclone “ - — scondenser cold

“excess biofuel B N
o e * gas * blofuelva T
—- - char i BN R
v oil, gas
....... sand loop A
from char = char combustion see also ~ rotating hot
disc, cylinder, blade

combustor| vortex reactor

recycle gas

~oil
» hot U
cyclone
excess
gas

sand char
Iogp

.4 twin char
combustor
recycle gas

Figure 1: Reactor types for fast pyrolysis

2.2.2 Choice of a fast pyrolysis reactor type

From the many types of FP reactors being developed or used for biomass or other materials,
(see Fig. 1), we have selected the twin screw or LR mixer reactor mainly for two reasons: (1)
The mechanically transporting flat bed reactor with quick cross current product vapour
removal are favourable design characteristics in accordance with a theoretical reaction
analysis; (2) Large-scale technical experience with non-biomaterials coal, vacuum residues or
oil shale has been accumulated since 50 years and is expected to reduce development time and
cost for biomass:

e The twin screw mixer reactor combines low axial with good radial mixing of fine (<3 mm)
low-moisture biomass particles with a large amount of heat carrier grains at about 500°C.
Pyrolysis product gas, vapours and char dust are blown out in a mixed product stream and are
recovered successively: First the char dust in a hot cyclone then the condensates, leaving the
gas. The heat carrier grains are separated and reheated from ca. 500°C to max. 600°C prior to
recycle in a closed loop with heat exchanger (FZK) or an open (Lurgi) loop with pneumatic
lift.

e Residence time (is one or a few seconds) and thus reactor size and cost is kept short,
especially the time of vapour contact with the heat carrier.

e The twin screw mixer is the only FP reactor type with experience obtained from large-scale
technical applications.

2.2.3 Suitability of the twin screw mixer reactor for FP of lignocellulosic biomass

Within the RENEW project, the principal suitability of the LR-mixer reactor type has been
tested in two different lab-scale facilities at 3-20 kg/h throughput with many different
biofeedstock: wheat straw, rice straw, softwood, hardwood, wheat bran, rapeseed press cake
etcetera. The high condensate and low char and gas yields which have been obtained are
shown in Fig. 2; they are comparable with results reported for other suitable FP reactor, and
qualify the LR-mixer also for the FP of biomass. Quality and yield of pyrolysis condensates
from wood was usually good. Biofeedstock with more ash like straw, resulted in poorer
condensate quality and lower yields, with tendency to immediate separation into a heavy
organic phase and an aqueous solution with much acetic acid - and sometimes an additional
light upper layer phase. Such poor condensates are not well suited as liquid biofuel for
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burners, turbines or internal combustion engines. Poor condensate qualities not suited as
motor or turbine fuels are still suited for slurry production and subsequent gasification. This
new application as a gasifier feed might be a game change for FP of poor-quality biomass.

Lower quality requirements can result in further FP process simplifications and corresponding
investment cost reductions.

2.2.4 FP design variants with a twin screw mixer reactor

A major objective within the RENEW tasks are investigations of potential further FP- and
LR-technology improvements, especially in view of reliability, availability, simplicity and
cost. Beside minor LR-mixer reactor modifications, the variants differ mainly in the reactor
periphery. Two different versions of the heat carrier loop are being tested: (1) The
conventional open-loop mode with a pneumatic lift of 1 mm heat carrier sand (SiO,, SiC etc.)
with hot flue gas from pyrolysis gas combustion for reheating to 500-600°C. (2) A more
flexible closed-loop mode with a hot bucket elevator and larger steel shot or ceramic grains as
heat carrier, which are reheated in an additional large, expensive, but closed heat exchanger.

A 0.5 t/h pilot facility with the pneumatic lift open loop version is being built (with
substantial FNR / Federal Ministry of Agriculture financial support) with the long technical
experience of LURGI company, Frankfurt. The pilot plant is now almost ready for start-up.
Pilot facility design has been supported by RENEW with an experimental campaign in
LURGTI's mini LR-plant in Frankfurt (results see Fig. 2).

PRODUCT YIELDS FOR WOOD AND STRAW

atmospheric pressure, ~ 500 °C, sand/biomass mixing ratio: < 10, gas residence time ~ 2-3 s

100
VES

80
pyrolysis water

60
condensates

pyrolysis tar 40

20

ash
wood flour .
spruce beech winter wheat
ash wt. % 1.0 0.8 7.4
water wt. % 8.9 6.5 7.7
HHV  MJ/kg 16.2 16.2 14.6

E. Henrich, E. Dinjus, R. Stahl, F. Weirich (FZK, ITC-CPV);H. Weiss, U. Zentner (Lurgi-Lentjes); D. Meier (BFH-Hamburg), to be published

Figure 3: Fast pyrolysis in the LR-mixer reactor, product yields for wood and straw

The bucket elevator version is still under investigation in the Karlsruhe process development
unit (PDU). By replacing the initial I mm heat carrier sand by 1.5 mm steel shot, considerable
improvements of operating reliability and plant availability has been achieved as well as
about doubling of the throughput to almost 20 kg/h; the heat carrier circulation rate in the
closed loop could be raised to > 1 t/h. Damage of downstream slurry preparation equipment
e.g. like pumps by wear-out with attrited fine sand is now avoided. Corresponding changes in

RENEW SP2 Scientific Report 080328 8
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the available pilot plant would permit an experimental determination of technical design data
also for the bucket elevator version.

Various versions for pyrolysis product recovery are also being tested in the Karlsruhe PDU.
Many experiments have been conducted with a simultaneous common separation of char dust
plus tar at 100°C in a single step. The condensing tar is soaked into the extended pore system
of the char particles; solidification during cooling down thus does not create operating
problems. The char, tar, water and gas yields for this FP product recovery mode are
summarised in fig. 3. Pyrolysis chars are highly porous and tars which solidify already at
higher temperatures can be handled much easier in form of such solid char crumbs soaked
with tar. An additional aqueous condensate was then recovered in a second condensation step
downstream. These investigations are still continuing.

maf - lignocellulose
40 60 100 weight %

standard pyrolysis conditions, not optimised for special feedstock

Figure 4: Pyrolysis mass yields for various biofeedstock using a 5-15 kg/h twin screw mixer reactor with
1.5 mm steel balls as heat carrier

2.2.5 FP-modelling

Modelling means the prediction of products when educts, equipment design and operating
conditions are known. Organic chemistry at typical FP temperatures around 500°C with a
participation of solid reactants belongs to the most complex chemical processes. We have
proposed and checked a rather simplistic model which just predicts the gas, tar, and water and
char yields for a moisture and ash free ligno-cellulose part with <2% wt ash on the one hand
and > 2% ash content on the other hand. FP of low ash ligno-cellulosics like wood results in
about 16% char and gas respectively and about 10 %wt reaction water; high-ash biomass like
straw yields about 1.5 times more char, gas and reaction water with a correspondingly
reduced condensate yield. More complex models do not necessarily result in better
predictions.

2.3  Slurry preparation

One of the characteristics of the bio-slurry gasification of Forschungszentrum Karlsruhe is the
combination of flash-pyrolysis and entrained flow gasification by using the mixture of the
pyrolysis products as the feed for gasification. The so-called bio-slurry contains ~90% of the
original biomass energy and is appropriate for storage, transport, pumping and atomisation.

RENEW SP2 Scientific Report 080328 9



The dry pyrolysed biomass char is highly porous and light. It can absorb liquids until 80% in
weight without becoming flowable. The decisive parameter for the mixing of flowable
slurries is the empty volume of the dry bulk material, which is composed of the inner porosity
of single particles and the outer porosity, i.e. the gap between single particles and
agglomerates. The biomass chars examined here have a loose bulk density of 100-180 kg/m’
with 85-89% free space volume and a tap density of 160-270 kg/m’ with 78-84 % free space
volume. The loose dry bulk char is a flowable powder and can easily be shovelled by a spoon.
Joggling or vibration results in a significant volume decrease and the material becomes
impenetrable and inflexible.

For mixing of a flowable slurry the solid volume / liquid volume should not be higher than the
solid volume / gaseous volume of the loose bulk. However, first trials with the experimental
solid to liquid ratio of pyrolysis products of biomass lead to a wet clump. The situation can be
drastically improved by reducing the void volume by deagglomeration. The necessary energy
is transferred by hydrodynamic stress, provided by the shear rate of a fast rotating mixer. A
related concept is the reduction of char porosity by wet or dry milling, which is an alternative
way to achieve flowability within the experimental pyrolysis yields.

In the Karlsruhe bio-slurry gasification concept flash-pyrolysis is carried out by the twin-
screw-LR-mixing reactor. While the straw is pyrolysed, the emerging brittle char is milled by
abrasion from ~6 mm to ~600 um. This is a positive side effect of the pyrolysis process, but
still too large for a high carbon conversion by entrained flow gasification. In laboratory scale
we succeeded in a particle size reduction down to 120 pum only by intensive mixing of the
pyrolysis products. Also in laboratory scale we realised by addition of 3 % starch and wheat
flour, respectively, a total suppression of sedimentation. Slurry of this kind should be the
appropriate choice for long term storage, but the technical realisation in medium scale is a
little laborious, as low temperature heat (80°C) is needed for gelification.

2.3.1 Colloid mixer

The Forschungszentrum Karlsruhe has been testing and improving the colloid mill technology
from MAT Mischanlagentechnik GmbH, Germany, for the production of bio-slurries and
verified its suitability. Extensive experience with colloid mixers of laboratory scale (500 ml,
21 and 51 batchwise) up to pilot scale (250 kg batchwise, 1000 kg/h continuous) has been
gained. A rotor disk and perforated paddles are pressing the slurry via a small gap and exert
high shear forces. The deagglomerating and size-reducing effect of the mixer increases with
the slurry viscosity, but also the power which is dissipated into the slurry and, as a
consequence, the temperature. The higher temperature and deagglomeration in turn lead to a
decrease in viscosity. As a result, the dependence of particle properties, solid content, mixing
power requirement, viscosity and slurry temperature is highly complex and needs a thorough
assessment in each process design which is planned to be realised.

For mixing slurry with the actually installed 1000 kg/h continuous mixer special care has to
be taken for the correct amount of solid which is dosed by a software controlled process
balance and rotary-vane feeder. The ability to fall regularly into the rotary-vane feeder has to
be verified (or improved) for each new feed material, because it is closely related to bulk
density, angle of repose, particle size distribution and particle geometry, which are different
for each pyrolysis process arrangement, biomass species, harvesting conditions etc. For a
reliable slurry quality a downstream stirrer vessel is necessary for clearing concentration
differences caused by systematic short-term dosing irregularities. Favourable are 1-2 more
stirrer vessels for realisation of a stirrer vessel cascade to equalise also medium-term
differences in the feed composition (e.g. caused by changing the storage tank of the liquid
phase). The gasifier can be controlled easier, if the slurry composition does not change

10
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stepwise with feed changes, but gradually. So far, more than 40 t of bio-slurries were
produced for the gasification experiments of Forschungszentrum Karlsruhe.

2.4 Entrained Flow Gasification

In the second step the resulting slurry is transported from many small pyrolysis plants to a
large central highly pressurised entrained flow gasifier. There the slurry is used for the
production of raw syngas. After gas cleaning the generated synthesis gas can be used for
catalysed synthesis of chemicals or liquid fuels. In the period of the years 2002 until 2005
several experimental campaigns at the pilot gasifier at Freiberg have been performed. Due to
the different history of the pilot plant some results show a broader scattering. For example the
slag layer on the cooling screen was different, a fact that results in slight differences of the
heat loss. For our different runs we have prepared a total of ~ 50 t of different slurries from
the products of commercial beech wood pyrolysis for charcoal production as well as from
wheat straw pyrolysis and from FP of wood (Dynamotive company). A constant feed stream
was transferred with a screw pump via a 90°C heater into the gasifier burner at 26 bars. The
feed rate changed from 0.35 t/h slurry (2 MW(th)) up to 0.6 t/h slurry (3 MW(th)). The
experiments were partially performed with a CH, — pilot burner (50 m® (STP)/h of CH,.).
Pure evaporated O, from a tank has been stored in an intermediate pressurised battery vessel
at several bars above the gasification pressure. The slurry stream was atomised with a fast O,-
jet in a special burner nozzle in the gasification chamber.

2.4.1 Syngas efficiency

At operating temperatures of 1300+200°C the total energy loss of the small pilot gasifier is
about 5GJ/h. The heat loss via the ca. 3 m® surface area of the radiation screen of the pilot
gasifier was about 16-20% of the slurry energy. A high percentage of the feed energy is thus
lost by water quenching or converted into less valuable sensible heat of the hot syngas. As a
consequence the syngas efficiency in the pilot gasifier varies from ~70% in the case of
slurries with a high heating value down to 50% or even lower for slurries with a high water
content of ~45%. Because of the smaller surface-to-volume ratio, this heat loss can be
reduced in large gasifiers (> 1GW) and the sensible heat can be recovered for electricity or
high pressure steam generation, which is a necessary by-product of any chemical synthesis. In
this case the overall syngas efficiency of the total gasification process is estimated to be about
85%.

2.4.2 Particle size

The ball-milled charcoals of different size distributions have been mixed either into the tar or
the aqueous condensates to produce high slurry loadings from 20 up to 39 %,.. During the last
campaign in 2005, bio-oils and chars from an intermediate straw pyrolysis (at FZK with the
“Haloclean process”) have been gasified as well as bio-oil from FP of wood (from
Dynamotive Company, Canada). The mean particle size distribution has been varied from x90
=17 pm up 150 pm. For normal atomisation conditions at the burner there is no problem even
with larger particles. Only in the case of lower oxygen velocities larger char particles tend to
pass the reactor without gasification and are accumulated in the grain slag. Low viscosities
<0.3 Pas of hot slurries and a char particle size <0.1 mm are found to be suitable
preconditions which can be obtained with reasonable efforts. The temperature distribution
inside the reactor depends upon the feed rate of the slurry and oxygen and the heat losses.
Complete conversion of the slurry is precondition to obtain a high efficiency and a carbon-
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free slag. To minimise oxygen consumption and heat losses, the lowest gasification
temperature must be determined at which complete conversion to the desired products H, and
CO is achieved. Gasification efficiency increases significantly to about 70% at lower
gasification temperatures. For a temperature of 1300°C the mean heat loss is about
0.43 GJ/hm’. However this is a complex interplay with slag viscosity and slag layer thickness.

2.4.3 Gasification temperature

At gasification temperatures < 1000°C the methane and soot formation begins to reduce the
syngas efficiency. Soot formation limits were not discussed in this paper. The most important
factor which limits the gasification temperature is the ash melting point. If the temperature is
to low the slag accumulates in the gasifier. For the various slurries tested a temperature of
about 1300 °C showed the best results. Especially for a large plant operated with slurries from
different plants low operation temperature should be avoided to avoid slagging problems. The
lambda-number is generally used for describing the oxygen/fuel ratio in combustion
operations. The lambda-value is a measure of the ratio of the oxygen quantity introduced into
the gasification space to the oxygen quantity required theoretically for complete combustion.
A gasification temperature of 900-1600°C has been achieved with an O;-stoichiometry of A =
0.36 - 0.6. As figure 4 shows the reaction temperature increased gradually with respect to the
lambda number.
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Lambda number

Figure 5: Gas temperatures changes with respect to the lambda number

All pyrolysis products from slow or fast pyrolysis of wood or straw studied so far are suited
for the preparation of pumpable bio-slurries. The expected advantages of pressurized EF-
gasification of biomass in general and of the GSP-type in particular could be fully confirmed
experimentally. Further gasifier development for higher capacities into the GW range and
pressures up to 80 bar are in progress also for coal gasification. This means that coal based
plants could be used for tests or co-firing. This coincidences with the foreseen increasing role
of coal gasification in the upcoming decades.
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2.4.4 Syngas composition

Crude material and energy balances have been derived from the known feed composition.
With an O,-stoichiometry of A = 0.4 to 0.5, gasification temperatures of 1100 — 1600°C and
more than 99% carbon conversion have been attained. A molten slag layer drains down on the
inner screen walls and protects the SiC-liner from corrosion. A suitable slag viscosity is
adjusted with the O,-flow (temperature) and — if desirable — suitable inorganic additives in the
feed to modify the slag composition. As the hot pressurised syngas is tar-free, expensive
efforts for tar removal or syngas compression can be avoided. The measured raw syngas
composition indicates an approximate equilibration of the homogeneous shift reaction CO +
H,O S CO, + Ha, as expected. Two experimental results for the composition of the dry
syngas are shown in the following table. The relatively high energy loss of the cooling screen
and the use of flue gas for cleaning of unused piping at the pilot gasifier result in high
amounts of carbon dioxide and nitrogen. In a large technical gasifier the concentrations will
be much lower. The expected syngas composition for a commercial gasifier is given in the
last line.

Table 1: Gas composition of pilot gasifier and modelled composition of commercial gasifier (last line)

CO[%] | Ha[%] | CO2[%] | N2 [%] | CH4[%] | HoS [ppmv] | tar | 2O, [%]
45 29 18 9 <0.1 29 — 0.46
47 27 16 9 <0.1 17 — 0.42
58 30 10 2 <0.1 17 — 103-04

2.45 Slag

In the gasifier the inorganic ash constituents melt and drain down on the inner cooling wall
and leave the gasification chamber at the bottom towards the quenching section. There, water
is injected to cool down the raw synthesis gas plus the slag to about 180°C. The slag solidifies
and is collected at the bottom and taken out of the reactor through a lock hopper. The
adhering water is separated by a sieve plate (1 mm mesh). The raw syngas leaves the reactor
together with the surplus of quenching water. After separation from the raw syngas the
quench water is recycled. As a consequence the solid material is found in three sections. The
largest amount is formed by the coarse grained slag on the sieve plate. Smaller amounts of
fine particles are found in the filtrate. Finally there are fine particles which leave the reactor
suspended in the quench water. They are collected on the quench water filters. During all
experiments the slag and the quench water were sampled periodically to determine their
composition. All fractions have been collected, weighted and analysed. In general the mass
balance of the minerals showed a large gap of about 40%. The operation time was too short to
get stationary conditions for the slag flow. Optical inspections proved that a part of the
minerals remained in the gasifier to build up a certain slag layer. As in general their amount
was very low, their carbon content did not affect the carbon conversion rate significantly. In
cases of unfavourable gasification conditions a small amount of larger char particles passed
the reactor and was found in the grained slag resulting in a higher carbon content. Under
optimised conditions the carbon content was about 0,5 %. The main goal is to recover the
residues as a coarse, non leachable slag with a very low carbon content. The coarse slag has a
potential value as construction material or if milled as a fertilizer. Even the disposal of the
slag on a normal landfill will be cheap and no problem.
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2.5 Economic considerations

2.5.1 Energy efficiency and polygeneration

Biosynfuels produced via the biosyngas route must compete economically with the global
annual production of 2 Gt conventional gasoline, diesel and jet fuel from crude oil. An oil
refinery manufactures motor fuels for ca. 0.5 €/t (without tax) at a crude oil price of about
60 $/bbl. Compared to a large modern > 10 GW oil refinery, biosynfuel plants are somewhat
smaller, use more complex technology and are therefore about twice as expensive at the same
capacity. An oil refinery converts about 80% of the crude oil energy into liquid motor fuels.
Only about 40% of the initial bioenergy can be converted into biosynfuels, but the rest is not
lost. This is because the inevitable reaction heats from the complex multistep chemical
process can not be converted into main or side-products, but only in electricity, high-pressure
steam and process heat. These energy side-products can be consumed directly in the process
or exported with credit. We assume complete self-consumption in the process plant without
credit for energy export.

This includes use of electricity generated in the large central biosynfuel plant by distribution
via the grid e.g. for rail-transport of slurries or biomass diminution in the decentralised
pyrolysis plants etcetera. The inevitable polygeneration is thus used to create a self-sustained
system supplied completely with bioenergy.

2.5.2 Plant configurations

Decisive characteristic of the Karlsruhe BtL process is a pumpable bio slurry feed for a highly
pressurised entrained down-flow gasifier. Feed slurry can be prepared by fast pyrolysis of
various bio feedstock either directly on-site of a large central gasifier or off-site. On-site truck
delivery of bulky biomass like straw becomes too expensive at larger distance between
harvest field and plant, the dense road traffic near a large plant becomes excessive, but also
the diesel consumption — which must subtracted from the own production. Input capacities of
integrated plants will thus be limited to about 1 Mt/y input of ligno-cellulose like wood or
straw. The output of max. 0.2 Mt/a is too small in view of the global consumption.

Preparation of bio slurries or simple pasty or crumby slurry preforms in off-site regional
pyrolysis plants followed by rail transport — with electricity consumption — of the compact
densified pyrolysis product mix in silo wagons (for quick unloading), permits an economic
supply of even huge central biosynfuel plants. Rail transport costs do not depend much on the
distance in the 100 to 1000 km transport distance range and allow a flexible even "diluted"
spot-like pyrolysis plant distribution over large areas (e.g. whole France or Germany).
Transport cost estimates for German conditions are summarised in the diagram of Fig. 5.
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Figure 6: Biomass transport costs

Large CtL and GtL plants with a synfuel output capacity up to the 1 Mt/y range are already in
operation, even larger ones are planned or under construction for economic reasons e.g. in
Qatar and Nigeria. The tail end section-after generation of a clean, conditioned syngas-in such
plants is not different in a BtL plant; the principal technology is available, further
development aims at potential further improvements. Even the detailed engineering of the
tail-end steps in BtL, CtL and GtL plants will be the same at the same capacity and does not
need engineering efforts for scale-down in case of smaller plants.

Only the head-end steps for syngas generation in the known CtL and GtL-plants need to be
adjusted to biomass. The essential steps are preparation of a pumpable bio slurry feed by fast
pyrolysis either after direct truck transport of biomass to the on-site pyrolysis plant or in off-
site plants followed by rail transport of the densified bio-slurry pre-forms. Different bio-
feedstocks are thus equalised by conversion to a pumpable bio slurry feed for a highly
pressurised entrained flow gasifier.

2.5.3 Calculation methodology

Our cost estimates are based on a relatively simple standard method described in textbooks:
(1) Onken, Behr; "Chemische Prozesskunde", Thieme press, Stuttgart 1996, chap. 5 and (2) in
more detail in Peters, Timmerhaus, West "Plant design and economics for chemical
engineers", McGraw Hill 5" ed., mainly chap. 6. Costs are subdivided into only five different
contributions: (1) Feedstock, (2) utilities, (3) capital and capital related, (4) personal and
personal related, (5) varia.

Feed costs: Biomass without transport and technical oxygen, are almost independent from the
plant size (cost degression exponent ~ 1). Biomass transport costs are composed of a constant
value for loading and unloading plus a component about proportional to the distance, which is
about the square root of the plant capacity (distance squared equals about area).

Utilities (energy): To a very first rough approximation, the complex biosynfuel production is
considered to be self-sufficient energetically. The inevitable energy side products in form of
electricity, high-pressure steam and heat are assumed to be completely consumed in the total
biosynfuel process; nothing is assumed to be left for export and credits.
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Capital and capital related costs for BtL-plants are assumed to scale with a degression
exponent of 0.7; this halves the specific investment costs for a capacity increase of an order of
magnitude.

Personal and personal related costs are a low share in the large plants which are typical for
energy supply; degression exponent for personal ~ 0.25. A realistic average salary including
overhead cost is ~ 60 k€ per anno et capita.

Varia e.g. like product packing and transport, waste water and off-gas cleaning etcetera
contribute little, usually < 10% of the sum of (1) to (4).

2.5.4 Cost estimates for the pyrolysis and the gasification / synthesis plant

Fast pyrolysis: To profit from the economy of scale, also local or regional pyrolysis plant
should be as large as reasonably possible. A maximum delivery radius with tractors of local
farmers in central EU is 20 — 30 km. An estimated 45% percentage of surplus cereal straw
plus forest residues especially by-products from the stem harvest in rural EU areas within
30 km radius corresponds to about 200 000 t/a air-dry lignocellulose (LHV 4 kWh/kg). This is
sufficient for a FP plant with 100 MW biomass input (ca. 20 t/h dry ligno-cellulose LHV ca.
5 kWh/kg).

Investment costs for FP plants have been reported in the literature and have been supplement
by own estimates. The different types of FP reactors contribute only about 10 % of the total
FP investment, larger cost differences are therefore caused by the periphery and scale—up
limitations, requiring parallel lines especially for a very large integrated central design.
Investment cost reduction by learning can be expected from the beginning for the many
decentral plants supplying a large central bio-synfuel plant. A very first crude estimate for a
100 MW FP plant located at an industrial site (no greenfield site) with rail access, including
biomass storage and preparation, pyrolysis and product recovery and pre-slurry preparation
for transport is ~ 20 M€. There is still technical potential for further cost reductions, e.g. by
separation and use of few percent of valuable chemical constituents in the bio-oil, especially
chiral compounds. Likely, the many relatively simple FP plants together will be more
expensive than the large single biosynfuel plant they supply.

Gasification / synthesis: To design a large optimum — e.g. in view to energy recovery and
use — BtL-plant requires several 100 person-years only for engineering. Even a simplified cost
estimate on the basis of own engineering activities is far beyond our capabilities. Therefore
our cost estimates are based on specific costs reported in the literature by large experienced
companies like SASOL, SHELL, EXXONMOBILE etc. for their large planned GtL facilities.
Capacity adjustment of specific investment costs with a degression exponent of 0.7 results in
20 — 25 000 USS per bbl and day synfuel output equal to ca. 3000 t/d = 125 t/h - 8000 h/a =
1 Mt/a for a reference plant with 1 Mt/y synfuel output.

Different from methane gasification in GtL plants, bio slurries require more O,, generate
more slag and need a more efficient syngas cleaning. A BtL front-end plant section is
therefore more expensive. Our cost estimate relies on the GtL-front end, which includes a
cryogenic air separation unit (ASU); we add the "over the fence" delivery cost of an estimated
0.08 € per m® (STP) oxygen to the feed cost and keep the plant front end investment costs
unchanged. A BtL front-end section thus becomes about 1.5 times more expensive then the
corresponding GtL-plant section. The tail-end sections in BtL, GtL or CtL plants are identical
in design and cost.
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BTL2 process structure:

~ 38 FP plants a ~ 20 - 25 M€
surplus straw capacity ~ 0.2 Mt/a air-dry straw
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slurryltransport

gasification plant ~ 500 — 625 M€
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crude cost estimate:
fast pyrolysis 9 motor fuel from oil ~ 0.4 €/kg
clean FT biosynfuel ~1 €/kg
19 o more expensive due to:
— higher specific throughput
synthesis — lower process efficiency
13 — smaller plants
— solid feedstocks

Figure 7: Breakdown of biosynfuel production costs in %

25,5 Biosynfuel cost breakdown

Within the RENEW project, cost estimates for a biosynfuel production plant with 0.5 GW
biomass input had to be presented. This is in contrast to the Karlsruhe bio slurry concept,
which has been designed for at least one order of magnitude larger capacities, last not least
also in view to coal as a likely future co-feedstock. About 0.2 Gt/a synfuel are considered to
be too small for a significant market contribution and do not expose the unique cost
advantages of the Karlsruhe bio slurry concept. The cost breakdown in Fig. 7 is therefore
given for a reasonably large 1 Mt/y biosynfuel production complex. For this capacity and
central EU conditions, bio-feedstock plus transport costs contribute about half and do not
depend much on capacity. Pyrolysis contributes to about a quarter as well as syngas
generation and use including oxygen for the gasifier. The technology investment costs scale
with a degression exponent of ca. 0.7. Absolute cost estimates for biosynfuel result in ca.
1 €/kg, for untaxed motor synfuel. At the present crude oil price of ca. 60 $/bbl the
conventional motor fuel from a modern oil refinery is about 0.5 €/kg.

Conclusion: Plants for only bio-synfuel production may turn out to use a too simple
technology for the future. Bio refineries designed for flexible and complete conversion of
different bio feedstocks into a versatile spectrum of useful products (polygene ration: organic
chemicals and fuels plus electricity high pressure steam and heat) are a more desirable
configuration of various local and central facilities. In this context, the Karlsruhe bio slurry
process can be considered as the backbone of a large thermo chemical bio refinery.
Thermochemical biorefineries will be complemented by biochemical ones.

2.6 Prospects

Based on the results and experiences a pilot plant concept with a capacity of 500 kg biomass
input per hour (2 MW) was planned. Since November 2005 the first section (fast pyrolysis
with the LR-reactor) is under construction at the Karlsruhe site, Germany, for start-up end of
2007 (Fig. 8). To demonstrate and improve also the following steps of gasification and

RENEW SP2 Scientific Report 080328 17



renew '/’
synthesis on a pilot scale, FZK will design, built and operate an entrained flow pressurised
gasifier, raw syngas cleaning unit and synthesis in the next period. Additionally development
work in the laboratory and in PDU facilities will continue to investigate process variants and

to specify further design details of the process and equipment, especially regarding technical
simplicity and economy.

Figure 8: The pyrolysis pilot plant at the Forschungszentrum Karlsruhe
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3 Bio-FiT - Optimum processing route for FT-synthesis

Author: R. Rauch, Technische Universitdt Wien

3.1 Introduction

In cooperation with the biomass CHP in Giissing the first biomass-based Fischer-Tropsch trial
plant in Austria was realized in Giissing by Vienna University of Technology. TUV designed
and installed a new Fischer-Tropsch-Reactor (slurry reactor) in a side stream of the existing
allothermal fluidised bed gasifier at BKG. The new FT-synthesis plant operates in
commercial environment and under permanent operation conditions. By this the long term
performance and behaviour can be investigated. The catalysts used in the FT-slurry reactor at
BKG are commercial FT-catalyst, but also research FT-catalysts are studied.

The 8 MWyiomass CHP plant based on a circulating fluidized bed steam blown gasifier
producing heat and power (4.5 MWy, 2 MW,) with a gas engine went into operation in
Guessing, Austria in the year 2002. At the middle of 2002 the gasifier and the gas cleaning
system was coupled with the gas engine. Renet-Austria, a competence network on energy
from biomass, consisting of experts from universities and industry started to develop this
process further to a commercial stage. During the last three years a lot of improvements could
be reached. These improvements were connected on the one hand with changes in
construction (e.g. feeding system, online particle separation) and on the other hand with
advances in the operation performance.

Due to the excellent performance that was reached during the last years, several additional
research projects could be started in Gilissing. The producer gas from the circulating
allothermal fluidized bed gasifier is nearly free of nitrogen and has got a high hydrogen
content. For this reason it is well suited for fuel cells as well as several synthesis products.
Therefore, projects aiming at the development of processes for the production of synthetic
natural gas and Fischer Tropsch liquids are currently carried out. In this project the production
of Fischer-Tropsch liquids is investigated.

The experimental work is carried out in a slip stream of the biomass CHP Giissing. At the
biomass CHP Giissing, about 2500 Nm?/h of product gas are produced and about 5-10 Nm?*h
are taken for the laboratory scale FT plant.

3.2 Description of the biomass CHP Giissing

In Giissing/Austria an 8 MW (fuel power) demonstration plant shows the feasibility of the
dual fluidized bed gasification process. The idea of this concept consists of two divided
reaction zones: A gasification zone fluidized with steam and a combustion zone fluidized with
air, which provides the energy for the gasification zone. There is a circulation loop of bed
material between the two zones. Heat from the combustion zone is transferred with the bed
material into the gasification zone. Product gas is kept separately from flue gas. The resulting
product gas is nearly nitrogen-free and rich in hydrogen.

The product gas treatment at the biomass CHP consists of a heat exchanger, where the gas is
cooled down to about 150°C, a bag filter, where particles are removed and a biodiesel
scrubber, where the gas is cooled to about 40°C and the tars are removed.
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The product gas for the FT-synthesis is taken from the gasification plant after the blower (see
figure 9).
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Figure 9: flow chart of CHP Giissing

The biomass CHP is in commercial operation and reaches about 6800 hours of operation per
year at the moment. The following figure shows the operation hours of the biomass CHP for
the last years.

The biomass CHP has by end of November 2007 in total about 30,000 hours of operation on
the gas engine.
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Figure 10: Hours of operation of the biomass CHP Giissing
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The gas composition at the entrance to the gas engine is given in the following table. This gas
is used for the experiments with the FT synthesis.

Table 2: Gas composition of CHP Giissing

Water content v-% ~10

CH4 v-% (dry) 9...10
CoHy v-% (dI'y) 2...3
Cs-Fract. v-% (dry) 0.5...1

CO v-% (dry) 22...26
CO, v-% (dry) 20...22

H, v-% (dry) 38...40

N, v-% (dry) 1.2...2.0
H,S v-ppm (dry) ~150
Organic S v-ppm (dry) ~30

HCI v-ppm (dry) ~5

NH; v-ppm (dry) 1000...2000
Benzene g/m*N (dry) 5.8
Napthalene g/m*N (dry) 1.2

Tar (PAH larger than | g/m*N (dry) 0.02...0.05
Napthalene)

Particulates (clean gas) g/m?N (dry) <0.02
LHV MJ/m3N (dry) 12.9...13.6

3.3 Description of the FT synthesis

The flow chart below shows the test rig for the Fischer-Tropsch synthesis. The FT synthesis
consists of the following main parts:
1. Gas drying by biodiesel scrubber
Additional atmospheric gas cleaning by activated charcoal
Compression of the gas to 20-30 bar
Various fixed bed reactors (HDS, ZnO, CuO, NaAlQO,) for gas cleaning
slurry FT reactor
off-gas scrubber to remove waxes from the off-gas
off-gas cooler to remove liquid FT products from the off-gas

Nk WD

During the experiments different combinations of the gas cleaning devices, different catalysts
and operation parameters were tested. The different experiments are described in section 4.

The first step of drying is necessary, because the product gas has a water content of about
10%, which would condense in the gas compressions step. Here the gas is cooled down to
about 3°C in direct contact with biodiesel, to remove the water content of the product gas.

The second step of activated charcoal was only used in the last experiment, to investigate the
removal of catalyst poisons at atmospheric pressure before the compression step (also to
protect the gas compressor).

The compression of the gas consists of two steps, first a diaphragm pump to about 5 bars and
then a piston compressor to 20-30 bars. The gas compression step caused most of the
interruptions of the operation of the FT synthesis.
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The gas cleaning consists of a hydrodesulphurisation step (HDS) to convert organic sulphur to
H;S and then a ZnO adsorber and a CuO adsorber to remove the H,S.
After the gas treatment the clean gas is heated up to about 250°C and fed into the FT-reactor.
The Fischer-Tropsch reaction takes place in a slurry reactor (three phases; catalyst, gas,
waxes) with a volume of 20 liters. The gas is leaving the reactor over sintered metal filters
with a pore size below 5 um. After the FT-reactor the gas is expanded to normal pressure and
the Fischer Tropsch products are separated from the gas stream with a scrubber (water/FT-
products; ~80°C). After the scrubber the gas is led through a heat exchanger and is cooled
down to approximately 5°C. The off-gas from the FT-plant is send back to the CHP-plant.

The liquid FT products are collected and distilled. The fraction up to 180°C is naphtha, from
180°C to 320°C is diesel and the fraction above 320°C are waxes. The different liquid FT-
products are delivered to the partners in the project.
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Figure 11: Flow chart of FT-synthesis
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Figure 12: RME-scrubber

Figure 13: Compression of the gas
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24



Figure 14: Reactors for gas cleaning
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Figure 15: Fischer-Tropsch reactor

RENEW SP2 Scientific Report 080328 26



-—

3 3
S ¢ .

Figure 16: Ot:f-as condensation

27

RENEW SP2 Scientific Report 080328



&

The FT plant is equipped with an automation system, which allows unmanned operation for
longer periods. As automation hardware Field Point modules and as software LabView from
the company National Instrument (NI) is used. The plant can be also operated over internet,
which reduces the travel costs for longer experiments.

A screenshot of the actual control screen can be seen in the following figure:
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Figure 17: Screenshot of the automation system

3.4 Analytics

The gas volumes before and after the Fischer Tropsch process are measured with gas meters.
After the gas cleaning section and before the Fischer-Tropsch reactor one flow meter indicates
the gas stream.

Gas analyses are made online before and after the gas cleaning section as well as of the off-
gas from the FT-plant. A GC-system is used from “Perkin Elmer; Claurus500” with a TCD
and FID detector. Three different packed columns (2x apolar; 1x mole sieve 5A) are installed
in the GC system. An injection loop of 500ul on a six way injection valve is used as an
automated injector. With this system the concentration of the permanent gases (O, N, CO»,
CO; TCD-detector) and hydrocarbons (FID-detector) up to a carbon number of 4 can be
analysed. Hydrogen is calculated (100 minus the sum of detected gas concentrations in %).
The liquid and solid products are analysed with a GC-system from “Shimadzu” with a FID-
detector. A capillary column for simulated distillation is used.

Further fuel analyses are made by ITN the “Institute of Petroleum Processing” in Poland
according to EN590 for Diesel characterisation.
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Sulphur components are in the gas in the form of H,S, mercaptans and thiophens. H,S and
mercaptans are measured offline according to EN ISO 6326-3 (collected in KOH-solution and
titration with AgNOs). Thiophens are collected in methanol and analysed by GC-MS. The
detection limit for sulphur components is 0.1 ppm.

Chlorine is in the form of HCI in the product gas. It is collected in distilled water and
analysed by ion chromatography.

3.5 Results of the experimental work

An overview of the experiments and the different conditions is given in the Table 3. In Table
4 the different combinations of gas cleaning devices used for each experiment are shown.

Table 3: Overview experiments

Number of | Type of catalyst | Temperature | pressure [bar] | flow [Nm?®h] | aktive hours
experiment [°C] [h]
1 Iron 250-290 25-30 6 499
2 Iron 250-290 25-30 6 888
3 Cobalt 200-250 20-25 7 432
4 Co/Ru 220-260 19,5-20,5 7,5 145
5 Co/Ru 230-240 22-25 7,3 610
6 Co/Ru 230 22-25 7,3 969
7 Co/Ru 230 17-20 55 417
8 pre-commercial 229-234 20-21 6,5 484
9 Co/Ru 230 16-17 6,5 244
10 pre-commercial 230-240 18-20 7 225
11 pre-commercial 230 17-19 5,2 192
12 pre-commercial 230 20-22 8,2 436
13 pre-commercial 220-250 20-25 6,7 495
Number of | Activated carbon NaAIO HDS Zn0O CuO
experiment
1 no yes yes yes no
2 no yes yes yes no
3 no yes yes yes no
4 no yes yes yes no
5 no yes yes yes no
6 no yes yes yes no
7 no yes yes yes no
8 no yes yes yes yes
9 no no no yes yes
10 no no no yes yes
1 at 5bar no no yes yes
12 at Sbar no no yes yes
13 atmospheric no no yes Yes,
activated

The experiments 1 to 12 were used for investigating different FT-catalysts, gas cleaning
methods and parameter variations. After variation of several parameters the conditions could
be found to have stable operation of the FT-synthesis without any deactivation. So in
experiment 13 the long term test was started.
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In total more than 6000 hours of operation were performed till end of November at the FT
synthesis. Due to several problems in the gas compression and in the off-gas treatment it was
not possible to perform the long term test in time. The long term test was started in October
2007 and till end of November 2007 there were 495 hours of operation on the FT catalyst
without any deactivation. The long term test will be continued until a deactivation of the FT
catalyst is observed.

Typical operation data of the FT synthesis plant are shown in the following figures:

\—flow [Nm?3/h] — pressure [bar]\
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Figure 18: Flow and pressure in FT-reactor
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Figure 19: Temperatures in the FT-reactor

As it can be seen from the above figures, the FT synthesis works very constant. The overall
availability of the FT synthesis was about 75% during 2007.

The activity of the FT catalyst can be seen from the energy balance of the FT reactor. The FT-
synthesis is an exothermic reaction. It was already observed in the first experiments, that the
energy needed to keep the temperature of the FT reactor constant is directly negative
proportional to the activity and CO-conversion of the reaction.

The following chart shows the deactivation of the catalyst as was observed in earlier
experiments.
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Temperature of the slurry and the electrical heating
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Figure 20: Temperature of the slurry compared to the electrical heating
The deactivation of the FT catalyst is clearly pointed out by the lowering of the exothermy of

the FT reaction, as the temperature difference between slurry and electrical heating decreases.
The chart of the actual experiment is shown in Figure 21
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Figure 21: Temperature of the slurry compared to the electrical heating
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In Figure 21 no decrease of the temperature difference between slurry and electrical heating
can be seen as it is in Figure 20. This means that no constant deactivation of the FT catalyst
takes place. Though slight deactivation of the catalyst seems to happen it appears to be
reversible as the temperature drops after increasing. The dropping of the temperature to the
lower level of the beginning of the experiment can be explained by flushing the FT reactor
with a mixture of N, and H, when the reactor has to be shut down due to problems with the
CHP. The discontinuity of the slurry temperature line indicates the stops of the production.
Carbon formation on the surface of the catalyst is reversed by H,. Hence no sulphur could be
found on the surface of the catalyst in this experiment, only carbon formation seems to lead to
little deactivation of the catalyst.

The FT-liquids produced during operation are collected in the off-gas scrubber and in the off-
gas cooler. Also in the FT reactor inside there is a change of the hydrocarbons. The waxes
used for starting are replaced with the time by the long chain hydrocarbons produced by the
FT reactions.
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Figure 22: Composition of waxes used for start up
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Figure 23: Composition of FT product in reactor

[mol%]

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
carbon number

Figure 24: Composition of FT-product from off-gas scrubber
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Figure 25: Composition of FT-products from off-gas cooler

To determine the chain growth probability the mathematical equation of the stepwise chain
growth concept according to Anderson, Flory, Schulz was used.

log(Wn/n) = nloga + const.

W,  mass fraction of species with carbon number n
n carbon number
o chain growth probability

In Figure 26 the logarithms of (W,/n) is displayed against the carbon number. For the plot the
sum of the gas analyses, simulated distillation of the condensed product and the simulated
distillation results from the slurry in the reactor are used. The abnormal behavior of the plot at
the low carbon numbers can be a reason that the condensation of the product in Giissing is not
complete or the gas analyses are not sufficient. For the compounds with a carbon number
from C10 to C30 an a of 0.87 was determined.
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Figure 26: Anderson, Flory, Schulz plot (ASF-plot)

3.6 Simulation results

Parallel to the experimental work, the FT process including the overall plant was also
simulated. TUV has already established a model of the dual fluidised bed gasifier including
gas treatment and gas engine in IPSEpro (flow sheeting simulation tool) to solve all mass and
energy balances. Into this tool the additional gas treatment and the FT synthesis was
implemented. Using the simulation the FT process was analysed (energetic analysis) and
optimised. The integration of the FT process in the plant was investigated (optimal integration
in terms of minimising energetic losses). Validation of the simulation took place with
experimental data from BKG. The validated model was also used to safeguard an up-scaling
of future plants and achieve reliable data for efficiencies and costs.

3.6.1 Description of the simulation tool

IPSE,, is an equation-oriented stationary simulation software developed for power plant
simulation. Equation-oriented means that the model equations together with the information
from the flow sheet form a system of equations, which is solved by numerical methods (e.g.
Newton-Raphson-Algorithm). Stationary means that the simulation result represents a steady
state. Thus, no time dependency is modeled. The main advantage of the equation-oriented
approach is its fast convergence. This is of great importance when numerous calculation runs
must be performed during parameter optimization.

Another advantage of the IPSE,, software is its modular structure as sketched in Figure 27.
The user interface (PSE) with the equation solver (Kernel) calls a model library that contains
all information about the inner structure of the apparatuses used in the process. The model
library can be changed or created by the user in a separate module of the package, the model
editor (MDK).
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Figure 27: Modular structure of the IPSEpro process simulation software

The standard package provided by the software developer already contains a model library
with specific models for the description of conventional power plants. Streams between the
apparatuses either consist of pure water, of a mixture of gases (Ar, CH4, C,Hg, CsHg, CO,
CO,, Ny, Hy, H,0, H,S, Oy, and SO,), or are an organic mixture (elements C, H, O, N, S, free
water, and ash). The thermodynamic properties of the different substances are necessary for
the calculation of the energy balances as well as for the modelling of thermodynamic
processes (e.g. compression, etc.). The property data are defined within the models as
functions of temperature, pressure, etc., and are imported from external property libraries.
Concerning substances, the standard model library incorporates a property database in the
format of a dynamic link library (DLL), which is included in the package. New substances —
as needed for simulating the Fischer-Tropsch process — can be introduced by the user since
the creation of additional property-DLLs is possible. IPSE,, thus enables the user to edit the
source code of the standard model as well as to create new models for special tasks. This is
very important for the effective implementation of new technologies like biomass gasification
or biofuel synthesis.

For the simulation of biomass gasification and related processes a special model library has
been developed at TUV. The structure of the models has been expanded in order to perform
exergy calculations in the streams and to cover inorganic solids for fluidized bed modeling
(Ca0, Si0,, ash, and solid carbon). The solids can appear either directly as solid streams or as
dust load on gas streams. The apparatuses needed in the biomass gasification process, during
gas cleaning have been implemented. The models contain mass and energy balances and
specific equations describing chemical conversions, splitting conditions, empirical
correlations from experimental findings or data-sheets, etc.

To model the FT reactions in IPSE,,, the approximation of product distributions for given
reaction conditions were chosen to be the core of the FT-reactor model. Therefore, models for
product distributions must be integrated.

For the first model, a very prominent and rather simple — yet good — model for approximating
the product distribution was used. It is commonly known as the ASF-model (Anderson-
Schultz-Flory), and only uses one parameter for the calculation of the mass (or molar)
fractions of each component. In accordance with the assumptions made in the previous
chapter, the basic ASF-model does not include isomers or heteroatoms. In the following, the
model will be briefly described.

During all steps of the FT-chain growth process, the adsorbed hydrocarbon can either undergo
further addition of carbon, or the chain can break up. Depending on numerous factors (chain

37



renew o

length, temperature, catalyst, ...), a chain-growth probability (commonly denoted as o)) can be
assigned to every reaction site. If, for instance, a is 0,9, the chain will grow with a probability
0f 90%, or, in other words, one out of ten chains of this type not grow further.
In the basic ASF-model, a is constant, but exogenously defined. Therefore, the entire product
range is described by a single parameter, the probability of the addition of a carbon
intermediate to a chain, not distinguishing between different products. The ASF-product
distribution is calculated as follows:

x, =(l-a)-a""

where x; is the molar fraction of a hydrocarbon i with chain length n.

From this it follows that the molar fractions of the products decrease with increasing chain
length. Figure 28 shows a typical ASF-distribution as it will be used for the first generation
model (chain growth probability o = 0,85).
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Figure 28: ASF-product distribution calculated for a = 0,85

More detailed information about the model used, can be found in Deliverable 2.4.3
“Simulation tool for FT-synthesis”.

With this simulation tool two different concepts were calculated. The first one is based on
polygeneration, where FT-raw product, heat and electricity are produced. Here the aim is not
to maximise the output of FT Diesel, but to have a very high overall efficiency.
The second concept was to maximise the liquid fuel output. Here no heat output was taken
into account and the electricity produced was consumed by the plant itself.
The main difference are:

e Pressure in the gasifier (polygeneration: atmospheric, fuel oriented: 25 bar)

e Steam reforming (no steam reforming in polygeneration)

e Operation of FT synthesis (once through in polygeneration, recycle in fuel

oriented)

3.7 Polygeneration concept

The polygeneration concept is aiming on “small” scale decentralised production of FT raw
product, heat and electricity (SOMW fuel input is for central Europe still a medium to large
scale biomass plant).
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The Fischer-Tropsch polygeneration plant is largely based on the technology that was
successfully demonstrated in Guessing/Austria for combined heat and power production.
Thus, an FICFB-steam gasifier is employed, with the char formed being combusted in a
separate section of the gasifier to provide the heat for the endothermic steam gasification
reactions. The flue gas of this section is cleaned and the heat is recovered.

The first stage of synthesis gas cleaning also stems from the demonstration plant. As a result,
the producer gas is cooled, passed through a precoat filter to remove particles and some tars,
and further cleaned in an RME-scrubber. Then, in the second stage conditioning, the synthesis
gas is compressed and H,S as well as HCI are removed. The Fischer-Tropsch synthesis is
carried out at 230°C and a pressure of 25 bar. Note that results for the Fischer-Tropsch liquids
produced represent a crude fuel, which needs to be moderately up-graded to meet commercial
fuel standards; i.e. the fuel does not contain additives, etc.

Since a polygeneration strategy is chosen, the off-gas is not recycled to the reactor, but it is
combusted in a gas engine to generate electricity. Notice that no reforming of methane and
other hydrocarbons is included in the gas conditioning step. Although this reduces the yield of
Fischer-Tropsch liquids, those gases can be used for the desired electricity co-generation, so
the reforming step can be omitted in a polygeneration plant. High temperature heat is
recovered throughout the process and fed into an organic rankine cycle, where secondary
electricity is generated. Note that due to the assumed water content of the woody biomass of
30%, an air drier is used to increase the gasification efficiency. The process block flow chart
is presented in Figure 29. The results of the mass and energy balances are given in Table 4.

FT product
FT L, | ] Offgas |,/ Expansion
Synthesis Condensatior Combustion | | (Gas Turbine)
Stack v
— Gas treatment Flue gas Heat Heat
4 4 compression treatment [ recovery recovery
Biomass , T ,
> Drier » Gasification|,__| Combustion R
Steam :
Generator ORC
Water Air
Flue gas

Figure 29: Flow chart of polygeneration plant
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Table 4: Mass and energy balances of trigeneration plant

Performance data Energetic Efficiencies

Fuel power kW 50000 Total efficiency (gross) % 94.6
Total efficiency (net) % 89.0

Electricity production (gross) kW 9707 Electric eff. (gross) % 194

Gas turbine kW 7180 Gas turbine % 14.4

ORC kW 2527 ORC % 5.1

In-plant consumption kW 2795 In-plant consumption % 5.6

Electricity production (net) kW 6912 Electric eff. (net) % 13.8

District heat kW 22774 District heat % 455

Fischer-Tropsch liquids Fischer-Tropsch liquids % 29.7

Gasoline kg/h 445

Diesel kg/h 545

Wax kg/h 217

3.8 Fuel oriented concept

The fuel oriented concept is aiming on large scale centralised production of FT transportation
fuels without the by-product heat and minimising the by-product electricity.

This concept is also based on the experience from the biomass CHP Giissing, but here a
pressurised gasifier is applied. To operate a dual fluidised bed under pressure some
modifications are necessary, e.g. particle size of bed material, velocities, design of cyclone, et
cetera.

The product gas goes through an allothermal reformer after the gasifier, where methane,
higher hydrocarbons and tars are converted to H, and CO. The reformer is heated by
combustion of the off-gas from the FT synthesis. Afterwards the product gas is dedusted by a
filter, and the catalyst poisons are removed (HDS, ZnO). In this concept also a slurry reactor
is used for the FT synthesis. The liquid FT products are separated from the off-gas and
collected in tanks. The off-gas is partly recycled to the steam reformer after the gasifier, the
rest is used for heating the reformer and to produce electricity in a gas turbine.

The flue gas from the combustion zone of the gasifier is dedusted and expanded in a hot air
turbine to produce additional electricity. The results of the mass- and energy balances are
given in Table 5.
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Figure 30: Flow chart of plant with focus on fuel production
Table 5: Mass and energy balances of plant with focus on fuel production
Performance data Energetic Efficiencies
Fuel power kW 500000 Total efficiency (gross) % 75,8
Total efficiency (net) % 69,0
Electricity production (gross) kW 68659 Electric eff. (gross) % 13,7
Gas turbine kW 6527 Gas turbine % 1,3
Hot gas turbine kW 30486 Hot gas turbine % 6,1
Steam turbine kW 31646 Steam turbine % 6,3
In-plant consumption kW 33985 In-plant consumption % 6,8
Electricity production (net) kW 34674 Electric eff. (net) % 6,9
Fischer-Tropsch liquids Fischer-Tropsch liquids % 62,1
Gasoline kg/h 5560
Diesel kg/h 10324
Wax kg/h 9466
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3.9 Vision for FT synthesis

When the dual fluidised bed gasifier was developed by TUV, it was the aim to have a flexible
system, which allows to produce not only heat and electricity, but to use also the product gas
for synthesis applications or hydrogen production. Therefore already during the development
of the gasifier there were the following objectives:

- Production of a nitrogen free gas, without the use of pure oxygen

- High efficiency

- Calorific value of product gas higher than 12 MJ/Nm?

- Usage of a fluidised bed system, where the bed material can act as catalyst

- High hydrogen content, to optimise the H,:CO ratio already in the gasifier

- Very low tar content to avoid downstream problems

- Flexibility for the usage of different biomasses

- QGas quality is independent of water content in biomass feed

After the successful start up and operation of the biomass CHP Giissing, where the
gasification technology was first demonstrated, the concept of the Green Chemistry, based
on the dual fluidised bed gasification was developed. The principle products, which are under
discussion, are shown in Figure 31.

Biomass Producer Gas 30.000 hours of operation
(gas engine, gas turbine, on gas engine
fuel cell)
Synthetic Natural 1 MW SNG production
/ Gas (SNG) under construction
Gasification

\ Methanol No ongoing project
\ Hydrogen AER-gas concept, but no
upgrading to pure hydrogen

others

Figure 31: Concept of Green Chemistry

In this project the production of FT liquids was investigated. A laboratory scale gas treatment
and FT reactor was operated successfully and the results from the experimental work were
used as basis for the simulation of commercial FT-plants. In the following chapters the
advantages and disadvantages of the developed concepts are discussed.
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3.9.1 Remote or decentral polygeneration plants

Biomass is produced “in the area”, in contrary to fossil fuels, extracted from single pits or
wells in thousands of tons and thus research is focused on decentral usage of the biomass
instead of large central units. In opposite FT plants, based on fossil fuels, are large central
plants often including a whole refinery. The aim was to develop small to medium scale FT
plants based on the usage of biomass.
One possible concept is to produce not only FT Diesel in such a plant, but to produce also
heat, electricity and other by-products (polygeneration). This offers several advantages with
respect to polygeneration plants, the most important of which are briefly outlined below.
e  Flexibility
=  Benefits from green electricity tariffs and specific market needs
- Depending on the relative advantages of synfuel production, electricity generation
and district heat demands, the process can be optimized so as to match market
demands.

e  “Energy centre of the future”

= Integration into other production facilities, e.g. wood industry

- In many industries, e.g. in wood processing, significant amounts of heat and
electricity are required for the manufacturing process. Typically these have to be
supplied on-site, or energy services from outside must be bought. Applying the
polygeneration approach to such systems, synergies can be achieved and the co-
processing can be optimized along with a complementary “energy centre” that also
supplies high-value biofuels.

e Reduction of risk

= Reduced risk as power production is State-of-the-art technology and due to
diversification

- Given the current state of synfuel production, risk is a crucial aspect in the realization
of demonstration-scale facilities. By means of a polygeneration strategy risk is
reduced in two ways: Firstly, as the combined heat and power production can be
regarded as proven technology, it is only the synthesis part of the plant that is subject
to high technological uncertainty. Secondly, through diversification of the products
risk is reduced and as a result of long-term green electricity tariffs, break-even points
are low for the synthetic transport fuels.

e Increased viability
=  Optimization of the product mix and maximum cost efficiency
- Given the flexibility of the process, the plant can be designed to maximize earnings
by the selection of the product mix. Additionally, costs can be kept low, as, for
instance, FT-off-gas recycling can be saved.
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3.10 Central fuel oriented plants

The dual fluidised bed steam gasification system can not only be used for polygeneration, but
also for large central FT plants in the scale of 500 MW fuel input. In this scale the gasifier is
pressurised, to avoid the investment costs of several parallel gasifiers (which would be
necessary at atmospheric gasification). As the product gas contains high amounts of
hydrocarbons, especially methane, a steam reformer is included in the product gas treatment.
This makes also a recycle of the off-gas from the FT reactor possible, so that high chemical
efficiencies are possible.

To develop such a large scale plant a polygeneration plant can be seen as intermediate step. In
this way the investor has the possibility to develop this technology with minimal financial
risk, because the polygeneration plant can be operated economically.

3.11 Conclusion

As a result of current concerns about both crude oil prices and CO,-accumulation in the
atmosphere, biofuels play a major role in tomorrows energy supply. Synthetic biofuels that
can be produced from biomass via gasification and subsequent catalytic conversion of the
synthesis gas compounds CO and H; are one promising option to meet the ambitious goals set
by the European legislation.

While typically only the synfuel is regarded as the desired product and co-products such as
electricity and district heat are of negligible interest, in this work a different approach is
introduced. In polygeneration plants that purposively sacrifice some synfuel yield to the
advantage of power production, a high degree of flexibility is obtained that allows to design
the product mix to the specific needs of the market or of other production facilities. The latter
may be especially valuable for the wood processing industry, as synergies with a
complementary “energy centre” can be achieved. Furthermore, the use of low temperature
heat for district heating which is possible in the small scale of up to 100 MW fuel power not
only adds to the viability of the process, but significantly improves the overall efficiency and
thus maximizes the amount of CO;-savings.

Not only did the results of this project prove the energetic advantage of such trigeneration
facilities, but equally promising break-even points were attained. Thus, the risk of the
implementation of the technologies in a larger scale is reduced, as not only diversification
applies, but also dependence on the yet developing synfuel technology is abated.

Further research and development in this field will be directed towards the demonstration of
the technologies in the larger scale in order to build the bridge between laboratory research
and eventual industrial application. Moreover, efficiency improvements and cost reduction
potentials ought to be sought for, along with catalyst optimization, so as to efficiently
integrate synthetic biofuel production plants from biomass into tomorrows fuel supply.
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4 The ArtFuel plant— Optimal processing route for FT-
synthesis at CUTEC

Authors: B. Benker, O. Keich, S. Vodegel, CUTEC

4.1 Scope and overview

This chapter summarises the progress achieved by CUTEC applying a fluidized bed gasifier,
gas cleaning devices and a tube reactor for Fischer-Tropsch synthesis. The rational behind the
equipment and the experimental work is to enable a flexible biomass input. This is the main
difference to the system of TUV/RPT/BKG optimised for wood-chip described in the
previous chapter.

The process steps of the CUTEC BtL-plant examined consist of the

- fluidized bed gasifier
- gas cleaning system
- FTS-reactor

The FT-reactor is a fixed bed tube reactor using a side stream of the syngas from the
400 kWerm CFB-gasifier. Both apparatus are designed at the minimum size required for
reliable scale-up and can be operated independently from each other.

Successful operation of this process chain critically depends on the quality of the syngas.
Obviously, it must be sufficiently clean to prevent poisoning of the FT-catalyst but another
key issue is the hydrogen to carbon monoxide content of the syngas. The H,/CO-ratio
required for a sufficient chain growth probability on a state-oFThe-art cobalt based FT-
catalysts is rather high and therefore one aim of this project is the optimisation of the CFB-
gasifier for, both, high conversion efficiency and high H,/CO-ratio. Six different kinds of
biomass were tested successfully, including straw, which usually is considered as difficult to
handle.

The high syngas quality requirements of the modern FT-catalysts are rewarded by its high
selectivity. This leads to a pure product and also to a certain tolerance for methane and carbon
dioxide in the syngas. Accordingly, examining the dependence of BtL-quality on syngas
composition was another central part of the experimental work at the FT-reactor.

Both of these lines of work were successfully united in the production of BtL-samples from
wood and straw. Thus a decentralized concept was demonstrated which aims at the flexible
conversion of biomass to FT raw product as high quality input for refineries.

4.2 Preparation of biomass

BtL plants have a very high demand for biogenous fuel due to the complex process of
synthesis gas purification with subsequent Fischer-Tropsch synthesis and the processing of
the products. The material has to be brought in over great transport distances from an area
with an estimated radius of 50 to 80 km. The transport density should be as high as possible.
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Stalk materials, such as straw, however, which results from cereal production as a by-product,

have an energy density far below that of fossil fuels (s. Fig. 32)
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Figure 32: Specific mass and storage space requirements of various energy sources [1]

It is the task of shaping procedures to increase transport density. Methods such as pelleting
work with small particle diameters. In this context, it has to be considered that the energy
requirement increases drastically if particle size falls below about 2 mm (s. Fig. 33).

The influence of the water content of the straw can also be seen in the diagram. Depending on
the weather conditions during harvesting and storage, it can contain 10 to 25 % by weight of
water. Sufficient air drying reduces this to a value of approx. 15 %. This value is very
desirable from the perspective of energy consumption. Utilization of some of the waste heat
for fuel drying in order to save electricity could be well worth considering for the operators of

BtL plants if stalk material is used.

46



‘\

‘renew £

w

) | | | |
450 ‘\‘ —&—straw; cutting mill; 30 % moisture
1 == straw; cutting mill; 20 % moisture
400 \ ? ’
- | \ straw; cutting mill; 10 % moisture
§ 350 =8 Miscanthus; cutting mill; 10 % moisture
- 300 ] =¥ straw; hammer mill; 10 % moisture
- ]
a ] \ —&—\wood; hammer mill; 10 % moisture
2 ]
5 250
2 ]
s ]
g 200 ]
c ]
(11 ] i
150
100
50
0 ——

0 1 2 3 4 5 6 7 8 9
diameter of sieve [mm]

Figure 33: Energy requirement of hammer and cutting mills depending on the sieve diameter and water
content [2]

4.3 Gasification in the circulating fluidized bed

In the development of the gasification process in Clausthal, the basic idea was to put into use
a biomass gasification apparatus that is suitable for the combustion of a wide range of input
materials. This was done by determining suitable process conditions. The Circulating
Fluidized Bed (abbrev. CFB) type was selected.

In the course of the past few years, various feedstock-materials have been utilized. These
ranged from plant-based materials arising in a dry form, such as wood, straw, rape shred etc.,
via pressed and dried silage up to materials that do not belong to the large group of biomass.
Fig. 34 shows the list in a graphical form.
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Figure 34: Types of biomass utilized in Clausthal since 2004. All feedstock pelletized.

The gasifier showed the intended variability of application options. It turned out, however,
that even with similar process parameters, such as temperature, steam-oxygen ratios and
amounts etc., different synthesis gas properties arise depending on the type of biomass used
(s. Fig. 35). Surprisingly, under optimal conditions such as those developed using straw, an
H; : CO ratio could be obtained that is sufficient for FTS. The net heating value of the gas can
amount to up to 10 MJ/kggry.
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Figure 35: Synthesis gas properties as a function of the type of biomass. *: Experimental results under
similar process conditions.
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In gasification processes, the tar content in the raw gas always deserves particular attention.
The group of tar compounds, with its long-chain fractions, condenses below approx. 300°C
and is a problem for the affected devices and fittings. In the CFB, low tar concentrations of
around 1 to 10 g/Nm’ dry can be achieved under optimal conditions (s. Fig. 35).
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Figure 36: Tar and water content in the raw gas. Note: Straw = Wheat straw, Rape = Rape shred, Sbc =
Sugar beet chips, Sb = Sunflower husks
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All the above presented results aim a) at an optimization of the synthesis gas properties for the
FTS and b) at gaining experience with different kinds of biomass.

One of the process parameters of the CFB is the additive, the variation of which was
conducted in WP 2.2. So far, all the statements have referred to quicklime. If the material is
changed to other calcium and magnesium-based substances, the synthesis gas properties
change significantly. First of all, the different composition of the permanent gas under similar
process conditions is striking (s. Fig. 37).
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Figure 37: Composition of main gas components in synthesis gas. Input = wood pellets. * Nitrogen-free
basis
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In this context, the H, : CO ratio is the parameter that is essential for the FTS (s. Fig. 38).
Good values could be achieved with wood as a fuel and the additives lime or dolomite. The
other materials tested showed a decrease in the ratio which was considerable in some cases.
When other types of biomass are used, higher values can generally be expected (see above).
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Figure 38: Molar H,/CO ratio in synthesis gas. Input = wood pellets

The significantly better effect of the two respective additives on synthesis gas quality is
reflected in the tar content of the raw gas. The level is considerably lower in comparison with
the "competing" materials (s. Fig. 39).
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Figure 39: Tar concentration in raw synthesis gas

In conclusion, it can be stated that the results obtained in WP 2.1 and 2.2 gave valuable
indications as to how to set up optimal synthesis conditions. For an industrial-scale plant, it is
a particularly favourable circumstance that a shift stage to produce an H, : CO ratio of about
2:1 is probably unnecessary if optimized process conditions are used.
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4.4  Synthesis gas purification

The ArtFuel plant at the CUTEC institute has a simple synthesis gas purification system.
Because non-recyclable residues arise, e.g. in the water-based scrubber or the activated
charcoal filter, the method cannot be transferred to commercial plants. However, the
separation efficiency of the individual stages deserves to be investigated. For this purpose,
analyses were conducted at various measuring points as part of the programme of experiments
(s. Fig. 40)
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Figure 40: Gas sampling points in the pilot plant

In the first stage, the hot gas filter, the dust is removed from the raw gas flow. REM images
reveal very fine-grained particles in the um range (s. Fig. 41). Any residual carbon in the filter
ash can usually be seen in the form of elongated rods.

Figure 41: Filter ash from straw gasification at 800 °C
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Due to the fine-grained morphology, water-soluble substances such as the alkali and the
alkaline earth metals, as well as chlorine, are easily leachable (s. Fig. 42 using the example of
potassium). With phosphorus, no good solubilisation could be obtained and upgrading in a
fertilizer plant seems necessary.
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Figure 42: Comparison solid conc. — eluate conc. (potassium)

Among the FTS catalyst poisons, NH; can easily be removed in the water stage (s. Fig. 43).
The chlorine content was close to the detection limit, presumably due to its binding as a
partner of the alkali and alkaline earth metals in the hot gas filter ash.
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Figure 43: Cleaning efficiency for FTS-catalyst poisons. Input = wheat straw

Sulphur, however, deserves attention. Satisfactory removal could be achieved neither by
means of quicklime nor in the scrubbers. Only the activated charcoal filter, as the last stage of
the purification process, could protect the FTS catalyst.

The tar compounds are removed in both scrubbers. In the experiments, the RME scrubber
turned out to be very effective for the order of magnitude of approx. 5 g/Nm’dry that is
present here (s. Fig. 44).
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Figure 44: Tar condensate in gas purification system. Input = wheat straw

4.5 Description of the FT-plant

As can be seen in Fig. 45 the FT-plant consists of a tubular reactor and several product
separators. The syngas flow is either mixed from gas bottles or alternatively taken from a
pressure tank acting as a buffer between gasifier and reactor. In the reactor the syngas flow
reacts at the surface of the fixed bed catalysts producing hydrocarbons, part of which form a

film flowing downwards.
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Figure 45: Schematic of the FT-reactor and its periphery

Outside the reactor high and low pressure separators are applied to retain a high boiling and a
low boiling fraction, for brevity denominated “wax” and “gasoline”. The remaining gas
consisting of non-converted syngas and short chain products is transferred to a flare.

Fig. 46 gives a view of the reactor room. The tubular reactor used in the experiments has an
inner diameter of 30 mm and a length of 2.5 m. Different from industrial design it has four
independent heating/cooling jackets allowing for precise control of heat transfer. The
resulting axial temperature profile is measured with 20 thermocouples placed in a rod at the
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tube centre. The small diameter is a consequence of the large amount of heat released in the
reaction requiring sufficient surface area for cooling. Therefore it cannot be enhanced during
scale-up.

Thus, with the exception of the additional experimental tools, the single reactor tube
examined is quite similar to each of those used in large numbers inside conventional tube
bundle reactors. A scale-up “only” affects the cooling system.

The fundamental limitations imposed on tube diameter are the reason for applying other
reactor types such as the slurry reactor also examined in the RENEW project. However, the
advantages of the tubular reactor such as simplicity and flexibility made it the better choice
for CUTEC.

Figure 46: View of the reactor room

4.6 FT-Synthesis
Fischer-Tropsch synthesis takes place according to the following net equation:

CO +2H; = (-CH;-) + H,O with AH = - 155 kJ/mol (1)
The -CH,- elements grow at the surface of the catalyst to hydrocarbon chains, the lengths of

which show a rather broad statistical distribution. The simplest model for this process is the
ASF distribution depending only on a single parameter, the chain growth probability a.
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In long paraffinic chains the molar ration of H/C approaches 2. However, this value considers
only the composition of the desired product; stoichiometry of Eq. (1) actually demands a
molar ration H,/CO of 2 corresponding to H/C equal to 4. In typical biomass the H/C is only
about 1,5 and therefore control of the shift reaction according to Eq. (2) is an essential feature
of the gasification process.

CO+H,0 > CO, +H, ()

4.7 Catalyst

The FT-reaction requires iron or cobalt based catalysts for increase of, both, reaction rate and
selectivity towards the main reactions summarized by Eq. (1). Other possible reactions are
e.g. the water-gas-shift, the formation of double bonds (in alkenes) and oxygen-containing
products. A modern cobalt-based catalyst has a selectivity above 90% for the production of
alkanes ( = paraffins) and it does not support the shift reaction according to Eq. (2). Rather the
opposite is true for an iron catalyst. It supports the shift reaction so that the demands on the
H,/CO ratio are less stringent but at the same time it provides less selective for the main
reaction.

In the RENEW project a decision was made for optimum product quality therefore a cobalt
catalyst was used. Purchasing this type of catalyst turned out to be an unexpectedly difficult
and time consuming task which eventually was successfully completed.

The choice of a cobalt-based catalyst puts high demands on syngas quality:
e  Sulphur content must be below 10 ppb (information of the manufacturer)
e H,/CO ratio of about 2 is required, optimally 2.1 to 2.2

The desired sulphur content of the syngas is about a factor of 10 lower that the detection limit
of good laboratory equipment. If this level of desulphurization can be achieved the resulting
diesel will be “sulphur-free”” without addition treatment.

The high selectivity of the catalyst had another positive side effect. As show below it turned
out that it tolerated high levels of CH4 and CO, in the syngas. Thus within the scope of this
project it could be avoided operating a RECTISOL or a SELEXOL washer.

4.8 Chemical analysis

Dedicated gas analyzers allowed measurement of the main components of the syngas and of
the product gas.

Small samples of the FT-product were withdrawn at regular intervals and analysed with a few
hours delay at CUTEC with a gas chromatograph (GC). Later the results were re-evaluated to
obtain the equivalent of a “simulated distillation”-boiling boiling curve. A typical GC
chromatogram of CUTEC FT-wax is shown in Fig. 47. All the large peaks refer to alkanes.

The FT-product obtained was distilled in order to achieve the straight run diesel fraction,

which was sent to the project partner ITN for detailed fuel analysis. The ITN data include
effects (and possibly also errors) of the distillation carried out at CUTEC.
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Figure 47: Gas chromatogram of CUTEC FT-wax

The composition of “diesel” fuel is rather indirectly defined by standards defining its
combustion-related properties. Due to its boiling range it typically contains alkanes from C12
to C18, which is only a small fraction of the FT raw product with a range from C6 to about
C80 and higher. Therefore the boiling curves measured at CUTEC and ITN are
complementary to each other. The CUTEC data characterize the FT raw product in the range
from about C10 to C40 while ITN applies a standardized method dedicated to the diesel
fraction. The former serve as a tool to optimise the process, the latter describe the product
fraction with the highest priority in this project.

4.9 Reactor stability range

The FT reaction is a highly exothermic reaction. It increases with temperature, which in turn
results in an increase of reactor temperature. Depending on the overall efficiency of cooling
system this process stabilises itself at an elevated temperature or is the beginning of a run-
away process. So, generally speaking, a reasonable compromise between safety and
productivity has to be found.
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Figure 48: View of the control panel of the reactor; the red bars indicate reactor temperature. Example of

a hot spot temperature profile (left) and of a nearly constant axial temperature profile (right)

Fig. 48 gives a closer look at temperature inside the reactor as it is indicated on the control
panel. The exothermal reaction starts at the reactor inlet (top) and leads to a typical “hot-spot”
profile. There, too high temperature might damage the catalyst or diminish its selectivity
towards the desired product range. On the other hand, the reactor volume outside the hot spot
1s not very productive.

The CUTEC reactor with its four independent heating zones allowed for a nearly constant
axial temperature profile. The graph on the right hand side of Fig. 48 shows this profile at
moderate reaction temperature around 200°C and ideal composition of H,/CO = 2. These
parameters were chosen as reference conditions.

Typically, the FT-reaction started at about 170°C and became unstable above 220°C. An
example of this can be seen in Fig. 49 showing the temperature measured by the
thermocouple at a position 0.5 m from inlet. The onset of instability is characterised by a
rapid temperature increase accompanied by a corresponding increase of CHj-concentration
and COs-concentration, i.e. a loss of catalyst selectivity.

Since axial and radial (convective) heat transfer depends on gas velocity a reduction of flow
rate by 50% allowed for a maximum reactor temperature of only 190°C.

Two experiments — one at elevated temperate and one at reduce flow rate — were run for

intervals long enough to withdraw samples for detailed analysis. They will be discussed
together with other parameter variations in the following section.
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Figure 49: Temperature in the hot spot region and off-gas composition as a function of time

4.10 Effects of parameter variation

Table 6 gives an overview over the parameter range of those long-term experiments, which
could be evaluated according to the same scheme. They lasted between 24 and 105 hours.

In Table 7, the data in the first row describe the reference conditions, the second row a run at
elevated temperature and the third row a run at reduced flow rate.
The fourth to seventh rows contain the data of experiments with different gas mixtures.

In all the cases artificial syngas was mixed from gas bottles so that no effects from additional
trace gases were to be feared. The critical H,/CO ratio was kept constant at the optimum value
of 2 and also (with a single exception) their concentration was kept constant. Reactor pressure
was 25 bar.

The term “conversion efficiency X in the following is understood as the fraction of the
incoming reactants (“educt”) that react according to the FT-reaction given in Eq. (1). As
shown in Fig. 49 at extreme conditions a methanation seems to take place contributing to the
CO and H;-consumption and accordingly the data from these gas sensors would be biased. It
was therefore decided to calculate conversion not from gas consumption but from the mass of
the liquid product samples obtained plus an ASF-based correction for the undetected gas
phase products.

In Table 6 the carbon conversion rate X of all these experiments is summarized. It can be seen
that the reactor with its length of 2.5m without any gas recirculation achieved a conversion
efficiency of about 20% when operated close to its stability limit. Under “safe” reference
conditions the replacement of nitrogen by CH,4 or CO; had rather little effect on conversion
rate.
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Obviously, these data were very encouraging for use of the syngas from the gasifier: The

insensitivity of conversion efficiency to gas composition meant that there was no strict
requirement for a SELEXOL washer for CH4 and CO, removal.

Table 6: Experimental parameters

H, CO CO, CH4 N» Yges | T reactor, | pCO Xcalc
[Vol%] | [Vol%] | [Vol%l] | [Vol%] | [Vol%] | [m3/h] |stable [°C]| [bar] [%]
333 16.7 0 0 50 3.0 195 4175 19.8
333 16.7 0 0 50 3.0 210 4175 |17.2
333 16.7 0 0 50 1.5 190 4175 |19.5
333 16.7 5 0 45 3.0 195 4175 9.2
333 16.7 25 0 25 3.0 195 4.175 19.6
33.3 16.7 50 0 0 3.0 195 4175 [9.1
26.7 13.3 0 10 50 3.0 195 3.325 |7.1

With respect to a future full-scale plant these findings do not exclude long-term effects, but
they prove that there is an important optimization potential.

So far only product quantity has been considered. In the following results of wax and diesel
analysis will be discussed.

4.11 FT wax boiling curve

As can be seen in Fig. 50 reactor conditions had a systematic effect on the boiling curve of the
products. High temperature and long residence time resulted in a low boiling curve while the
presence of CO, enhanced chain length and thus boiling temperature. The range of these
variations characterised by T50% is about 35°C. Since the GC sample is taken directly from
the reactor there is no risk of handling mistakes during distillation influencing the results.
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Figure 50: Boiling curve of FT product calculated from GC data

From the GC chromatogram in Fig. 47 the alkane chain growth probability can be calculated
according to the (simplistic but efficient) ASFTheory. The typical value of alpha is 0.83 and it
was used to extrapolate the alkane GC chromatogram beyond the measured range.

From a practical point of view the shift of the boiling curves shown in Fig 50 indicates that
even for a given reactor and catalyst the distribution of products can to a certain extend be
adjusted to market demands.

4.12 Diesel from wood and straw

Since the CUTEC gasifier operates only for a few days per month it takes some time to reach
and keep stabile conditions. Stabile FT reactor operating parameters with a wider safety
margin were therefore preferred to more efficient but less tolerant ones.

In addition the feed material was heterogeneous and especially the second lot allowed for
excellent H,/CO — ratios of around 2.2.

The boiling curves of the FT raw product obtained from biosyngas are shown in Fig. 51
together with some of the curves already shown in Fig. 50. These GC derived data do not
indicate much of a difference between the FT product made from biosyngas or gas mixtures
from bottles, respectively.
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Figure 51: Boiling curve of FT raw product from wood and straw derived syngas

However, detailed analysis of the diesel fraction by ITN leads to different results. In this case
the FT samples from biomass have a much higher boiling point. Since this trend is observed —
to a different extent — for both wood and straw it is not very likely that the deviation is caused
by accidental damage of the CUTEC distillation apparatus. So far no systematic problem
could be identified.
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Figure 52: FT diesel boiling curves
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ITN also carried out chemical analysis of the fuel applying standardized methods. Some of
the data have been summarized in Table 7.

Table 7: Fuel data as determined by ITN in WP 2.6

l“

Q

samples
Ref. 5% 10% 5% 25% | S50% | wood | straw
point | methane | methane | CO, CO, CcO,

Parameter Unit
Density at 15 °C kg/m3 768 768.3 772 771.8 | 773.1 | 773.7 | 779.2 | 774.7
Total aromatic <01 | <o0. 03 | 06 | 07 | 08 | 09 | 05
hydrocarbon content
I-ring aromatic <01 | <01 | <01 | <01 |<01]<01
hydrocarbons o
i 0 %(m/m)

TIng aromatc <01 | <01 ]<01]<01|<01]<0.1
hydrocarbons
3-ring aromatic 03 | 06 | 07 | 08 | 09 | 05
hydrocarbons
Aromatic hydrocarbon 16 16 11 1
content
Paraffins + 983 | 984 | 977 | 983 | 95 | 956 | 868 | 945
Cycloparaffins content
Sulphur content mg/kg <3 6 6 5 5 5 21 33
Copper strip corrosion .
(3h at 50°C) rating 1 1 1 1 1 1 1 1
Lubricity, corrected
wear scar diameter pm 487 463 496 412 367 355 313 325
(wsd 1,4, at 60°C)
Cloud Point °C 13 8
Viscosity at 40°C mm?*/s 2.149 | 2.120 2455 | 2.384 | 2.464 | 2.491 | 2.889 | 2.815
Todine number g I/100g 2.35 0.34 1.89 194 | 2.55 | 2.93 3.23 1.92
Calorific value kJ/kg 43918 | 43801 | 43629 | 43986
N-paraffin content- 1o,y | 904 | 955 955 | 93.44 | 93.41 | 92.7 | 86.34 | 91.26
total — GC
Distillation: % (V/V) |,
recovered at 250 °C % (VIV) 52 49 28.5 385 | 325 | 295 17 23
Distillation: %(V/V) |,
recovered at 300C°C %(V/V) 91.5 96 91 96 92 92 78 91
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In Fig. 46 it could be seen that by far the most components of the CUTEC FT diesel are
alkanes (paraffins). The ITN data in Table 7 contain more details of this subject. It might be
expected that the ideal condition for the exclusive progression of the main reaction according
to Eq. (1) are a mild reaction regime and the lack of interference by trace gases. Accordingly,
the highest fraction of alkanes is found under reference conditions followed by synthesis with
5% of impurities added.

In Tab. 7 it can also be seen that the sulphur content of diesel from wood and straw is about
twice the value of 10 ppm,, demanded by present standards. Since an sulphur absorptive did
not work as specified by the manufacturer the reason for this problem is understood and can
be solved in future runs. Regarding the other runs with artificial syngas it might be a little
surprising that they contain any sulphur at all, but that fact might be attributed to the use of
technical gases with a purity of 3.0.

The data illustrates that from the synthesis point of view the only difference between BtL and
GtL is educt purity.

The cloud point indicates the onset of flock formation and shows whether or not the fuel can
be used at cold temperature. Flock formation is caused by alkanes and therefore it is not
surprising this FT diesel has bad cold flow properties.

Again due to its high content of (unbranched) alkanes all the samples have a cetane number
far out of measuring range (around 90 compared to desired values around 50).

All the data show that the CUTEC FT diesel is a straight-run fraction from a cobalt catalyst,
which — as expected — consists mostly of n-alkanes. Due to its very restricted number of
components it cannot match some of the classical standard parameters. E.g. with respect to
cetane number it is much too good but at present this would be not practical problem at all:
Mixing of the FT diesel with conventional one would improve the ignition properties of the
latter and, of course, enhance its renewable fraction.

However, thinking ahead about the use of 100% BtL (or just as well 100% GtL) upgrading
has to be considered.
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4.13 Conclusions

The experiments in WPs 2.1, 2.2 and 2.3 demonstrated that for the generation of optimal

synthesis gas for FTS there are many options available to adjust the process parameters. If a

circulating fluidized bed is used as a gasifier, a wide range of lignocellulosic biomass can be

utilized. However, if the material needs to be reduced to millimetre-sized particles, there are
ecological as well as economic limits to processing the material in order to ensure a high
transportation density.

o If the type of biomass is changed, the process parameters of the gasifier have to be adapted.
Each type of biomass requires its own specific values.

e For the steam-oxygen gasification process, it is advantageous that an additional shift stage is
not required in order to obtain an H,:CO ratio that is sufficient for FTS, at least in the case of
stalk materials.

e The hot gas filter removed biomass-derived minerals, as well as the additive fed into the
gasifier, down to the um range. The alkali and alkaline earth metals are leachable, and thus
accessible to plants.

e In synthesis gas purification, NH; can easily be captured by the water scrubber. Problems are
caused by the sulphurous compounds. This will require some further measures in commercial
installations.

e Tar compounds are generated in the gasifier in the order of magnitude of 1 to 10 ngm3dry.
The utilized rapeseed methyl ester scrubber yielded satisfactory purification results.

e The stability range of the FT reactor was examined under different parameter combinations.
From these results stable operating points for the coupling of the gasifier and the FT-reactor
were defined.

e The observed effects of CO, and CH4 on the reaction were not very strong so that the
requirements on the gas cleaning system could be lowered.

e In the final experiments the FT reactor worked with syngas from, both, wood and straw
(pellets). The latter generated a synthesis gas with a H,/CO ratio much better than expected.

e The diesel samples obtained had generally very good properties with well understood
differences from standard diesel, such as an extremely high cetane number.

e Both the gasifier and the reactor proved their flexibility and could be matched at the desired
operation parameters. Thus with a rather simple set-up flexible BtL-production could be
demonstrated.

e  Further improvement should be directed at sulphur removal.
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5 Catalytic cracking for upgrading of FT-raw product

Authors: A. Lappas, 1. Vasalos, CERTH

5.1 Introduction

The objective of CERTH work in WP2.5 was the development (on bench and pilot scale) of a
new selective process for FT-wax upgrading based on catalytic cracking technology. Final
target was to find the best conditions of this process (operating conditions and catalysts) for
the production of high quality final products. F-T wax upgrading by hydrocracking was also
investigated in WP2.5 in order to compare this (commercially available) technology with the
new one (catalytic cracking). It must be noted that detailed results of WP2.5 are presented in
Deliverables 2.5.1-2.5.12.

5.2 Experimental work

Three wax feeds were used in the various tasks of CERTH work within WP2.5. These waxes

were completely characterized in CERTH facilities using standards fuel quality techniques

(Table 8) and advances analytical equipments (GC/MS). The complete characterization of the

three feeds is presented in the deliverables 2.5.1, 2.5.3 and 2.5.6 while below we present a

brief description of the three waxes.

e Wax-1 (CPERI code #112). This feed was a Fischer-Tropsch wax sent from the RENEW
partner CHOREN (SP1). CHOREN uses the CARBO V gasification process and a low
temperature FT synthesis. This feed was mainly used for the preliminary scoping tests in
order to establish initial conditions and modifications to the experimental units for further
testing. The feed was also used for catalyst pre-screening in lab scale. The GC/MS analysis of
Wax-1 shows that it contained almost paraffins of C15-C32 with the C19 ones being the
fraction with the highest concentration. From the simulation distillation (SimDist) analysis it
seems that this feed is the lightest of all with a higher diesel content and very low Fe (and S
content) content.

e  Wax-2 (Cperi code #128). This feed was a wax feed received from TUV and it was produced
by a slurry FT process at 280°C and 30 bar using an iron catalyst. The Wax-2 feed was used
for the optimization of the wax cracking process on lab scale. The GC/MS analysis of Wax-2
showed that it contains normal paraffins from about C15 to C42 however, it contains also
some amounts of n-olefins and also traces of other oxygenated compounds like alcohols. It
must be noted that according to TUV the reason for the presence of olefinic and oxygenated
compounds in the final wax product was the non-efficient performance of this catalyst in the
slurry process. The high Fe content of this feed (Table 1) is due to iron catalyst that was not
separated effectively from the FT reactor and remained in the final product. Table 1 shows
that this wax feed has a boiling point above 300°C and its diesel fraction (221-343°C) is very
low (about 10%wt).
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Wax-3 (Cperi code #141). This feed was a paraffinic commercial wax produced by a FT
process similar to that used within RENEW project. This feed was mainly used for the final
cracking process validation on pilot plant scale. However, it was also used for the
hydrocracking tests in order to compare the two processes (catalytic cracking vs
hydrocracking). The GC/MS analysis of Wax-3 shows that this wax contains paraffins of
C19-C43 with the C24 ones being the fraction with the highest concentration. The simulated
distillation of the wax revealed that it contains a very small fraction of lighter cuts mainly in
the boiling range of diesel (216-375°C) and essentially the feed contains only a heavy wax
part. Moreover, Table 8 reveals the benefits of all wax feeds regarding the low sulfur content.

Table 8: Properties of the wax feeds used in WP2.5

(approximately)

(approximately)

Analysis Wax 1(#112) Wax 2 (#128) Wax 3 (#141)
API 43.4 37.44 43.3
Density 60 °C, gr/ml 0.7756 0.8053 0.7771
Density 15 °C, gr/ml 0.8083 0.8368 0.8097
Viscosity 100 °C, cSt 3.10485 - 3.3433
Sulfur XRF, ppmwt S 15.2 39.9 2.5
H, content by NMR, % wt 11.436 12.296 10.08
H, content by Leco-800, % wt 14.76 13.29
C content by Leco-800, % wt 85.14 80.71
Fe, ppmw 10.8 1870
Melting Point, °C 60 100 80 (Drop MP)

(ASTM D3954)

SimDist ext (ASTMD-2887), %

vs. °C

IBP 195.4 251.8 343.4
10 287.2 339.2 379.6
30 344.6 380.4 396.2
40 369.2 391.8 402.8
50 392 402.6 412.8
60 421.4 414 422.4
70 445.6 431.2 432

90 514.6 496 458.6
95 595.8 605.2 474.2
FBP 195.4 251.8 509.6

5.3 Catalysts

During WP2.5 new catalyst formulations and commercially available catalysts were tested in
order to identify the best catalysts for the wax catalytic cracking process. Our work focused
on the development of new catalytic formulations which selectively could convert the FT wax
via cracking/isomerization to branched alkanes (mainly), normal alkanes and alkenes with
minimum aromatics. Consequently the optimum catalysts should have very low HT
characteristics, optimum zeolite/matrix surface area ratio (Z/M) combined with a low activity
matrix. For the hydrocracking catalyst the best catalyst selected from SP1 was used.
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5.3.1 New cracking catalysts

Different types of micro-/mesoporous aluminosilicate materials with varying porous and
acidic characteristics were synthesized and were additionally modified with post-synthesis
hydrothermal treatments. The basic porous aluminosilicate materials that were synthesized in
this study (along with the code names) are given below:

CPERI-1: Calcined (c) Amorphous Silica-Alumina (ASA)

CPERI-2: ASA-steamed

CPERI-3: ASA-calcined (83%) + H-Y-steamed (17%)

CPERI-10: ASA-calcined (83%) + H-ZSM-5 calcined (17%)

CPERI-18: ASA-calcined (83%) + H-Beta calcined (17%)

CPERI-5: AI-MCM-41 (calcined)

CPERI-6: Amorphous Beta-based (calcined)

CPERI-9: H-ZSM-5 (3% crystalline) (calcined)

CPERI-8: ASA-steamed (83%) + USY-steamed (17%)

CPERI-11: ASA-steamed (83%) + H-ZSM-5 — steamed (17%)

CPERI-12: H-ZSM-5 (3% cryst.) — steamed

CPERI-16: AI-MCM-41 calcined (97%) + USY-steamed (3%)

CPERI-19:ASA-steamed (83%) + H-Beta — steamed (17%)

The synthesis procedure and the complete characterization of all these catalytic materials are
presented in details in Del. 2.5.2.

5.3.2 Commercially available cracking catalysts

In cooperation with Albemarle the following commercially available catalysts were used in
the catalyst evaluation study for wax cracking:

A typical gasoline catalyst (RENEW MAX GASOLINE)

A typical octane catalyst (RENEW MAX OCTANE)

A typical diesel FCC catalyst (RENEW MAX DIESEL)

An amorphous catalyst (AMORPHOUYS)

A new novel catalyst suitable for mild catalytic cracking operation (RENEW)

e A ZSM-5 additive used today for commercial catalytic cracking units (ZSM-5)

All above catalysts were supplied by Albemarle and were tested after steaming at 788°C for
9 h. The catalysts properties are given in Del. 2.5.3.

5.3.3 Wax Hydrocracking Catalyst

The catalyst used in the mild hydrocracking tests of Wax-3 was a commercial catalyst for wax
selected in the evaluation program performed in SP1. Full description of this evaluation work
is given in Deliverable 1.1. This catalyst was selected as the best among three commercial
catalysts and it is referred as Catalyst B (Del. 1.1). The criterion for this selection was the
maximum diesel yield using operating conditions close to industrial ones.

5.3.4 Naphtha Hydrotreating Catalyst

The catalyst used in the hydrotreating of FCC naphtha was a commercial NiMo catalyst for
naphtha olefins saturation and was provided by Albemarle.
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5.4 Experimental units

Three experimental units were used in WP2.5. Two of them were used for the catalytic
cracking tests (a small scale fixed bed unit and a circulating FCC pilot plant) and one for the
hydrocracking tests. A brief description of these units follows:

5.4.1 The small scale fixed bed catalytic cracking unit

This unit (Fig. 53) consists of the following main modules: the feed, the reactor and the
product collection one. Preheated feed was injected into the reactor through an oil capillary
heated only by the oven. For this injection a special motor pump was used. The SCT-MAT
reactor is made of quartz and it is heated by a three-zone furnace. The reactor consists of an
annular fixed bed where the catalyst is diluted with inert glass beads. Following the oil
injection, N, flows into the reactor in order to drive the products along the reactor. The vapor
products of the cracking are cooled to 0°C at the reactor exit where part of them are
condensed and collected in a specially designed high volume liquid receiver. The remaining
uncondensed gaseous products are led to gas collection system (cylinders) and are collected
by water displacement. The SCT-MAT unit is fully automated using the control software
FIX-MML. Full description of the unit along with the analytical techniques applied for product
characterization is given in Del. 2.5.3.
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Figure 53: The SCT-MAT unit used for bench scale studies

5.4.2 The pilot scale circulating fluid bed catalytic cracking unit

The CPERI FCC pilot plant (Fig. 54) consists of a long riser reactor (7mm ID and about 9 m
height), the stripper section, the lift line and a fluid bed as the regenerator (78mm ID). The
catalyst circulation is controlled with two slide valves designed and constructed in CPERI.
The control of solid is based on a specially defined riser temperature (TRX) in a similar way
as in a commercial FCC unit. There is independent temperature control over many zones in
the reactor, which can permit, for the entire system, an isothermal operation mode. The
stripping of the catalyst is achieved introducing steam at the bottom of the stripper. The
separation of the produced gaseous and liquid products takes place using a specially designed
refrigerated stabilizer (debutanizer). The liquid products, mainly C5 and heavier, are
condensed and collected. The pilot plant is fully automated and the operation and monitoring
of the unit is carried out through graphical process flowsheets, which are presented on the
screen of a graphic terminal. The process control system of the unit is based on a special
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industrial control system. For the operation of the unit with the wax feed many modifications
were taken place especially in the feed and in the product recovery system. In each FCC pilot
plant test the coke, the flue and cracked gases and the total liquid product yield are measured.
From the liquid product the yields of gasoline, LCO, DCO are determined using simulation
distillation method (ASTM D2887). The produced cracked gases, the flue gases and the liquid
products are measured with accuracy using a system of GCs, wet test meters and weight
balances. The gasoline composition was measured by PIONA analysis (ASTM D5134) while

the gasoline RON/MON was estimated based on PIONA analysis and using theoretical
models (GC RON/MON).

Schematic Diagram of FCC Pilot Plant

STRIPPER

FEED VESSEL

PRODUCT VESSEL T
st

Figure 54: The FCC pilot plant unit used for pilot scale studies

5.4.3 The mild hydrockracking pilot plant unit

This pilot plant (Fig. 55)was originally designed for hydrodesulfurization experiments of
petroleum fractions (mainly diesel) and after a major revamp in the feed section as well as in

the separator section it was used (mainly in SP1) for the hydrocracking upgrading of wax.
Full description of the unit is given in Del. 1.1.
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Figure 55: The HDS pilot plant unit used for wax hydrocracking and naphtha hydrotreating studies
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5.5 Experimental results and discussion

5.5.1 Evaluation of the catalytic cracking catalyst on bench scale

All different cracking catalysts of this study (both commercially available and new ones) were
evaluated using the Wax-1 feed at the bench scale fixed bed unit following standard
conditions (T=560°C, tc=12s). Our experimental data showed that the type of catalyst has a
significant effect on the conversion of the cracking products. All evaluation results with the
new catalysts (synthesized in CERTH) and the commercially available catalysts are presented
in Deliverables 2.5.2 and 2.5.3 respectively. Below we summarize the results from the
catalyst evaluation study.

New catalytic materials

Tables 9 and 10 presents the conversion of wax-1 at a constant catalyst to oil ratio (C/O= 2),
the gaseous and liquid product yields, and the RON and MON of the produced gasoline. As
we can see from these tables, the results from the weakly acidic amorphous silica — alumina
(ASA) commercial catalyst are not presented. The reason is that this material showed no wax
cracking activity at all even at C/O=3. The severely steamed ASA-st. sample showed similar
behavior with the fresh one. The fresh-calcined zeolite H-ZSM-5 and the mildly steamed
H-Y-st. zeolite are very active and showed very high conversion levels of wax, even when
they were diluted with the ASA catalyst (83 % ASA + 17 % zeolite). However, the different
pore size and structure between the two zeolites lead to different product distributions: The
H-Y-st. based catalyst with the relatively big micropores (7-8A) and the high number of acid
sites leads to the production of more gasoline and less LPGs, compared to the H-ZSM-5 based
catalyst which possesses tubular micropores with pore opening of ~5.5 A and fewer but much
stronger acid sites than the H-Y zeolite. The relative high RON of the gasoline samples
produced by H-ZSM-5 based catalysts is attributed to the high aromatics concentration, while
in the case of the H-Y-st. based catalyst the hydrocarbons that contribute mostly to RON are
olefins, since the observed high concentration of iso-alkanes is related mainly with small
molecules C5-C7.

Table 9: Wax conversion and product yields for different catalyst formulations

Catalyst Name: CPERI-3 CPERI-5 CPERI-6 CPERI-9 CPERI-10
C/O 2.11 1.91 1.98 2.09 2.11
Conversion 87.95 43.87 43.20 79.33 92.69
Gasoline 53.07 20.15 18.22 30.77 38.38
Coke 1.98 0.86 0.83 0.33 0.57
Dry gases 1.43 1.09 1.43 3.96 6.38
Total C3 10.96 8.99 10.11 23.42 25.70
Total C4 20.48 12.73 12.56 20.80 21.64
LCO 9.20 36.12 35.02 15.83 4.70
RON 86.62 91.97 91.89 83.83 92.24
MON 78.31 80.20 80.75 79.23 85.13
Hydrogen 0.095 0.034 0.033 0.049 0.107
Methane 0.421 0.274 0.263 0.096 0.231
Ethane 0.252 0.210 0.207 0.216 0.493
Ethylene 0.660 0.570 0.929 3.597 5.546
Propane 2.30 1.40 1.91 4.88 8.93
Propylene 8.66 7.59 8.20 18.54 16.76
C4 paraffins 9.44 3.02 3.37 5.38 8.42
C4 olefins 11.03 9.71 9.19 15.43 13.22
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Table 10: Wax conversion and product yields for different catalyst formulations

\N

Catalyst Name: CPERI-11 | CPERI-12 | CPERI-16 | CPERI-18 | CPERI-19 | CPERI-8
C/O 1.95 1.98 2.02 2.05 1.99 1.97
Conversion 42.71 24.94 57.30 95.42 85.16 82.56
Gasoline 17.70 14.99 29.12 42.74 48.77 50.31
Coke 0.20 0.08 0.36 2.95 0.26 0.28
Dry gases 1.25 0.75 0.72 2.58 0.59 0.69
Total C3 10.83 4.24 10.35 20.78 12.41 10.82
Total C4 12.64 4.81 16.66 26.33 23.06 20.39
LCO 30.72 34.25 27.52 3.53 11.83 15.18
RON 83.59 87.89 87.35 89.47 87.10 89.49
MON 79.74 78.29 78.85 79.70 77.19 78.54
Hydrogen 0.025 0.011 0.018 0.091 0.014 0.022
Methane 0.079 0.077 0.112 0.216 0.068 0.119
Ethane 0.114 0.131 0.120 0.225 0.098 0.124
Ethylene 1.033 0.527 0.470 2.049 0.406 0.424
Propane 1.45 0.35 1.35 6.72 1.52 1.31
Propylene 9.37 3.89 9.00 14.06 10.90 9.51
C4 paraffins 1.86 0.41 4.01 14.95 5.70 5.46
C4 olefins 10.79 4.40 12.65 11.38 17.36 14.93

The catalyst formulation based on fresh-calcined Beta zeolite (83% ASA + 17% H-Beta)
showed an intermediate catalytic performance between the H-Y based catalyst and the
H-ZSM-5 based catalyst. The conversion of wax was even higher than with the H-ZSM-5
catalyst but at the same time the gasoline loss was not as high as with H-ZSM-5 and the
gasoline RON was higher than with the H-Y based catalyst. This effect can be attributed to
the combination of the unique pore structure of Beta zeolite and to the intermediate pore size
between H-ZSM-5 and H-Y zeolites and possibly to the intermediate acidity strength
compared to the other two zeolites. The very-low crystallinity H-ZSM-5(3% crystalline)
material shows almost similar behaviour with that of the crystalline H-ZSM-5 (if we compare
it with a formulation that consists of 97% ASA and 3 % H-ZSM-5). The XRD amorphous
Beta — based catalysts with the relatively ordered mesoporosity in the range of ~ 20 nm pore
diameters, consisting of amorphous aluminosilicate nanoparticles, showed relatively low wax
cracking activity but high RON values, mainly due to increased olefins concentration in the
produced gasoline. The ordered mesoporous material AI-MCM-41 with narrow pore size
distribution and pore diameters of ~ 3 nm but having acid sites of relatively weak/medium
strength compared to the zeolitic materials, showed low conversion activity, similarly to the
amorphous Beta-based catalyst. This sample produced also gasoline with high RON, mainly
due to increased olefins concentration.

Severe steaming of the H-Y zeolites leading to USY-st. sample and the respective catalyst
formulation (83% ASA-st. + 17% USY-st.) lead to small decrease in cracking activity and
gasoline yield but to a noticeable increase of RON values due to increase of the normal and
iso-olefins, although the aromatics concentration was lower than with the mildly steamed
H-Y-st. catalyst. Severe steaming of the crystalline H-ZSM-5 and of the low—crystallinity
H-ZSM-5(3% cryst.) samples lead to significant loss of their wax cracking activity. The
catalytic formulation based on “promoted” steamed Al-MCM-41 by steamed USY-st. (97%
AI-MCM-41-st. + 3% USY-st.) showed increased cracking activity compared to the fresh-
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calcined AI-MCM-41 sample, with however reduced RON values, mainly due to less olefins
in the gasoline pool. Severe steaming of the H-Beta zeolite lead to small decrease of its
cracking activity similarly to the H-Y based catalyst; however, with the USY-st. based

catalyst there is a slightly better balance between conversion and gasoline yield /RON value
compared with that of the steamed Beta catalyst.

Commercially available catalytic materials

The activity of all commercial catalysts (zeolitic and non-zeolitic) is presented in Fig. 56 (as
required C/O to achieve 80%wt conversion). Fig. 56 shows that for the conventional catalyst
we need less than C/O=1 for 80% conversion. Even with the ZSM-5 catalyst the required C/O
is less than 1. On the contrary the Amorphous catalyst is on the other extreme. It requires
C/O=4 for 80% conversion. RENEW is the only catalyst with reasonable C/O about 2.25.
This C/O is very close with that required by conventional FCC catalysts and gas-oils (VGO)
to achieve 80% conversion. In Table 11 we compare all product yields from all commercially
available catalysts at 80%,: conversion. As expected among conventional catalysts the
Maxgasoline catalyst gives the maximum gasoline and the lowest diesel while the Maxdiesel
gives the maximum diesel and the lowest gasoline. However, the selectivity differences
between all catalysts are very small. RENEW and Amorphous give satisfactory yields of both
diesel and gasoline. On the contrary the ZSM-5 additive gives the lowest gasoline of all but
the highest propylene (Table 11). Regarding coke all catalysts give very low yields with the
RENEW and Amorphous to give the maximum (about 0.3%wt). In Fig. 57 we present the
gasoline composition (PIONA analysis) produced from all catalysts at 80%wt conversion.
The gasoline analysis validates our previous discussions that the gasoline produced from wax
cracking contains a very low aromatic content. For this specific light wax feed (Wax-1) the
aromatic content is less than 10%. This is of special importance for new gasoline
specifications regarding low aromatic content. On the contrary it contains a lot of iso-olefins,
normal olefins and paraffins. For almost all catalysts the branched alkanes and alkenes are
higher than 20%wt.

C/0O at 80% conversion
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Figure 56: Evaluation of catalysts at 80% conversion (Wax_1)
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Table 11: Evaluation of catalysts for the new process

Catalyst Max | Max | Max AMOR

Name}:, Gasoline Octane |Diesel RENEW PHOUS Z3M-S
Conversion 80 80 80 80 80 80
C/O 0.10 122 | 045 | 2.23 4 0.78
Gasoline 5625 [53.55|54.40| 5090 | 52.09 | 32.15
Coke 0.10 0.16 | 0.21 0.22 031 0.05
Dry gases 0.32 051 | 039 | 0.58 1.06 3.04
Total C3 7.33 842 | 8.02 | 9.78 992 | 22.97
Total C4 1600 [17.31 16.96| 1852 | 16.62 | 21.59

Olefinicity C3| 0.903 [0.904 [0.903| 0.902 | 0.905 | 0.849
Olefinicity C4| 0.775 [0.779 10.765| 0.799 | 0.801 | 0.861

LCO 1250 |13.65]14.70] 1465 | 15.25 | 1440
RON 8720 |88.30 [87.35] 89.20 | 88.90 | 79.40
MON 7620 [77.60 [77.35] 77.70 | 76.20 | 78.35
Hydrogen 0.002 10.036 10.013] 0.017 | 0.025 | 0.040
Methane 0.040 10.081 ]0.073] 0.098 | 0.253 | 0.040
Ethane 0.080 |0.114 10.089| 0.125 | 0.293 | 0.140
Ethylene 0.200 10.279 10.215] 0.340 | 0485 | 2.820
Propane 0.71 081 [0.78 | 0.96 094 347

Propylene 6.62 761 | 7.24 | 8.82 898 | 19.50
C4 paraffins 3.60 383 | 398 | 3.73 329 3.00
C4 olefins 1240 |13.48 112.98| 14.79 | 13.32 | 18.59

Gasoline composition at 80%wt conversion
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Figure 57: Effect of catalyst type on gasoline composition (80%wt conversion, Wax_1)

5.5.2 Selection of the best commercially available catalyst for the process

Based on the above studies it is concluded that the best catalyst for Wax cracking should be a
catalyst based on Y zeolite. This catalyst provides maximum activity and maximum gasoline
with low aromatics. A catalyst based on ZSM-5 zeolite is preferable for maximum LPG. Beta
crystalline catalysts have performance between the Y and ZSM-5 while an amorphous
catalyst is more preferable for maximum diesel production (of course with always low diesel
yield). However, it seems that the most preferable Y catalyst for the new process is the
RENEW since it requires a reasonable C/O ratio suitable for operation of commercial FCC
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units. With this catalyst there is no need for any dilution with inert materials. Moreover, the
RENEW gives relatively high gasoline and LCO yield and a gasoline composition of less than
10% aromatics. An alternative to this catalyst could be the amorphous catalyst which gives
satisfactory selectivities but lower activities. On the other side for maximum propylene
production the ZSM-5 catalyst is the best one. This is in full agreement with the experimental
results from the catalyst synthesized in CPERI. For the above reasons we selected as optimum
catalysts for the new process the RENEW and the ZSM-5 and with these two catalysts we
performed the study for the optimization of the catalytic cracking process.

5.5.3 Catalytic cracking process optimization on bench scale

For the optimization of operating conditions for the catalytic cracking of wax, we investigated
the effect of two operating variables that are very important for the catalytic cracking process:
the catalyst to oil ratio (C/O) and the cracking temperature (T). The entire study was
performed with the Wax-2 feed in the SCT-MAT unit using the two best catalysts selected
from the catalyst evaluation study: the RENEW and the ZSM-5. In Del. 2.5.3 we give a
detailed description of all these studies where also a blend of the two catalysts was also
studied along with the effect of a hydrogen donor as co-feed. In conclusion this experimental
work showed that the type of catalyst and the operating conditions play a significant role and
by an optimum selection we can produce a desired spectrum of renewable fuels. It was
validated that the optimum catalyst for maximum fuels (gasoline and diesel) production is the
RENEW catalyst while for maximum propene and C4 olefins the ZSM-5. A blend of these
two catalysts could offer some flexibility to the process. Regarding gasoline optimization a
low temperature of 460°C is preferable and very high C/O ratios. For diesel maximization we
need a conversion level of about 60%wt. For propylene maximization the optimum
temperature is 560°C and very high C/O ratios (high conversion). For this case of course the
ZSM-5 catalyst is needed. For low aromatics in gasoline (less than 10%) we need
temperatures higher than 560°C and the RENEW catalyst. For the heat balance of the new
process a low temperature of 460-510°C is preferable since the coke is higher at these
temperatures.

5.5.4 Process validation on pilot scale
Process optimization using the novel RENEW catalyst

In Fig. 58 we present the effect of C/O and cracking temperature on RENEW catalyst activity.
It seems that both variables have a strong influence on wax cracking achieving conversion
levels up to about 93%wt. By increasing the C/O ratio, the conversion increases with very
high rates at least at the highest cracking temperature. It is clear from Fig. 58 that the increase
of C/O causes a strong increase in the conversion and consequently a strong increase in the
pyrolysis product yields. In Table 12 we present all product yields at 85%wt conversions from
all tests performed at the four different temperatures. These yields were estimated by
interpolation at 85 %wt conversion from the plots of yield vs. conversion. It must be noted
that, at constant temperature, the increase of conversion was due to the increase of C/O. In the
tests performed in the pilot plant unit, the increase of C/O was achieved by increasing the
catalyst circulation rate.
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Figure 58: Effect of C/O and temperature on wax conversion

Table 12: Effect of temperature on wax cracking with the RENEW catalyst (85%., conversion)

Cracking Temperature, °C 460 500 537 565
Conversion 85 85 85 85
C/O 13.8 9.7 7.1 5.1
Dry gases

H2 0.01 0.02 0.02 0.04
H2S 0.00 0.00 0.00 0.00
Cl 0.09 0.13 0.29 1.10
C2+ 0.07 0.11 0.29 1.01
C2= 0.17 0.27 0.57 1.85
Total dry 0.35 0.54 1.18 4.00
C3's

C3+ 1.45 1.46 1.56 1.62
C3= 5.95 6.75 7.63 8.65
TC3 7.40 8.21 9.19 10.27
C3=/TC3 0.80 0.82 0.83 0.84
C4's

nC4+ 1.70 1.77 1.78 1.50
1C4+ 4.95 4.32 3.70 2.74
iC4= 4.05 4.39 4.67 4.71
nC4= 7.20 8.35 9.33 9.77
Tot C4= 11.25 12.74 14.00 14.48
TC4 17.90 18.83 19.49 18.72
C4= /tot C4 0.628 0.677 0.719 0.774
LPG 25.30 27.04 28.68 28.99
C5-421 oF 58.33 56.68 57.70 51.65
Coke 1.03 0.75 0.54 0.49
LCO 4.00 3.38 291 2.90
DCOdif 11.00 11.62 12.09 12.10
RON 89.45 90.12 91.21 91.50
MON 78.00 78.53 79.21 78.80
IN-PARAFFINS 6.19 6.90 7.14 6.56
BR-PARAFFINS 33.68 30.43 26.69 20.78
SAT-NAPHTHENES 2.13 2.33 2.10 2.13
UNSAT-NAPHTHENES 1.72 1.81 1.88 2.32
IN-OLEFINS 18.90 19.51 21.40 26.12
BR-OLEFINS 31.10 32.84 35.30 36.76
DI-OLEFINS 0.02 0.04 0.06 0.19
AROMATICS 6.27 6.14 5.42 5.13
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Regarding gasoline yield (Fig. 59) it is optimized at higher conversions (higher C/O ratios)
and at lower temperatures and gives values about 52-58%. (Table 12). The reason of the
lower gasoline yield at higher temperatures is the increase of non-selective thermal reaction at
these temperatures which results in lower gasoline yields. LPG yield is also increased at
higher temperatures (Table 12). The study reveals that the optimum conditions for higher
gasoline yields are to use higher C/O at lower reaction temperatures. The diesel (LCO) yield
(Table 12) was only slightly affected by conversion (by C/O) but also slightly by temperature.
In accordance to the bench scale it is maximized at low conversions and at low temperatures
however, the achieved yields at 85%y: conversion were only 3-4%,, (Table 12). Coke is a
very important product for the heat balance of the process. Coke yield at the highest
temperature is very low and it is only slightly affected by conversion (Fig. 60). This is due to
the non-existing of aromatic compounds (coke precursors) even at very high conversion since
the feed is mainly paraffinic. Propylene yield is strongly affected by both conversion and
temperature (Fig. 61). At the highest temperature (565°C) the propylene yield can reach
values of 8.5%.: at 85%.: conversion. At higher conversions (>85%.,) it increases more
rapidly. C4 olefins have the same behavior as propylene (Table 12). They are strongly
favoured by temperature and conversion (monotonically) and can reach values of about 14%,
(on feed basis) at 85%., conversion. The iC4 olefins (which are very useful since they are raw
material for TAME production) are about 4.7%.,. (on feed).
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Figure 59: Effect of temperature on gasoline yield
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Figure 60: Effect of temperature on coke yield
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Figure 61: Effect of temperature on propylene yield

The temperature effect on gasoline composition is very strong and it is given in Fig. 62 (at a
constant conversion). It seems that the high temperatures do not favour the br-paraffins yields.
Br-paraffins are mainly influenced by temperature and their concentration can change from 35
till 20%y:. On the contrary n-paraffins and aromatics are almost independent from the
temperature. N-olefins and br-olefins are the main products which are strongly influenced by
cracking temperature and both increase with this variable.

Gasoline Composition (%owt) at 85%wt Conversion

40.00
35.00
30.00
25.00
20.00 -
15.00 -
10.00 -

5.00

0.00 -

W T=460°C
B T=500°C
B T=537°C
B T=565°C

Figure 62: Effect of temperature on gasoline composition with RENEW catalyst

Process optimization using the ZSM-5 catalyst

Using the ZSM-5 catalysts and blends of Renew+ZSM-5 a process optimization study was
also carried out (on pilot scale) that is presented in details in Del. 2.5.6 and 2.5.7. In Table 13
we compare side by side the pilot plant results of catalyst RENEW and ZSM-5 (in two
temperatures) and at constant conversion. The required C/O to achieve the 85%.: conversion
with ZSM-5 is less than that of RENEW. It is validated that this catalyst is more active than
RENEW. The gasoline yield is significantly lower with the ZSM-5 due to the additional
cracking of the gasoline hydrocarbons. Coke is also lower with the ZSM-5. The absence of
hydrogen transfer characteristics of the ZSM-5 is the reason of the lower coke with this
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catalyst. Despite the fact that a rich olefinic environment exists, when the ZSM-5 is present
the coke is not produced through olefinic cyclization. This is one more evidence that the
hydrogen transfer reactions play a very important role in wax cracking. The propylene yield
can reach values up to 19%.,: on 565°C with pure ZSM-5. Regarding LCO yields (Table 13)
both catalysts produces very low yields around 3.5%.:. The temperature effect on gasoline
composition using the ZSM-5 catalyst is given in Fig.63. It is clear that with this catalyst we
produce a very high concentration of n-paraffins which are favored at higher temperatures.
The br-paraffins are very low in both temperatures while the olefins are relatively high. In any
case the aromatics are less than 5% in both temperatures.

Table 13: Effect of ZSMS concentration on Wax cracking at T=565°C (85%wt conversion)

CATALYST RENEW ZSM5 ZSM5
TEMPERATURE, °C 537 537 565
Conversion 85.00 85.00 85
C/O 7.11 2.27 2.00
Dry gases

H2 0.02 0.05 0.07
H2S 0.00 0.00 0.00
Cl 0.29 0.09 0.27
C2+ 0.29 0.23 0.40
C2= 0.57 2.31 3.28
Total dry 1.18 2.68 4.02
C3's

C3+ 1.56 431 4.15
C3= 7.63 17.03 18.86
TC3 9.19 21.34 23.01
C3=/TC3 0.83 0.80 0.82
C4's

nC4+ 1.78 3.06 2.71
iC4+ 3.70 1.49 1.37
1C4= 4.67 8.22 7.98
nC4= 9.33 13.17 13.37
Tot C4= 14.00 21.39 21.36
TC4 19.49 25.94 25.44
C4= /tot C4 0.72 0.82 0.84
LPG 28.68 47.28 48 .45
C5-421 oF 54.94 35.06 32.45
Coke 0.54 0.03 0.03
LCO 291 3.25 3.66
IDCOdif 12.09 11.75 11.34
RON 91.21 87.26 84.34
MON 79.21 76.04 74.11
IN-PARAFFINS 7.10 17.76 20.09
IBR-PARAFFINS 26.55 7.35 6.76
SAT-NAPHTHENES 2.09 1.25 1.48
UNSAT-NAPHTHENES 1.87 3.96 4.79
IN-OLEFINS 21.31 26.29 25.76
BR-OLEFINS 35.63 39.46 35.75
IDI-OLEFINS 0.06 0.08 0.13
AROMATICS 5.39 3.85 5.24
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Figure 63: Effect of temperature on gasoline composition with ZSM-5 catalyst

5.5.5 Hydrocracking of Wax-3

As it was presented in Del. 1.1, the mild-hydrocracking is a technology that can upgrade
waxes to middle distillate transportation fuels. From the tests performed with wax-3 it was
found that both hydrocracking temperature and Hy/oil ratio affect the product yields. Full
details of the experimental results are given in Del. 2.5.1. In conclusion, the study showed that
the yield of gasoline in the product decreases as the temperature decreases and so does the
conversion. However, the diesel yield increases with decreasing temperature but its selectivity
increases as a result of higher conversion at higher temperatures. The yield of gasoline and
diesel decrease as the Hy/oil ratio decreases and so does the conversion. The diesel selectivity
is also slightly decreased as a result of the decreasing yield and conversion. The maximum
diesel yield achieved with catalyst B at this run was about 44% (% weight on feed) at
Base+25°C and 5000 scfb H,/oil ratio. At these conditions the conversion was about 86.9%
while the diesel selectivity was 49%. Regarding the quality of the gasoline produced by
hydrocracking our results concluded that is of relatively poor quality regarding RON due to
its low aromatic content. However it has a significant amount of isoparaffins and it could be
used as a component in a gasoline blend.

5.5.6 Upgrading the wax catalytically cracked naphtha via hydrogenation

The objective of this complementing work was to apply a further hydrogenation step to the
naphtha (gasoline) fraction produced from the catalytic cracking of the wax according to the
following scheme.

Wax Catalytic | | Distillation of
Cracking FCC product
A 4
FCC - . .
Naphtha > Hydrogenation » Final Naphtha
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FCC Naphtha production

Base on the work described in paragraph 5.3.4 and 5.3.6 we used the two best catalysts
(RENEW, ZSM-5) and the best conditions suggested from the catalytic cracking tests
targeting to the production of sufficient quantities of two naphtha grades (naphtha-1 and
naphtha-2) for hydrotreating. Thus, a naphtha production phase has taken place in CERTH
FCC pilot plant at the following standard operating conditions:

e T=538°C isothermal riser

e Feed rate=25 gr/min.

e PPyc=14 psia

In these production runs the pilot plant operated at a conversion level around 80%,. About 20
experiments were performed in the pilot plant for each one of the two catalysts producing
about 20 kg of total liquid product from each catalyst. The total liquid product was further
distillated in ASTM D2892 apparatus up to naphtha fraction in order to collect about 15 kg
naphtha for each catalyst. Thus, in general 30 kg of naphtha was produced (15 kg per
catalyst). The full analysis of each one of the two fractions are given in Table 15. The analysis
of the two naphthas validates our previous results presented in paragraph 3.4 and indeed the
naphtha coming from Wax cracking by ZSM-5 contains a high portion of normal paraffins
and a low portion of branched paraffins comparing with the naphtha coming from RENEW
catalyst. The higher content of the aromatics in the ZSM-5 naphta (compared to FCC
naphtha) was not expected and it is partially explained by some toluene contamination using
for washing the distillation apparatus.

FCC Naphtha hydrogenation

For the hydrogenation experiments of the two naphtha fractions (Table 15) we used a
commercially available NiMo type catalyst supplied from Albemarle. The catalyst evaluation
tests were conducted in our HDS pilot plant unit using only one reactor and standard down
flow mode (paragraph 2.3.3). Olefin hydrogenation is a highly exothermic reaction, which
resulted in a temperature increase at certain points of the catalytic bed up to 28°C. The inert
material used in the tests was SiC. The reactor loading done in a specific pattern, developed at
CERTH/ CPERI. Before the beginning of the experimental run, the catalyst is pretreated so it
can be activated according to procedures provided by the catalyst supplier. The liquid product
obtained from the unit was completely analyzed in CPERI analytical facilities. In every
condition, sufficient quantity of the liquid product was collected for performing a PIONA
analysis, according the ASTM-D6733 method, to determine the group types of the gasoline
and establish the olefin removal.

For the two naphtha grades (feeds) the catalyst performance was tested at different operating
conditions as described below:

Table 14: Operating conditions for catalyst performance tests

Naphtha-1 Naphtha-2
Temperature, °C: Base-15, Base°C, Base-50, Base-25,
Base+10 Base
LHSV, hr'': 1.5,2.0 1.5,2.5
Pressure, barg: 35 25, 35, 45
Hy/oil ratio, 1000, 2000 1000

SCFB:
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Table 15: Properties of the two naphtha fractions from the production runs

Naphtha-1 | Naphtha-2
Catalyst RENEW ZSM-5
Analysis Result Result Units Method
Density 15 °C 0.702 0.696 gr/ml ASTM D4052
H, content 14.3 13.2 % wt ASTM D4808
CFPP <-50 <-50 °C 1P309
PIONA
RON 89.5 87.91 ASTM D-6733
Total Normal Paraffin 7.3 16.6 % wt
Total Iso Paraffin 23.2 9.4 % wt
Total Saturated Naphthene 2.8 2.1 % wt
Total Unsaturated Naphthene 2.5 4.6 % wt
Total Normal Olefin 21.1 19.4 % wt
Total Iso Olefin 37.4 39.6 % wt
Total Di Olefin 0.1 0.1 % wt
Total Aromatic 5.5 8.1 % wt
Total Paraffins 30.5 26.0 % wt
Total Naphthenes 53 6.6 % wt
Total Olefins 58.7 59.0 % wt
Total Aromatics 5.5 8.1 % wt
Sim Dist % wt ASTM D-2887
IBP % wt
5 % wt
10 % wt
20 40.2 37.0 % wt
30 554 38.6 % wt
40 69.4 40.2 % wt
50 72.0 53.0 % wt
60 87.6 70.0 % wt
70 100.6 74.2 % wt
80 126.4 99.6 % wt
90 156.4 138.4 % wt
95 174.0 160.8 % wt

Detailed results of the experimental program are presented in Del. 2.5.12. However, in
general it was concluded that hydrotreatment is a technology that can be used not only for the
desulphurization of FCC gasoline (naphtha) but also for the saturation of their olefin content.
From the tests performed with two different gasoline feedstock, it was shown that the olefin
content of the product in each condition is decreased significantly in proportion to each
feedstock. In Table 16 we present the quality of the two hydrotreated naphthas at a set of
constant conditions. It seems that the nature and composition of the feedstock affects
significantly the product quality, regarding the type and amount of paraffins formed. It also
affects the impact of the operating parameters variation on the final product composition.
However, in general the olefin removal was above 95% in all cases.

Regarding the effect of operating variables it seems that hydrotreating temperature plays the
most important role for the product quality. In Fig. 64 this effect is depicted for the Naphtha-
2. For each gasoline there seems to be an optimum temperature, in combination with the other
operating factors, at which the maximum olefin saturation occurs. For the first feed this
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temperature is Base-25°C and for the second it is the Base temperature. The maximum olefin
removal achieved at these temperatures was 95.5% and 97%, respectively. LHSV is also an
operating parameter (Fig. 65) that seems to have a strong influence on the product olefin

content, which is not the case with pressure and H»/oil ratio which affect marginally the
product quality, especially in high temperatures (details on the effects of operating variables

on naptha hydrotreated are given in Del. 2.5.12).

Table 16: Properties of the two hydrotreated naphtha fractions

Total olefins, %wt

16.0

Hydrotreated | Hydrotreated
Naphtha-1 Naphtha-2

Operating conditions
LHSV, hr' 1.5 1.5
Pressure, barg 35 35
Temperature, °C B+25 B
H,/oil ratio, SCFB 1000 1000
Mass Recovery, % 88.7 84.3
PIONA analysis
Normal Paraffins, %wt 26.20 32.23
Iso Paraffins, %wt 60.80 47.12
Saturated Naphthenes, %wt 4.49 9.77
Unsaturated Naphthenes, %wt 0.19 0.09
Normal Olefins, %wt 0.09 0.17
Iso Olefins, %wt 2.98 1.73
Di Olefins, %wt 0.00 0.00
Aromatics, %wt 5.25 8.90
Total Paraffins, %wt 87.00 79.35
Total Naphthenes, %owt 4.68 9.86
Total Olefins, %wt 3.07 1.90
Total Aromatics, %wt 5.25 8.90
GC RON 74.12 78.29
Olefin removal, % 94.8 96.8

14.0 -

12.0

10.0 -

8.0 -

6.0

4.0 -

20

0.0

Feed 2

LHSV: 15 hrt
H,/oil: 1000 SCFB
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Temperature, °C
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Figure 64: Effect of temperature and pressure on product olefin content for Gasoline 2
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Figure 65: Effect of LHSV on product olefin content for Gasoline 2

5.5.7 Comparison of hydrocracking and catalytic cracking technology

The comparison of the hydrocracking and catalytic cracking technologies with the wax feed is
presented in Table 17. With both processes we can achieve very high wax conversions almost
90%.:. However, it is clear that mild hydrocracking technology (with catalyst B) is the
technology that optimizes diesel production from FT wax upgrading. On the contrary catalytic
cracking with RENEW optimizes gasoline production while catalytic cracking with ZSM-5
optimizes LPG production and especially LPG olefins. The two processes are well known in
refining technology and require high investment costs. The benefit of FCC technology is the
low pressure and no hydrogen requirement on the contrary mild hydrocracking optimizes the
middle distillate fractions producing excellent quality diesel (cetane index about 75).
Regarding gasoline composition the mild hydrocracking process produces a low quality
gasoline (low RON and MON) with high paraffinic and naphthenic components and no
olefins. The catalytic cracking technology produces gasoline with high olefins. The aromatics
are very low in both processes with the FCC to give slightly less aromatics in gasoline.
Additionally, the FCC naphtha has the option for further olefins saturation using a
downstream selective hydrotreating process. In this the olefins can be saturated to more than
95% producing naphtha with only normal and branched paraffins and less than 3% olefins.
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Table 17: Comparison of hydrocracking and catalytic cracking process for FT wax upgrading

Process Catalytic | Catalytic Hydro-
cracking | cracking cracking

Catalyst type RENEW ZSM-5 B
Process Conditions
Reactor T (°C) 537 565 Base+25°C
Pressure (bar) 1 1 70
WHSV (hr-1) 70 70 1
H2 Consumption, SCFB 0 0 5,000
Conversion & Yields
Conversion (343°C -), %wt on feed 89% 89% 87%
Gasoline (C5-216°C), %wt on feed 55.0 34.0 38.7
Diesel (216-343°C), %wt on feed 3.0 3.5 44.9
Heavy (343°C+ ), %wt on feed 11.0 10.0 14.0
Dry gases (C,-C,), %wt on feed 1.2 4 <1
LP Gases (C5-C,), %owt on feed 30.0 49.0 2.5
Propylene, %wt on feed 8.0 19.5 <1
n-C4HS8, %wt on feed 9.5 14 <1
Iso-C4HS8, %wt on feed 4.8 8.5 <1
Gasoline (Cs5-216°) Quality
Normal Paraffin (%wt on gasoline) 7 19.5 20.7
Iso Paraffin (%wt on gasoline) 26 6.5 45.6
Saturated Naphthene (%wt on gasoline) 2.5 1.5 26.6
Normal Olefins (%wt on gasoline) 24 31.0 0.0
Iso-Olefins (%wt on gasoline) 35 36.5 0.0
Aromatic (%wt on gasoline) 5.5 5.0 7.2
GC RON 91.0 84.5 55
GC MON 79.5 74.5 54
S, ppm <1 <1 <1
Diesel quality
Cetane Index 75
CFPP, °C -48
S, ppm <1
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6 Fuel test and assessment

Authors: S. Oleksiak, A. Kaczmarczyk; Institut of Petroleum Processing
D. Beiermann, E. Heinl; Volkswagen AG

6.1 Introduction

WP 2.6 was about fuel test and assessment ITN worked on task 2.6.1 BtL fuel analysis and
VW on task 2.6.2 fuel testing.

ITN analyzed BtL fuel samples received from TU Vienna and CUTEC Institute. All BtL fuel
samples consisted of raw FT product, which was only distilled and no hydrotreating or
isomerisation was done. The part of ITN work contained analysis of fuel samples. Analysis of
fuels received in 2006 and 2007 were reported as part of Del. 2.6.7 “Data of fuels physical-
chemical properties of FT-fuel samples from TUV and Cutec, data of necessary components
of performance additives packages”. Fuel analysis were used for further optimization of
process in order to receive final fuels for additives investigation tests, accomplished in 2007
and reported in Del. 2.6.07. For two final fuels material compatibility tests were performed
referred to elastomers and metallic materials. Results were reported as Del. 2.6.11 “Material
compatibility tests with upgraded fuel from TUV/Cutec”. Additional experimental test, using
zeoforming process to convert low-octane hydrocarbons (naphtha fraction) from Fischer-
Tropsch synthesis into high-octane gasoline components, was investigated. Accomplished
work was reported as Del. 2.6.13 “Summary of experimental report on naphtha improvement
process (zeoforming)”.

Within WP 2.6 VW worked with a 31 V6 CR on the compatibility of the soot-trap with FT-
fuel. The confidential Del. 2.6.8 ,Suitability of synthetic fuel with modern exhaust gas
aftertreatment system (DPF)* was prepared.

Further on different BtL and GTL fuels were investigated for their spray formation behaviour
in a pressure chamber at different temperatures and pressures. Results are summarized in Del.
2.6.14 ,,Spray formation with different synthetic fuels”.

Further on ITN investigated naphtha improvement process (zeoforming) reported in Del.
2.6.13.

VW studied the DPF investigations (Del. 2.6.8) and introduced the spray formation behaviour
(Del. 2.6.14).

Subsequent the proceedings and results of the different tasks are summarized.

6.2 Physic-chemical properties of FT-fuel samples from TUV and CUTEC and
necessary performance additives packages

6.2.1 Introduction

This chapter consists of three parts:
— description of properties of samples of BtL fuels in the light of diesel fuel specifications

— investigation of additive package for BtL fuel
— compatibility assessment of BtL fuels with engine oil
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During the period of 2007 year ITN was engaged in analysis of 24 samples o BtL products
received from Technische Universitat Vien (TUV) and Clausthaler Umwelttechnik-Institut

GmbH (CUTEC), participants of SP2 RENEW Project.
A short description of samples is given in table 18.

Table 18: Short description of samples analyzed in 2007

Sample name | Received | Quantity Product Analyses
1 FT_135 03-21 59 wax- white colour
2 FT_136 03-21 59 wax-black colour, contaminated
: Sulphur content

3 FT_138 03-21 59 wax- white

4 FT 139 03-21 59 wax-white

5 OKO005 05-01 5ml

6 OKO007 05-01 5ml

7 OKO008 05-01 5ml Diesel fuel for TBP curve

8 OKO010 05-01 5ml

9 OKO011 05-01 5ml
10 OK012 05-01 5ml
11 FT_141 05-04 59
12 FT 143 05-04 5¢ Wax Sulphur and copper
13 FT_155 05-04 59 content
14 FT-156 05-04 5¢
12 SE 81:2 82:12 123 2: Diesel fuel Short course analysis
17 FT-179 10-03 400 ml Diesel fuel Extended analysis
13 Bg:: 1§:§ 11:82 28 m: Diesel fuel Short course analysis
20| Deli2 59 11-08 10L Diesel fuel
21 FT-11-07 11-14 10L Diesel fuel Extended analysis
22 Diesel_12 12-10 10L Diesel fuel
23 DieselNeu 12-10 5L Diesel fuel Short course analysis
24 | Naphtha_12 12-10 10L Heavy naphtha

Depending of sample volume available and taking into account further studies, the range of
parameters analyzed varied from one parameter investigation to extended study of properties
according to EN 590 and World-Wide Fuel Charter.

6.2.2 Test methods applied

Quality of BtL fuels represented by each sample where compared with the specification for
diesel fuel established by European Standard EN 590:2004 and World-Wide Fuel Charter
version 2006 (WWFC), which was approved by car manufacturers from USA, Europe and
Japan.

EN 590 defines one common class of fuel dedicated for diesel engines, the only quality
variations include cold temperature properties for summer and winter season.

Common part of diesel fuel quality requirements included into both EN 590 and WWFC —
generally applicable requirements and test methods for diesel fuel is presented in table 19.
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Table 19: Generally applicable requirements and test methods for diesel fuel According to EN 590 and
World-Wide Fuel Charter

World-Wide

EN 590:2004 Fuel Charter,
Properties Unit category 4 ';As;ngg

min max min max
Cetane number - 51,0 - 55 - EN I1SO 5165
Density at 15°C kg/m3 820 845 820 840 | ENISO 12185
Polycyclic aromatic hydrocarbons %(m/m) - 11 - 2,0 EN 12916
Total aromatics content %(m/m) - - - 15 EN 12916
Sulphur content mg/kg - 50 - ?rlgg(]g)r EN ISO 20884
Flash point °C >55 - >55 - EN 2719
Carbon residue Y%(m/m) - 0,30 - 0,20 | ENISO 10370
Ash content %(m/m) - 0,01 - 0,01 | EN ISO 6245
Water content mg/kg - 200 - 200 | ENISO 12937
Total contamination mg/kg - 24 - 10 EN 12662
Copper strip corrosion (3h at 50 °C) rating | class 1 class 1 EN I1SO 2160
Oxidation stability g/m3 - 25 - 25 EN ISO 12205
Ic_jybncny, corrected wear scar um ) 460 ) 400 ISO 12156

iameter

Viscosity at 400C mm2/s | 2,00 4,50 2,00 4,00 | ENISO 3104
Distillation
% (V/V) recovered at 250 °C, (E)250 | %(V/V) - <65 - -
% (VIV) recovered at 350 °C, (E350) | %(V/V) 85 - - - EN ISO 3405
95 % (V/V) recovered at, (T95) °C - 360 - 340 | ASTMD 86
Oxidation stability g/m3 - 25 - 25 EN ISO 12205
Cold Filter Plugging Point, (CFPP) °C - -20 - -20 EN 116

As one can see quality requirements according to WWFC are stronger to some extend than
accepted in EN 590 standard.

There are few requirements included only into WWFC specification which are listed in
table 20. Total acid number, ferrous corrosion and foaming tendency are desired
characteristics for handling and storage behavior of diesel fuel.

Table 20: Requirements specified exclusively by World-Wide Fuel Charter

World Wide Fuel Charter,
Parameter Unit category 4 Test method
min max

99 % (V./\./) recgvered at, T90 :C - 320 ASTM D 86
Final boiling point, (FBP) C - 350
Total acid number mg KOH/g - 0,08 ASTM D947
Ferrous corrosion Rating - Light rusting ASTM D 665
Foaming tendency, foam vanishing time S - 15 NF M 07-075-97
Foaming tendency, foam volume ml - 100 NF M 07-075-97

Additionally, for in-depth description of samples properties auxiliary methods, listed in
table 21, were applied.
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Table 21: Auxiliary test methods

Parameter Unit Method
Cloud point (CP) °C ISO 3015
Pour Point °C ISO 3016

High temperature stability of distillate fuels, % reflectance Rating | ASTM D 6468
High temperature stability of distillate fuels, colour Rating | ASTM D 1500

before/after

Calorific value kd/kg | ASTM D 2384

lodine number gl/100g | IP 84

Water extract pH PN-84/C-04064

n-Paraffin content and distribution - zrggc;use ITN met. no 1.96
Infrared spectroscopy - Comparison to pump diesel

Coupled Plasma Atomic Emission Spectrometry (ICP-AES) | mg/kg | ASTM D 5185

6.2.3 Description of BtL fuels properties

Samples were placed into two groups:
- received from TUV
- received from CUTEC

and will be characterized accordingly.

Samples from TUV

BtL diesel was represented by two 10 litre samples named FT-11-07 and Diesel 12. To
smaller samples — 400 ml FT-179 and 5 litre sample DieselNeu was analyzed. Samples FT-
11-07 and Diesel 12 were also employed in additive testing, sample Diesel 12 was used for
investigation of compatibility of BtL fuels with engine oil. Properties of diesel samples are
collected in table 22.

Naphtha 12 sample, dedicated for zeoforming process was also analyzed and after short
investigation it was clear that it is too heavy for this process. Normal distillation temperature
range was from 136 °C to 266 °C instead of 60 °C to 220°C. Naphtha 12 showed elevated
acidity — pH of water extract was 5.6.
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Table 22: Properties of BtL Diesel samples from TUV

W
\!ll‘"li

Parameter FT-179 | FT-11-07 | Diesel_12 | DieselNeu

Cetane number - 81 83,1 -
Density at 15 °C, kg/m3 770,5 770,6 769,0 774,0
Polycyclic aromatic hydrocarbons, %(V/V) 0,9 1,1 0,5 -
1-ring aromatic hydrocarbons <0,1 0,2 <0,1 -
2-ring aromatic hydrocarbons <0,1 0,1 <0,1 -
3-ring aromatic hydrocarbons 0,9 0,8 0,5 -
Sulphur content, mg/kg 51 15,7 94 2,7
Flash point, °C - 87 87,5 100
Carbon residue (on 10 % distillation residue), %(m/m) - 0,019 0,014 -
Ash content, %(m/m) 0,001 <0,001 -
Copper strip corrosion (3h at 50°C) 1a 1 1a -
Oxidation stability, g/m3 1 2 -
Lubricity, corrected wear scar diameter (wsd 1,4, at 60°C) | 422 360 460 460
Viscosity at 40°C, mm2/s 2,016 2,080 2,010 2,477
% (VIV) recovered at 250 °C 65,0 53,5 54,2 -
Cold Filter Plugging Point (CFPP), °C -9 -9 -9 -

All parameters of TUV BtL diesel samples were in-line with EN 590 specification, the only
exception was density, to low for diesel fuel and CFPP to high for winter period. Due to high
paraffin content (fig. 66), it is impossible for BtL diesel to meet specification. Assessment
according to WWFC reveals to low lubricity for all samples besides of FT-11-07.
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Figure 66: Normal paraffin distribution in TUV diesel samples

Examination of auxiliary parameters — table 23 - explained low density cause — above 90
percent of both n-paraffinic and olefinic components in each sample. Unsatisfactory low
temperature properties are due to high n-paraffin content — above 70% and presence of heavy
paraffin from C15 and above reaches 30% (fig. 66).

All samples have high stability, moderate iodine number as a result of high olefins content
and acid number to high as compared with WWFC specification.

Unexpectedly ICP analysis discovered some small level of phosphorus and led
contaminations in sample FT-179, and silicon in sample FT-11-07.

Detailed picture of normal distillation can be seen on fig. 67. Comparison of normal
distillation curves and true boiling point curves is demonstrated on fig. 68.
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Table 23: Complementary parameters of TUV BtL Diesel fuels

Parameter FT-179 FT-11-07 Diesel_12
Cloud Point (CP), °C -4 -4.6 -5,9
Pour Point (PP), °C - -6 -6
High temperature stability of distillate fuels,
- % reflectance 99,4 - 99,2
- colour before LOS - L0,5
- colour after LOS - L0,5
Ferrous corrosion - Moderate B+/5h -
Calorific value, kJ/kg 43895 43759 43602
lodine number, gl/100g 6,23 5,71 6,72
Olefins content, %(V/V) 22,2 11,7 247
Parafins + Cycloparaffins content, %(V/V) 77,8 88,3 73,9
N-parafins content- total — GC, %(m/m) 75,11 76,01 67,89
Total acid Number, mg/KOH/100g - 0,74 0,11
pH of water extract - 5,03 6,5
Silicon content, mg/kg - 3 -
Phosphorus content, mg/kg 1,1 - -
Lead content, mg/kg 1,4 - -
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Figure 67: Normal distillation — TUV diesel samples
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Figure 68: Normal vs. TBP distillation curves
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As we can see all TUV BtL diesel samples are rather narrow fractions as compared with
specification limit. It should be said, however that the light end of BtL diesel is controlled by
viscosity and lubricity and heavy end by low temperature properties.

Comparison made for normal and TBP distillation curves indicates the presence of
approximately 2% of lower boiling fractions in BtL diesel samples and the same at the heavy end.

There is no significant difference between n-paraffin distribution pattern and that is why low
temperature properties of these samples are the same.

Samples from CUTEC

During the year 2007 ITN completed the analysis of five BtL diesel fuel samples.
Additionally the six samples from 2006 year was analyzed for TBP distillation. The scope of
parameters determined depended of sample volume. The only sample analyzed according to
full scheme was the sample named Del.2.5.9. This sample of 10 litre volume was also used as
a material for additive testing. The main parameters of CUTEC samples are presented in
table 24. Auxiliary parameters of these samples are collected in table 25. TBP distillation of
year 2006 CUTEC samples were placed into table 26. On figure 69 normal and true boiling
point distillation curves for samples of 2007 year are shown. Paraffin distribution is presented

on fig. 70. Series pictures of NIR spectra finishes the BtL fuels assay.

Table 24: The main parameters of CUTEC BtL diesel samples

OK 014a | OK014b | Del. 13.2 | Del.13.3 | Del. 2.5.9

Parameter

150 ml 150 mi 50 ml 50 mi 10L
Cetane number - - - - 87,4
Cetane index 70 70 - - -
Density at 15 °C [kg/m’] 779,2 774,7 7789 778,6 773,9
Polycyclic aromatic hydrocarbons [%(m/m)] 0,9 0,5 0,3 0,1 1,4
1-ring aromatic hydrocarbons <0,1 <0,1 <0,1 <0,1 1,1
2-ring aromatic hydrocarbons <0,1 <0,1 <0,1 <0,1 0,3
3-ring aromatic hydrocarbons 0,9 0,5 0,3 0,1 <0,1
Sulphur content [mg/kg] 21,4 32,8 8 62,6 <5
Flash point [°C] - - - - 90
Carbon residue (pn_ 1'0 % 'distillation ) ) ) ) 0016
residue) (on 10 % distillation residue) [%] '
Ash content, [Y%om/m] - - - - 0,001
Water content [mg/kg] - - - - 45
Total contamination [mg/kg] - - - - 0,8
Copper strip corrosion (3h at 50°C), [rating] - - - - 1
Oxidation stability [kg/m°] - - - - 90
Lubricity, corrected wear scar diameter
(wsd 14 at 50°C) [um] 313 325 343 374 423
Viscosity at 40°C, mm®/s 2,889 2,815 2,94 3,066 2,72
% (VIV) recovered at 250°C 17 23 - - 41
%(V/V) recovered at 360°C 95,5 95,5 - - -
%(V/V) recovered at 300°C 78 91 - - 94
Cold Filter Plugging Point (CFPP), [°C] 10 4 - - -3
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In the light of parameters determined only sample named Del.2.5.9 can be evaluated
according to diesel specifications. For this sample two parameters do not comply with EN 590
diesel specification — to low density, common for BtL diesel, and more serious — oxidation
stability — value 90 g/m * excides more than three times maximum permissible level of 25
g/m’. Tt will be shown in the next part of this deliverable that pour oxidation stability of
sample Del.2.5.9 can be improved by proper antioxidation additive. Assessment according to
WWEC indicates low lubricity and high corrosiveness of sample Del.2.5.9. These parameter
were also improved by additive treatment.

The rest of CUTEC low-volume samples also represent BtL diesel fuels. These samples
contain much more sulphur then “zero-sulphur” sample Del.2.5.9, and sulphur content of
sample Del.13.3 is higher than maximum 50 mg/kg according to EN 590.

Low temperature properties of samples evaluated proves the rule — the higher olefins content
the better the low temperature properties.

All CUTEC samples can be classified as narrow boiling fractions. Normal distillation curves
for samples over 50 ml volume and true boiling point distillation of all the samples are shown

on fig. 6.

Table 25: Auxiliary parameters of CUTEC BtL diesel

Parameter OK014a | OK014b | Del. 13.2 | Del. 13.3 Del. 2.5.9

Pour Point (PP) [°C] 13,7 8,0 11 12,5 1
High temperature stability of distillate
fuels - reflectance [%] - - - - 99,4

- colour before - - - - LOS

- colour after - - - - L0OS
Oxidation Stability of Aviation Turbine
Fuel (JFTOT), - - - - 2

- filter pressure differential - - - - 0

- tube deposit
Ferrous corrosion, rating - - - - Strong D after

14h

Foaming tendency,

- foam vanishing time - - - - 10

- foam volume - - - - 79
Water reaction of Aviation Fuels,

- interface conditions - - - - 1

- separation - - - - 2

- change in volume - - - - 0
Calorific value 43629 43986 43869 43966 44094
lodine number 3,23 1,92 0,38 0,72 4,84
Aromatics content 1,1 1 0 0,6 1
Olefins content 12,1 4,5 1,7 0,9 7,4
Paraffin + Cycloparaffin content 86,8 94,5 98,3 98,5 91,6
N-paraffin content- total - GC - 91,26 93,7 95,85 83,09
Total acid Number [mg/KOH/100g] - - - - 0,05
pH of water extract - - - - 4,98

CUTEC samples given in table 11 were analyzed in the year 2006. That is why TBP
distillation is presented without additional comments.

92



Table 26: TBP distillation curves of CUTEC 2006 year samples

o OK005 | OK007 | OK008 | OK010 | OK011 | OK012
%(m/m) 5
Temperature, "C
IBP 84 36 88 91 36 91
2 97 95 171 173 172 172
5 172 174 212 215 215 215
10 186 216 218 218 218 218
20 218 235 238 238 238 239
30 236 239 257 256 256 257
40 247 257 270 259 259 266
50 258 260 276 274 274 275
60 273 275 289 277 277 288
70 288 287 293 291 291 292
80 303 292 306 304 304 305
90 318 315 320 318 318 319
95 342 330 342 332 332 341
98 366 358 357 357 356 358
FBP 398 383 392 399 390 399
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Figure 69: Normal and TBP distillation — CUTEC BtL diesel
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Figure 70: n-Paraffin distribution in CUTEC samples

On the figure 70 numbers above columns of sample Del.2.5.9 indicate n-paraffin content. It
can be proved that cloud point of BtL diesel samples is correlated with high paraffin content.
Correlation works when summation is started from C-18 n-paraffin carbon number. In table
27 results of our findings are presented.

Table 27: Cumulative sum of n-paraffin content vs. cloud point dependence

Sample n-C18", %(m/m) | Cloud Point, °C
Del.2.5.9 9,61 1,0
OK-014b 16,53 8,0
Del.13.2 18,8 11,0
Del.13.3 24,97 12,5
OK-014a 26,28 13,7

6.3 Determination, working out and investigation of additives for new fuel

6.3.1 Introduction

During research on formulation of composition of additive packages for BtL fuels, one should
therefore pay special attention to differences in hydrocarbon composition and properties of
base BtL fuels and diesel fuels.

Fuels obtained from the Fischer-Tropsch process (TUV and CUTEC) compared with
conventional crude oil derived fuels are distinguished by high cetane number and low density.
The composition of BtL fuel can cause corrosivity of these fuels and sometimes has negative
effect on oxidation stability of BtL fuels (sample: Diesel Del. 2.5.9 —CUTEC Institute
GmbH).
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6.3.2 Supplementary examination of BtL fuels

The subject of the present research were samples of fuels. The examined base fuels were
characterized by low density (about 770 kg/m’ in 15 °C compared to 820 — 845 kg/m’
required for Diesel fuel according to the EN 590 standard) and distinctive odour different
from Diesel fuels.

The evaluation of elements content in BtL fuels was performed by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES) (ASTM 5185). The determination results
are given in Table 28. Silicon detected in the FT-11-07 (TUV) fuel can originate from fuel
processing impurities.

Table 28: The elements content determined with ICP (ASTM 5185)

Sample
Diesel Del. 2.5.9 (CUTEC)

FT 11-07 Diesel (TUV)
Diesel 12 (TUV)

Elements content
all lower than 0,5 mg/kg
Silicon = 3 mg/kg,
other lower than 0,5 mg/kg
all lower than 0,5 mg/kg

6.3.3 Selection of necessary components of additives packages to improve fuel properties

The next stage of research included selection of appropriate additives improving the quality of
the chosen BtL fuels.

The evaluation of effectiveness of additives was preceded by determination of compatibility
of additives (package) with the examined fuels. The results of the evaluation were the
criterion of the particular additives suitability for subsequent tests.

The method of compatibility determination consists of preparation of fuel with additive (or
additive package) and evaluation of the fuel changes developed at given time and
temperature. The formulated composition is poured to clean measuring test-tubes up to 2/3 of
their height. The test tubes are closed tightly and stored at the given temperature and for
prescribed time. The samples in test tubes are evaluated visually, after placing a lamp of
a 150 Watt light bulb behind a test-tube.

The in-house ITN Method 9.97 provides evaluation of sample appearance in the range of 1 to
8 (1= the highest rating) and deposit content in the range of A to H (A = the highest rating).
The criteria for usefulness of an additive or an additive package is sample transparency
(rating = 1) and absence of deposits in the tested sample (rating = A).

The compatibility of the examined fuels with additives was assessed directly after their
preparation and after storage for seven days at the temperature of +20°C. The results of the
compatibility assessment for selected additives and an additive package for BtL fuels are
given in Table 29.

Table 29: The compatibility of the selected additives and BtL fuels

BtL Fuel Additive Additive Additive Additive Package G Additive Package H
AorB CorD Eand F | (detergent+defoamer | (detergent+defoamer
(lubricity) (corrosion (anti- + +
inhibitor) oxidant) demulsifier demulsifier
Diesel 1/A, 1/A, 7 days | 1/A, 1/A, 7 days 1/A, 7 days
25.9 7 days 7 days
Cutec
FT-11-07 | 1/A, 7 days | 1/A, 7 days | 1/A, 1/A, 7 days 1/A, 7 days
TUV 7 days
Diesel-12 | 1/A, 7 days | 1/A, 7 days | 1/A, 1/A, 7 days 1/A, 7 days
TUV 7 days
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The obtained results of the compatibility determination were the basis for passing the samples
with the additive/BtL fuel compatibility rating 1/A as proper to the subsequent testing.

Lubricity

The essential components of additive packages for Diesel fuels are lubricity additives.
Insufficient of base BtL fuels: Diesel Del. 2.5.9 (CUTEC) and Diesel 12 (TUV) lubricity to
comply with the requirements of the WWFC standard results from their composition. The
fuels contain low amount of sulfur (<10 mg/kg) and are characterized by low aromatics
content (<1.5 % (m/m) — components with excellent lubricity.

In this project, evaluation of effectiveness of lubricity additives in selected BtL fuels was
carried out. Lubricity of fuels Diesel Deliverable 2.5.9, (CUTEC) and FT Diesel 10.12.07
(TUV) does not comply with the WWFC limits. Lubricity of base fuels as measured
according to HFRR (EN ISO 12156) (Table 30).

Table 30: Lubricity of base BtL fuels

Typical
Diesel Del. . Ultra Low
259 F{%U\;()W DI?$S|\7)12 Sulpfur Limits
(CUTEC) Base

Diesel Fuel

HFRR wear scar max. 460 micron
dia in 60°C (EN 590)
[micron] 423 360 460 560 max. 400 micron
ENISO 12156 (WWEFC, diesel

fuel category I-1V)

Typical lubricity additives are usually organic ester or acid compounds.

Ester types of lubricity additives can be used as chemical individuals and their mixtures.
These are usually carboxylic acid esters made by reacting carboxylic acids having 2-50
carbon atoms with low molecular alcohols containing up to several carbon atoms'. Examples
of such compounds are monoesters e.g. glycerol monooleate or diesters as dioctyl adipate and
diethyl sebacate as well as fatty acid methyl esters”.

Acid type lubricity additives are usually unsaturated fatty acids or their mixtures (e.g.
linolenic acid)’.

It seems that the chemistry of lubricity additives causes considerable difference in their
effectiveness” (F ig. 71).
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Figure 71: Improvement of fuel lubricity with the addition of two additives, with different chemistry.
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According to the literature typical commercial lubricity additives used for BtL fuel are EC
832, Hitec E580, Lubrizol 539C°, Octel OLI 9000°. These additives are used in the

concentration range of 50 to1000 ppm".

To compensate for the described properties two different samples of lubricity additives were
used. The additive sample A was acid type, the sample B was a mixture of carboxylic acids
esters. The examined fuels were treated with the mentioned additives at rate levels of 200
mg/kg. The results are given in Table 31. To compare the effectiveness of lubricity additives
in fuels and conventional diesel fuels, Table 31 shows also the results obtained for typical

diesel fuel.

Table 31: Lubricity of additized fuels Diesel Deliverable 2.5.9 (CUTEC), FT Diesel 10.12.07 (TUV) and
conventional diesel fuels

Additive treatment

HFRR wear scar

[mg/kg] dia in 60°C Limits
[micron]
EN ISO 12156
Diesel Del. 2.5.9 (CUTEC)
gi‘i’ét't"e S 200 413 (+ 80) max. 460 micron (EN 590)
Additi\ilep B max. 400 micron (WWFC, diesel
(esters type) 200 461 (£ 72) fuel category I-1V)
Diesel 12 (TUV)
. max. 460 micron (EN 590)
g‘i?&t't"eg 200 356 max. 400 micron (WWFC, diesel
yp fuel category I-IV)
Conventional diesel fuels
g‘(’:‘i’;'t"e S 200 374 max. 460 micron (EN 590)
i v max. 400 micron (WWFC, diesel
itive 200 368 fuel category I-IV)
(esters type)
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The Diesel Del. 2.5.9 (CUTEC) fuel showed only slight changes in lubricity properties. The

differences between results are in the range of the method repeatability.
The fuel Diesel 12 (TUV) was sensitive to lubricity additives; its lubricity improved with
acid type additive and this additized fuel meets the lubricity limits of the EN 590 standard and

WWEC.
Results of the lubricity of additized Diesel 12 (TUV) are similar to conventional Diesel fuel.

Ferrous corrosion

The corrosivity of fuels are most frequently connected with the presence of acidic impurities
and heterocyclic compounds. These fuels can cause heavy corrosion of engine elements and
storage tanks. The selection of appropriate anticorrosion additive, maintaining this fuel
property, is of great importance.

The most common anticorrosion additives are esters and semiesters alkylated succinic acid.
Organic nitrogen compounds (amides, imides, amine salts)’ are also very effective
anticorrosion additives. Examples of anticorrosion additives used to BtL fuel are Additin RC
4801 (Rhein Chemie)’, Keroccorr 3232 (BASF), Sarkosyl 0 (Ciba)’.

Introduction of anticorrosion additives to diesel fuels provides excellent corrosion protection
for steel even at low treatment levels (5 — 50 mg/kg).

The anticorrosive properties of the additized BtL fuels in the project were evaluated according
to the method ASTM D 665A (Method for Rust-Preventing Characteristics of Inhibited
Mineral Oil in the Presence of Water — recommended by WWFC for diesel oils). The
evaluation results were reported in accordance with the scale of corrosion NACE-TM 01-72.
Appearance of steel pins was rated in the range of A to E (A is the highest rating, that is
absence of corrosion), after test in temperature 38°C for five hours.

Diesel Deliverable 2.5.9 (CUTEC) and FT-11-07 (TUV)) showed heavy (B) and middle (B")
corrosivity. The fuel Diesel 12 (TUV) has not required anticorrosion additives treatment,
rating: A — none corrosion after 5 h. To discover a source of the fuels corrosivity, their Acid
Number and Water Extract Reaction were determined. The results are listed in Table 32.

Table 32: The corrosion properties of the base BtL fuels.

Diesel Del. FT-11-07 Diesel 12
2.5.9 (CUTEC) (TUV) (TUV)
Corrosion ASTM D 665 A [rating] heavy B middle B none A
after Sh after Sh after Sh
Acid Number [mg KOH/g] 0,05 0,74 0,11
Water Extract Reaction (pH) 4,98 5,03 6,50

The determination seems to indicate that the source of the tested fuels corrosivity is not acidic
impurities correlated with pH of water extract and acid number.

In the project an attempt was made to improve fuels corrosion properties for steel (Table 33),
with application of two anticorrosion additive C (polyisobutylene succinic acid derivative)
and D (long chain carboxylic acid) with two level of dosage: 20 and 30 mg/kg.

To compare the effectiveness of the anticorrosion additive in BtL fuels and conventional
crude oil derived diesel fuels, Table 33 shows also the results obtained for typical diesel fuel.
The results of corrosion test listed in Table 33 indicate efficiency of reported in patents and
well known alkylated succinic acid type additive in BtL fuel.

The conventional Diesel fuel was more sensitive to anticorrosion additive D action then BtL
fuels.
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Table 33: The corrosion properties of Diesel Deliverable 2.5.9 (CUTEC) and FT-11-07 (TUV)

Treatment Corrosion
[ma/kg] ASOTM D 665 A
(38°C; after 5h)
Diesel Deliverable 2.5.9 (CUTEC)
Base fuel - heavy B
. 20 middle B”
Additive C 30 one A
Additive D 20 heavy B
FT FT-11-07 (TUV)
Base fuel - middle B”
Additive C 30 none A
Typical Ultra Low Sulfur Diesel Fuel
Base fuel - heavy B
Additive D 15 none A

Detergency

The organic compounds having the detergency properties are predominantly polyolefin
substituted succinimides or succinamides of polyamines, for instance polyisobutylene
succinimides or polyisobutylene amine succinamides, alifatic amines, Mannich bases or
amines and polyolefin maleic anhydrides’. Octel — OMA 4130D° is the detergent additive
recommended in patent information for BtL fuels. The additives are used in the treatment
levels below 100 mg/kg.

The assessment of the performance of a detergent is performed with an engine test, evaluating
fuel tendency to engine elements fouling (test performed on a Peugeot XUD9AL engine
according to CEC Test Protocol CEC F-23-A-01). In this part of project this test was not
made because of having not enough fuel.

In this project BtL fuels containing a detergent additive having chemical structure of
carboxylic acid amide at the treatment level 35 mg/kg was tested. This additive and this
treatment were selected on the basic of test results for conventional diesel fuel and BtL fuel
(P20) made in 2006.

The result of the last year testing is given in Table 34.

Table 34: Detergency of conventional fuel and BtL Fuel (P20)

Injector cleanliness
Treatment [mg/kg] [% air flow loss]
(Detergent 35 mg/kg) CEC F-23-A-01
Typical Ultra Low Sulfur Diesel Fuel
Base fuel - 81,7
Additive Package G 300 75,4
P20 BtL fuel
Base fuel - not tested due to base fuel shortage
Additive Package SP1 300 77,8

Water Reaction of Fuels

The separability characteristics of the examined fuels were demonstrated in ASTM D 1094
standard procedure (Standard Test Method for Water Reaction of Aviation Fuels). Interface
conditions was rated in the scale of 1 to 4 (1 = the highest rating), whereas separation was
evaluated in thr scale of 1 to 3 (1 = the highest rating).
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Introduction of a detergent additive to fuel deteriorates its surface condition, which is the
cause of necessity of the use of additives packages comprising besides detergents also
demulsifiers.

The demulsifiers used in fuel-water systems are usually polyethers, aminopolyethers, phenol-
formaldehyde resins’ and alkoksysiloxanes®. Similarly, polyether type — modified
polysiloxanes® are applied as demulsifiers to fuels obtained from the Fischer-Tropsch process.
In testing surface properties of the BtL fuels, the additive package containing detergent,
demulsifier and antifoam additive was applied. Demulsibility was tested with the use of an
additive package G which is used in conventional diesel fuel and additive package H with
double concentartion of demulsifier and antifoam additive.

The testing results are given in table 35.

Table 35: Water reaction of BtL fuels with Additive Package G and H

BtL Fuel Additive Package Change in Interface conditions | Separation
(Treatment 300 mg/kg) volume [ml] [rating] [rating]
Diesel Del. 2.5.9 Additive Package G 1 4 3
(CUTEC) Additive Package H 0 1b 2
Additive Package G 0 1b 3
FT -11-07 (TUV)

Additive Package H 0 1b 2
Diesel_12 Additive Package G 0 1b 2
(TUV) Additive Package H 0 1b 2

. _ Additive Package G
Typ|cFalljéDI|esel (typical for Diesel Fuel 0 1b 2

300

The use of the Additive Package H to all the examined BtL fuels allowed to obtain the results
comparable to the results for typical diesel fuel with additive package G.

Foaming tendency

Antifoam additives used to BtL fuels are usually polyether-modified polysiloxanes’.

The foaming tendency of BtL fuels blended with the package H was assessed using the NF
M-07-075 standard procedure. The volume of foam formed during testing and its vanishing
time was measured. In the research project an antifoam polysiloxane additive (Additive H)
together with a detergent-dispersant additive and demulsifier. The testing results are listed in
Table 36.

Table 36: Foaming tendency of BtL fuels with Additive Package H
Additive Package

Foam volume | Foam vanishing

Fuel (Treatment 300 mg/kg) [cm?] time [s]

Diesel Del. 2.5.9 the test was not run due to base fuel shortage
(CUTEC) 9
F -11-07 (TUV) Additive Package H 0 -
Diesel_12 (TUV) Additive Package H 0 -

Additive Package G
Typical Diesel Fuel | (typical for Diesel fuel) 46 1,4
300
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The application of the Additive Package H to all the examined BtL fuels allowed to obtain the
results comparable to the results for typical diesel fuel.

Oxidation stability

The oxidation stability properties of BtL fuels were evaluated according to the method
ISO 12205 (accelerated method) — recommended by WWFC for diesel fuels.

FT-11-07 and FT Diesel 10.12.07 fuels from TUV meets the oxidation stability (according
ISO 12205) requirements of Worldwide Fuel Charter (September 2006).

Diesel Deliverable 2.5.9 (CUTEC) had lower oxidation stability, measured by increased
sediment formation up to 90 g/m’ (limit for diesel fuel max. level 25 g/m’).

The attribute of oxidative degradation of organic material is increased peroxide value
(mR oxygen per kg of sample) (Table 37).

Table 37: Oxidation stability and peroxide value of base BtL fuels

Diesel Del. FT-11-07 Diesel 12 Limits
2.5.9 (CUTEQC) (TUV) (TUV) WWFC
Oxidation gtabnlty 90,0 1.0 20 max 25.0
[9/m7]
Peroxide value
[mR oxygen per kg of 32,28 less than 1,0 1,81 -
sample]

Diesel fuel sample from Cutec would be protected against gradual oxidative deterioration by
the addition of a small amount of an antioxidant compound sufficient to give the required
degree of protection. In this project typical antioxidants : di-tert-butyl — methylphenol
(additive E) and methylene —bis-(di-tert-butylphenol) (additive F) were investigated for their
effectiveness in inhibiting sediment formation during test according to ISO 12205. The results
of analysis and tests are given in table 38. The application of additive E or F to Diesel
Deliverable 2.5.9 (CUTEC) allowed to obtain results meet requirements for diesel fuels.

Table 38: Oxidation stability of additized Diesel Deliverable 2.5.9 (CUTEC)

(Treatmﬁ?]?il(\)lg mg/kg) Oxidation stability [g/m?]
No additive 90,0
Additive E 6,0
Additive F 2.3

6.3.4 Summary

The research on improvement of the performance of BtL fuels showed that a type of fuel has a
considerable influence on its response to an additive.

The research carried out in the project showed that the properties of BtL fuels additivated,
almost all additives, meet the requirements of WWFC and the EN 590 standard for diesel
fuels. Only use of the lubricity additives was not effective for Del. 2.5.9 fuel (CUTEC). Fuel
Diesel Del. 2.5.9 (CUTEC) would be protected against gradual oxidative deterioration.
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As the result of the project Additive Packages were selected for each BtL fuels. Additive

Packages composition are given in Table 39. The examined BtL fuels blended with the
examinated Additive Packages used to improve the fuel performance showed very good

demulsibility, anticorrosivity, antifoam characteristics and oxidation stability.

Table 39: Selected Additive Packages

Additives Package

Additives Package

Additives Package

Additives Package

Renew 1/2007 Renew 2/2007 Renew 3/2007
. Diesel Del. 2.5.9
Fuel Diesel_12 (TUV) FT-11-07 (TUV) (CUTEC)

. . Additive A Additive A
Lubricity additives (200 mg/kg) - (200 mg/kg)
Anticorrosion additives - Additive C Additive C

(30 mg/kg) (30 mg/kg)

Detergency additive

Demulsifier

Antifoam additive

Additive Package H
(300 mg/kg)

Additive Package H
(300 mg/kg)

Additive Package G
(300 mg/kg)

Antioxidant additive

Additive F

(400 mg/kg)

" Exxon Chemical, WO 9417160, 1994.08.04

2 G. Anastopoulos, E.Lois, F.Zannikos, S.Kalligeros, C. Teas, Tribology Int., 749, 34, 2001

3 Shell Internationale Research, WO 056948, 2004.07.08

* Sasol Oil Ltd, An Overview of the Production, Properities and Exhaust Emissions
Performance of Sasol Slurry Phase Distillate Diesel Fuel

> Shell Oil Company, US 0070913, 2006.04.06

* BASF AG, GB19680012665, 1970.11.18

" Chevron, US 4128403, 1976.06.29

¥ Lubrizol Corp., GB 1306529, 1973.02.14

6.4 Compatibility with engine oils

6.4.1 Purpose

In the fuel system of diesel vehicles, there is a possibility that small amounts of engine oil will
get into the diesel fuel circuit. In some cases it has been observed that reactions occurred
between constituents of engine oils and the additives contained in diesel fuels, leading to
clogging of fuel filters and therefore to breakdown of vehicles.

These instructions describe a test method for detecting and evaluating reactions between
engine-oil and diesel fuel additives — which would lead to filter clogging.

6.4.2 Brief description of the method

The additive to be tested is mixed with the same amount of the engine oil in question and
conditioned at 90 °C for three days. After this conditioning asses the mixture visually for any
precipitation, clouding, gel formation etc. The mixture is topped up with diesel fuel (500 ml),
mixed. After the mixture has stood, conduct a visual assessment again, and then filter through
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a 0,8 pum filter at a pressure difference of 800 mbar (SEDAB Test). Determine the time, in
seconds, required for filtering this volume at 20 °C. If this is more than two minutes, record
the amount of filtrate obtained after two minutes.

The results from the two tests provide information on the “engine oil compatibility” of the
diesel fuel additive under test.

6.4.3 Evaluation/statement of the results

The test materials are assessed visually and by means of the SEDAB test. In the case of visual
assessment, as already described, attention is to be paid to any precipitates, clouding, gel
formation etc. The results of the visual assessment and of the SEDAB test are to be recorded.
If there is occurrence of precipitates, clouding, gel formation and/or poor filterability in the
SEDAB test, the additive is to be graded as incompatibility with engine oil.

If filterability is good and the visual assessment is faultless, the additive is to be graded as
compatible with engine oil.

6.4.4 Results

Investigation of compatibility of the fuel Diesel 12 TUV containing the multifunctional
additive APSP1 with engine oil was performed according the test method appropriate to
testing added low sulfur diesel oil described in DGMK Research Report 531.

There were chosen three engines oils of the same class, with different base oils. The results
are listed in table 40.

Summary

The satisfactory results has been obtained both for fully synthetic engine oil based on PAO
(API IV) and for oil based on API III. The proof of this thesis was fulfillment of filtration
criterion by above mentioned oil/fuel mixtures. We can state that results of our tests have
shown that the additive package used for fuel enrichment has not interfered with tested oils,
though compatibility of fuel additive package with fully synthetic oil based on API IV was
assessed as the best. That means a little better than for oil based on API III.

In the case of engine oil based on API II, filtration time has exceeded 2 minutes. In spite of
the result, compatibility between engine oil based on API Il and additized fuel has been find
as sufficient because any interactions results to sediment or gels precipitation was observed.
Enrichment of base diesel fuel by additive package has not deteriorated mixture filtration in
the significant means. So, taking assumption that the influence of fuel additive package on
test issue constitutes assessment subject, test result of fuel and engine oil based on API II
interaction should be assessed as a good enough. In conclusion we can state that for filtration
time result, prevailing influences base fuel by itself.
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Table 40: Compatibility of BtL fuel Diesel 12 TUV additized with Renew 1/2007 package with different
engine oils. DF — Diesel Fuel (Diesel 12 TUV); EO — Engine Qil as indicated, (approved product for MAN:
M3277 specification); Add — Additive (Renew 1/2007 additive package)

DF DF + EO DF + EO/Add | £6/add mixture
mixture
API IV: Mobil Delvac 15W/40
Appearance (visual, any preqpltatlon,
. . . - - - clouding, gel
immediately after mixing) 4
formation
Appearance (visual, after any precipitation,
3 days at 90 °C and 1h - - - clouding, gel
cooling) formation
. any any precipitation, | any precipitation,
Qpptia:rTct\aNi(;:S;&Ij riflt%rF) precipitation, clouding, gel clouding, gel -
pping-up clouding formation formation
Filtration time [s] (in the )
SEDAB apparatus for 0.5 1) 36 39 45
Filtered quantity [ml] (in )
the SEDAB apparatus) 500 500 500
compatible with engine oil YES
API lll: BP Vanellus E7 Plus 10W/40
Appearance (visual, any preqpltatlon,
. . - - - - clouding, gel
immediately after mixing) 4
formation
Appearance (visual, after any precipitation,
3 days at 90 °C and 1h - - - clouding, gel
cooling) formation
any C -
Appearance (visual, after reciari]t)elztion precipitation, anégsiicrlleaté(l)n,
topping-up with 500 ml DF) preciprte ’ clouding, gel 9. 9
clouding g formation
formation
Filtration time [s] (in the -
SEDAB apparatus for 0.5 1) 36 110 130
Filtered quantity [ml] (in -
the SEDAB apparatus) 500 500 500
compatible with engine oil YES
API II": ORLEN OIL Diesel (4) XHPDO CF 10W/40
Appearance (visual, any pre9|p|tat|on,
X . - - - - clouding, gel
immediately after mixing) 4
formation
Appearance (visual, after any precipitation,
3 days at 90 °C and 1h - - - clouding, gel
cooling) formation
any o
Appearance (visual, after recfri]t)e/ltion precipitation, ané(?;g?r:p'taté?n’ )
topping-up with 500 ml DF) preciprte ’ clouding, gel 9. 9
clouding f g formation
ormation
Filtration time [s] (in the
SEDAB apparatus for 0.5 |) 36 540 600 )
Filtered quantity [ml] (in )
the SEDAB apparatus) 500 500 500
compatible with engine oll YES
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6.4.5 Summary of chapter 6.4

Properties of BtL diesel BtL fuels investigated by ITN were continuously improved during
the progress of SP2 section of RENEW project. Final BtL diesel fuels worked out by TUV
and CUTEC can be considered as base diesel fuels of extremely high cetane numbers, zero
sulphur content and, hence fuels of high environmental value. Density is the only one
parameter which do not comply with EN 590 specification for conventional diesel fuels.

It was proved that base BtL diesel fuels can be transformed into full value fuels by proper
process treatment as hydrogenation, hydroisomerisation and, finally, by additive package
tailored for these fuels.

Final BtL diesel fuels indicate high oxidation stability, good lubricity and do not cause
corrosion even in the presence of water. Low temperature properties of BtL diesel fuels are
satisfactory for summer season. They also may be used in winter season but as the mixtures
with conventional winter diesel.

6.5 Material compatibility tests with upgraded fuel from TUV/CUTEC

6.5.1 Introduction

The object of this task was to determine the material compatibility with fuel from TUV and
CUTEC. Two samples of BtL fuels, described as Fuel FT Diesel 11/07 and Fuel Del. 2.5.9
were delivered to ITN in November 2007 in order to put on analysis and check the material
compatibility. Very small samples received from CUTEC, Material compatibility tests with
fuel from Cutec include one compatibility test with two main elastomers.

6.5.2 Properties of BtL diesel fuels from TUV and CUTEC

This fuels where dedicated for compression ignition engines and that is why the evaluation of
their properties was performed according to diesel fuel specifications EN 590 Automotive
fuels — Diesel — Requirements and test methods, Worldwide Fuel Charter, Diesel, category 4
(issue December 2002) was also included. We included into investigation also another,
auxiliary, tests not involved in standard fuel specification as iodine number, n-paraffin
distribution, which might be helpful for the evaluation of BtL fuels. All evaluated parameters
of TUV and CUTEC BtL fuel samples are contained DEL. 2.6.07.

As a reference fuel were chosen commercial diesel fuels from Polish Market - standard City
Diesel (boiling range 180+290°C, sulfur 15 ppm —sample from 2004, SP1) and commercial
diesel fuel Ekodiesel Ultra F (boiling range 190+330°C, sulfur 7,8 ppm — sample from 2007).
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Table 41: Comparison of fuels

7 .FT EN 590 World Wide
Diesel | €€l | 2002 Fuel Method
Properties 11/07 Del. Charter, lied
TUV 2.5.9 category 4 applhe
( ) CUTEC - -
min | max [ min | max
Total contamination [mg/kg] 0,8 - 24 - 10" |EN 12662
Copper strip corrosion (3 at 1 1 class 1 class1 |ENISO 2160
50°C) [rating]
Oxidation stability [g/m] 1 90 - 25 - 25 |ENISO 12205
Lubricity, corrected wear scar
diameter (wsd 1.4, at 60°C) [um] 360 423 ) 460 ) 400 118012156
Kinematic viscosity at 40°C 208 | 272 [2,004 4,50 |2,00| 4,00 |ENISO 3104
[mm*®/s]
Distillation
Initial boiling point [°C] 204,9 | 209,5 <65 - - EN ISO 3405
Final boiling point [°C] 301,3 | 3105 - - 350
Polycyclic aromatics content [%omm)] | 1.1 1,4 - - 15 |EN 12916
Cloud Point (CP) [°C] -4.6 1,6 - Max. must be [ ISO 3015
Cold Filter Plugging Point (CFPP) < lowest exp.
[°C] 9 -3 - ambient temp. | EN 116
Pour Point (PP) [°C] -6 1 - - 1ISO 3016
Light
Ferrous corrosion strong | strong - - |rusting | ASTM D 665
or less
Calorific value [kJ/kg] 43759 | 44094 - - ASTM D 2384
Total Acid Number [ngKOH/100g] | 0,74 0,05 ASTM D 664
pH of water extract 5,03 4,98 PN-84/C-04064
lodine number [gl/100g] 5,71 4,84 - - IP 84
Aromatics content [Yoyn] 0 1 - -
Olefins content [%(V/V)] 11,7 7,4 - - ASTM D 1319
Poaraﬁns + Cycloparaffins content 88.3 916 ) )
[ 1/o(vm]

The minimum limit can be relaxed to 50,0 when ambient temperatures are below -30°C.

The minimum limit can be relaxed to 47,0 when ambient temperatures are below -30°C.

3. The minimum limit can be relaxed to 800 kg/m3 when ambient temperatures are below -30°C. For environmental
purpose, a minimum of 815 kg/m> can be adopted.

4. The minimum limit can be relaxed to 1,5mm?s when ambient temperatures are below -30°C.

5. 5-10 ppm maximum, depending on the applicable emission standard. The unit mg/kg is often expressed as ppm.

6. Compliance either with T90 or T95 is required, not both.

2.

6.5.3 Elastomers compatibility with fuels

Summary of test method

Four elastomers - Fluoropolimer (FPM), Acrylic (ACM), Silicone (VMQ), Nitrile NBR and
one commercial material (Peugeot fuel pipe) were chosen for tests. Tests were carried out on
the base of the test method ISO 1817 “Vulcanised rubbers — resistance to liquid”, under
following conditions: duration 168 h + 2h, temperature 60,0 °C. The following parameters of
materials were examined before and after test: hardness (IRHD), tensile strength, elongation
at break, volume. The changes after test given in % in relation to parameters before test
characterize elastomeric material compatibility with fuel.
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Results of elastomers compatibility tests

The evaluation results of compatibility between elastomeric materials and BtL fuels are
showed below in table 42. The results of BtL fuels were compared with standard City Diesel
(boiling range 180+290°C, sulfur 15 ppm —sample from 2004, SP1) and commercial diesel
fuel Ekodiesel Ultra F (boiling range 190+330°C, sulfur 7,8 ppm —sample from 2007). Due to
the reduced volume of the CUTEC fuel samples only two elastomers were evaluated.

Table 42: Comparison of elastomer properties changes by use BtL fuels from TUV and CUTEC and
commercial diesel fuels (Test conditions : temperature: 60 °C, duration : 168 h)

Properties CITY EKO- DIESEL FT FT
DIESEL ULTRAF DIESEL DIESEL
Elastomer (A5 ppm S) | (S-7,8ppm) TUV DEL 2.5.9
type CUTEC
A hardness (IRHD) +2,1 -0,5 0 +0,3
Fluoropolymer A tensile §trength [%] -12,1 +1,3 -0,9 +10,7
(FPM) [Ao/?longatlon at break +10.4 11,3 495 +90
0
A volume change [%] +21 0 0 +0,4
A hardness (IRHD) +13,7 -2,7 -5,1 -
A tensile strength [%] -19,9 -3,9 -10,9 -
Acrylic A elongation at break -10,9 -2,2 -7,5 -
(ACM) [%]
A volume change [%] +13,6 +2,6 +2,1 -
A hardness (IRHD) -19,4 -22,4 -19,8 -
Silicone A tensile strength [%] - 36,6 -64,9 -48,4 -
(VMQ) A elongation at break -229 -59,9 -43,5 -
[%]
A volume change [%] + 87,0 +83,2 +82,7 -
A hardness (IRHD) -12,9 -4,2 -5,8 -2,6
Nitrile A tensile strength [%] -10,6 -19,1 -21,3 -2,6
(NBR) [Ao/(?longation at break -12,4 -13,8 -15,9 +3,6
0
A volume change [%] +12,9 +8,2 +8,2 +5,1
A hardness (IRHD) + 3,1 -0,1 -0,1 -
fuel pipe A teinsiletstrengtl? [%d - - - -
A elongation at brea - - - -
(Peugeot) (%]
A volume change [%] - 3,1 +0,8 +0,8 -

FT Diesel fuel BtL from TUV shows better compatibility with fluoropolimer type elastomer
than commercial diesel fuels and better compatibility with fuel pipe material (Peugeot) in
comparison with commercial diesel fuel City Diesel.

CUTEC fuel shows the best compatibility with nitrile type elastomer in comparison with all
tested fuels.

Generally it was found that both tested BtL fuels, from TUV and CUTEC, show comparable
or better compatibility with elastomeric materials than commercial diesel fuels.

6.5.4 Corrosion Test Procedure for BtL fuels - VW /ITN Test Method

Summary of Test Method

The test method primary developed by VW (1500 hours at temp. 55°C, 250 ml-screw glass)
had been modified and applied in ITN. In this test method, metal specimens are partly
immersed in the corresponding medium (270 ml fuel sample and 9 ml distilled water) in
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closed 300 ml-glass vials (fig.11, 12) for 42 days (1000 hours) at 100 °C. Optical changes
(tarnish, colour change etc.) and weigh change of individual metal specimen are made after
the test.

Table 43: Metal specimens used in corrosion test (specimens size : 3 x 9 cm)

1 Stainless steel X5CrNi 1810

2 Electrolytic hot — tinned 8 ym Sn

3 Dx 55 DX AS 120 Aluminized panel

4 AlMg4,4 Mn 0,4

5 Feuerver zink ~ 7,1 ym hot-dip zinc coated panel
6 Copper

7 Brass

05.08. 2008
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Figure 73: Heating bath with glass vials closed with condensers

= 051062008

Procedure

1. Pour 270 ml fuel sample and 9 ml distillated water into each glass vials

2. Weigh individual metal specimens to the nearest 1 mg

3. Place each metal specimen in the separate glass vials

4. One glass cell should consist fuel and water only without metal specimen

5. Place all glass cells in the heating bath

6. Close each glass cell with condenser and connect to the cooling water

7. Set the bath temperature at 100 °C

8. When the bath temperature will be reached record the time as zero time

9. A quantity of 10 ml of the corresponding fuel sample has to be taken off once a week
and analyzed on trace metal elements dissolved in the fuel sample

10. Optical change of metal specimens has to be evaluated in the liquid phase and in the
vapour phase once a week

11. During the storage the bath temperature has to be checked

12. Switch of the heating bath after 42 days storage

13. Remove the glass vials from the heating bath

14. Remove the metal specimens from the glass vials

15. Make optical evaluation of metal specimens after the test

16. Rinse the metal specimens with naphtha, dry and weigh to the nearest 1 mg

17. Determine metals contents in the corresponding fuel samples after the test

6.5.5 Results of Corrosion Tests

Because of very small samples received from CUTEC and TUV during 46 months of Project
execution, impossible were to run corrosion tests using both fuels. First larger samples were
received in November 2007 and it was decided to use to corrosion test fuel from TUV, which
had been delivered earlier. With additionally CUTEC fuel showed poor oxidation stability.
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Using time and equipment in first months of 2007 were run two corrosion tests with
commercial diesel fuel applied as reference fuel. It allowed to check the repeatability of the
test method.

Corrosion tests performed by use of commercial fuels with all metallic panels did not show
any significant changes of metal content in fuel as compared to fuel without metallic panel.
The panel appearance changes and weight loss (range 0,0002g — 0,00014g) were very low, so
all metallic materials showed good compatibility with commercial fuels.

Due to less samples of the “raw FT diesel” with a high uncertainty of repeatability, results are
not illustrated in detail.

6.5.6 Summary of chapter 6.5

FT Diesel fuel from TUV shows better compatibility with fluoropolimer type elastomer than
commercial diesel fuels and better compatibility with fuel pipe material (Peugeot) in
comparison with commercial diesel fuel City Diesel. CUTEC fuel shows the best
compatibility with nitrile type elastomer as compared with all tested fuels.

Generally it was found that both tested BtL fuels, from TUV and CUTEC, show comparable
or better compatibility with elastomeric materials than commercial diesel fuels.

A 1000 h Corrosion Test Procedure developed by VW and ITN was applied for evaluation of
BtL fuel compatibility with metallic materials and showed sufficient severity and
reproducibility. Results of two tests with commercial diesel fuel Ekodiesel Ultra F showed
satisfied repeatability. Precision of the test method can be however determine after statistical
analysis of much more results.

6.6 Summary of experimental report on naphta improvement process
(zeoforming)

6.6.1 INTRODUCTION

The zeoforming process was developed in the Institute of Catalysis ,,Zeosit” in Novosybirsk,
Russia and it was investigated on a pilot plant in 1987 — 1992. The promising results of these
works involved the trade agreement between ,,Zeosit” and Dutch Company named KTI in
order to the zeoforming process commercialization and propagation.

In 1997 the first zeoforming commercial plant in Europe in ,,Glimar” Refinery (Poland) was
constructed by Lurgi. Some attempts of the zeoforming process propagation are performed in
the world from this moment.

6.6.2 Zeoforming process design

Like typical catalytic reforming, the zeoforming process converts low-octane hydrocarbons
into high-octane gasoline components. n-Alkanes are transformed mainly into aromatic
hydrocarbons via recombination of olefins formed as a intermediate phase whereas the
conversion of iso-alkanes and naphthenes takes place on a limited scale. In this way the
formation of aromatic rings is possible from n-pentane and other light n-alkanes as well as
from n-heksane or higher. The zeoforming process runs with an endothermic heat effect in the
presence of catalyst consisting of hydrogen form of zeolite ZSM-5 and a binder AlLOs.
Contrary to typical reforming, where the dehydrogenation of naphtenes and
dehydrocyclization of n-paraffins are the dominating reactions, practically no hydrogen is
produced and light hydrocarbons are main by-products only.
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In Poland the zeoforming process existed on a commercial scale in the ,,Glimar” Refinery.
The zeoforming plant consist of two lines working in production/regeneration cycles of 7 — 10
days. Every line consists of three reactors. Total catalyst life amounts ~1.5 year.

The possibility to obtain the gasoline fractions from the paraffin-base light feed coming from
distillation of various crude oils was investigated [1, 2]. The main differences between some
feeds refer to boiling range, hydrocatbons composition and sulphur content. The lightest feed
was characterized by the final boilind point at 134 °C and the highest at 214 °C. Apart from
the type of the feed the final boiling point of the liquid product obtained in the zeoforming
process was always between 240 — 300 °C. The efficiency of the liquid product over 180 °C
was between 2 — 10 %. The same mechanisms and relationships during conversion of each
type of the feed were present. Amounts of n-paraffins, iso-paraffins and naphthenes in the
product decreases and aromatics hydrocarbons amount increases in case of increasing of the
temperature of the zeoforming process. In parallel the ratio of n-paraffins changes: amount of
n-C7; alkanes decreases several times and yield of C4 — Cg increases. Increasing of the
pressure from 0,1 to 2,0 MPa leads to increasing of the conversion of n-paraffins. In the case
of increasing of the final boilig point of the feed (for the same hydrocarbons composition)
using of more severe condition of the zeoforming process is necessary to reach the demanded
octane number of the product but in this case efficiency of liquid product decreases.

6.6.3 EXPERIMENTAL

Catalysts

Three zeoforming process catalysts based on ZSM-5 zeolite signed as a K-1, K-2 and K-3
were used in the test to arrange the catalytic bed in the reactors. They differed in the
parameter Si0,/Al,03 molar ratio. Their characteristic has been presented in table 44.

Table 44: Characteristics of the zeoforming catalysts used in the test.

Catalyst SiO,/Al,O3; molar ratio Bulk density
[g9/ml]
K-1 70-80 0,74-0,79
K-2 80-89 0,72-0,79
K-3 90-94 0,69-0,78

Feed characteristics

The ,,naphta fraction” in the boiling range 63 — 270 °C from the Fischer-Tropsch synthesis
within the framework of RENEW project was used as a feed. Its characteristics and the
products characteristics are presented in table 47, 48 and 49.

In comparison to typical zeoforming feed the ,,naphta fraction” used in the test was the higher
fraction and the olefins content was also higher.

Testing equipment

The OL-150 testing apparatus consists of two serial reactors with three catalytic beds (39 ml +
65 ml + 100 ml) was used. The OL-150 apparatus has been equipped with feeder pump, high-
pressure separator and cooled system to obtain the liquid products. The scheme of test
apparatus is presented on figure 74, the placement of the catalysts in the reactors in figure 75.
The testing apparatus is shown in fig 76.
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The parameters of the test: LHSV and the gas volume were measured as well as the intake
mass of the feed and the mass of liquid product. The gas composition was investigated by SRI

8610C gas chromatograph.
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—
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Fig 1. Scheme of test aparatus
Figure 74: Scheme of test apparatus
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Glass shot

K-3 (4 cm’/2.69)

K-1 (35 cm’/27g)

Glass shot (20 cm®)

K-3 (25 cm’/19g)

K-2 (20 cm’/16g)

K-1(20 cm®)

Glass shot

K-3 (25 cm’/20g)

K-2 (75 cm’/57g)

Glass shot

Figure 75: Scheme of the lay-out of the catalysts in the reactors.
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system (right picture)

Test conditions
The general parameters of catalytic test were as follow:

Catalysts: K-1, K-2, K-3, Feed: ,,Naphta fraction”

LHSV: 1,0 h™' (this space velocity relates to the sum of all three beds)
Temperature range: 380 — 410 °C, Pressure: 1,7 MPa

The first stage of the test was drying the catalysts in air stream: 10 1/h in temperature 360 °C.
The next stage was the activation of catalysts in nitrogen stream: 10 1/h in temperature 360 °C.
After stages one and two the feeding was on and the temperature was increased to 380 °C.
The exact test schedule has been presented in table 45.

Table 45: Test schedule.

Figure 76: The test apparatus: two serial reactors (red cylinders, left picture) and feed pump and cooling

Number Stage Temperature | Duration Notes Status
of stage condition
1 Drying 360 °C 10 h Air 10 I/h, without pressure -
2 Activation 360 °C 10 h Nitrogen 10 I/h, without pressure -
3 | Temperalure | 360-380°C | 1h :
Isotheﬁ)"m LHSV = 1,0 h™* pressure:1,7 MPa
o
4 | (stabilization) | 380 C 8h J
Temperature o LHSV =1,0 h™ pressure:1,7 MPa,
6 ramp 380-390°C 20h Temperature ramp 0,5 °C / h Sample 1
7 | Temperalre | 590 400°c | 1h -
IsotheFl)"m LHSV=1,0h" pressure:1,7 MPa,
o
8 | (stabilization) | 400 © 7h -
Temperature o LHSV =1,0 h™ pressure:1,7 MPa,
9 ramp 400-410°C 20h Temperature ramp 0,5 °C / h Sample 2
Stabilization

On the beginning of the test stabilization stage was performed due to avoid possible over-
activity of the catalysts. For this purpose conversion of the feed in the isothermic condition
during 8 h at the temperature 380 °C was performed. The analogical stage was performed at
400 °C.
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Liquid products treatment and analytic methods
Two liquid samples from the test parameters: temperature 380 — 390 °C and 400 — 410 °C
were obtained in 20-hours run for each sample. The ramp of the temperature from 380 to
390 °C and from 400 to 410 °C was 0,5 °C / h as a compensation of the coke formation on the
surface of catalysts.
The obtained samples in two 20-hours run were stabilized by distillation, so as the final

boiling point of ,,gasoline fractions” was not higher than ~207 (G-1) and ~230 °C (G-2) — see
table 46.

\N

Table 46: Stabilized liquid products obtained from the zeoforming process.

Sample | Temperature conditions | Fractions obtained after | Sign of the fraction
of the test stage stabilization by distillation
1 380 -390 °C ,,gasoline fraction” G-1
,,0il fraction” 0-1
2 400-410°C ,,gasoline fraction” G-2
,,0il fraction” 0-2

Each sample was divided into ,,gasoline fraction” and ,,gasoil fraction” as a result of the
stabilization by distillation. The stabilized fractions of ,,gasoline”, named G-1 and G-2, were
analysed. Hydrocarbons composition, benzene content, density, sulphur content, distillation
characteristic, RON, vapour pressure, gum content and induction period were investigated.
The list of test methods has been presented in table 33. Additionally hydrocarbons
composition by FIA was investigated. The fractions of ,,gasoil”, named O-1 and O-2 were not
analysed except distillation characteristics and density.

Table 47: Analytic method used for ,,gasoline fractions” G-1 and G-2.

Investigation Number of the method
Hydrocarbons composition ASTM D 5134
Benzene content ASTM D 5134
Density ASTM D 4052
Sulphur content PN EN ISO 14596
Distillation PN EN ISO 3405
Research octane number (RON) | PN EN ISO 5164
Vapour pressure PN EN 12
Hydrocarbon types by FIA ASTM D 1319
Gum content PN EN ISO 6246
Induction period PN EN ISO 7536

During two 20-hours periods the gas phase was analysed by gas chromatography on the
beginning and on the end of each period.

Product properties
Yield of the zeoforming process products has been presented in table 34.

Table 48: Yield of the products.

Kind of product Sample 1 Sample 2
Gases % (m/m) 34,5 36,1
,,Gasoline fraction” % (m/m) 59,6 55,2
,,Gasoil fraction” % (m/m) 59 8,7
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The wide boiling range products were obtained — Sample 1 and Sample 2. Boiling range of
these samples determined by EN ISO 3405 were from ~30 to ~353 °C.

The results of investigation of distillation characteristics and density in comparison to
characteristics of the feed have been presented in table 35.

Table 49: Distillation characteristics and density of the ,,gasoline” and ,,gasoil” fractions in comparison to
feed properties.

Feed G-1 O-1 G-2 0-2
Density [kg/m"] 726 786 935 757 955
Boiling point [°C at %]
IBP 63,8 28,2 187,1 34,4 194,1
5% 99,2 41,1 202,7 49,9 209,2
10 % 104,3 49,1 205,9 58,2 213,8
20 % 112,3 64,7 213,8 77,8 224.0
30 % 118,9 82,1 222.8 100,0 | 233,0
40 % 125,6 101,5 232,1 118,5 | 2424
50 % 132,0 118,2 241,8 1294 | 250,8
60 % 139,1 130,6 251,6 138,0 | 259,8
70 % 147,4 141,8 263,4 147,7 | 269,9
80 % 158.,6 1533 279.,5 158,5 | 284,8
90 % 193,8 172,9 323.5 182,0 | 3329
FBP 270,0 207,0 353,3 | 231,8 | 3533

Comparing the results presented in table 6 to other known properties of the fractions coming
from the zeoforming process not any considerable difference has been noted. Conversion of
the ,,naphta fraction” from Fischer-Tropsch synthesis proceeds like typical zeoforming
process of light fraction from crude oil. As for high yield of gases it can be noted that sum of
methane and ethane has been no higher than 1,4 % (m/m). The gas contains mainly Cs; light
gasoline fraction.

»Gasoline fractions” properties

,Gasoline fractions” properties have been presented in table 50 in comparison to selected
parameters of the feed.

Table 50: ,,Gasoline fractions” properties in comparison to selected properties of the feed.

Parameter Feed G-1 G-2

RON 6 97,7 94,0
Density, [kg/m’] 726 786 757
FIA

Paraffins [Y%wn)] 80,5 61,2 47,6

Oleffins [%(V/V)] 19,5 - -

Aromatics [%(V/V)] - 38,8 52,4
Gum content, [mg/100 ml] - 16,81 6,1
Induction period method, [min] - > 360 > 360
Benzene content, [Yom/m)] 0,01 1,79 2,55
Vapour pressure, [kPa] 15,1 70,0 76,8
Sulphur content, [mg/kg] 6 <5 <5
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Hydrocarbons composition of the ,,gasoline fractions”

Hydrocarbons composition of the ,,gasoline fractions” (G-1 and G-2) in comparison to
hydrocarbons composition of the feed has been presented in table 51.

Table S51: Hydrocarbons composition of the ,gasoline fractions” in comparison to hydrocarbons
composition of the feed.

Sample, composition % (m/m)
Hydrocarbons Food G G2
Propane - 0,13 0,08
i-butane 0,02 1,80 1,18
n-butane 0,07 4,45 3,24
i-pentane 0,22 7,80 6,44
n-pentane 1,11 5,73 4,01
2,2-dimethylbutane 0,01 0,06 0,09
Cyclopentane 0,08 0,24 0,16
2,3-dimethylbutane 0,67 0,35 0,37
2-methylpentane 0,48 3,65 2,71
3-methylpentane 0,67 2,19 1,89
Up to n-hexane: - 0,79 0,32
Unidentified Cq and olefins
n-hexane 5,21 2,61 1,38
i-C7 and C; olefins + 6,07 6,54 4,48
cycloparaffins
n-heptane 11,86 1,49 0,52
n-octane 17,53 0,82 0,24
n-nonane 15,16 0,09 0,09
Benzene 0,01 1,79 2,55
Toluene 0,12 10,99 15,18
Ethyl-benzene 0,03 2,99 3,63
m-xylene + p-xylene 0,10 11,77 14,81
o-xylene 0,10 3,46 4,37
i- and n-propylbenzene - 0,46 0,73
3 and 4-ethyltoluene 0,10 7,17 7,90
2-ethyltoluene - 0,55 0,82
1,3,5-trimethylbenzene - 0,06 0,07
1,2,4-trimethylbenzene - 3,72 4,31
1,2,3- trimethylbenzene - 0,30 0,36
Total aromatics 0,46 43,26 54,73
Total n-paraffins 50,94 15,32 9,56
Total i-paraffins 13,31 23,93 18,40
Total cycloparaffins 13,42 7,01 4,79
Total olefins 0,20 1,14 0,68
Unidendified Cg. 21,67* 9,34* 11,84*

*Hydrocarbons Cy. - Sum: n-paraffins + naphthenes (cycloparaffins) + olefins.
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Gas characteristics

Hydrocarbons composition of the gas phase on the beginning and on the end of each 20-hours
period was analysed. The results have been presented in table 52.

Table 52: The hydrocarbon composition of gas samples taken at the beginning and the end of each 20-
hours period.

Hydrocarbons Gas co-produced with Gas co-produced with
Sample 1 Sample 2
beginning end beginning end
Methane 0,16 0,10 0,18 0,15
Ethane 1,05 0,95 1,23 1,16
Propane 16,87 15,44 16,98 15,73
i-butane 8,14 8,33 7,62 8,58
n-butane 11,98 10,62 10,44 11,34
i-pentane 18,34 17,75 20,27 19,29
n-pentane 21,49 23,11 21,05 22,85
2,2-dimethylbutane 1,03 1,12 1,17 1,94
2-methylpentane 8,05 7,67 8,93 7,07
3-methylpentane 5,14 4,96 5,13 3,89
n-hexane 5,46 7,53 4,82 5,19
i-C; + cycloparaffins 2,29 2,42 2,18 2,81

Mass balance of the zeoforming process

Yield of liquid phases obtained during 20-hours periods was measured by weighing. The
volume of gases produced during these periods were measured. Some mist formation was
observed in the analyzed gas. Using the gas composition obtained by gas chromatography the
masses of gas were calculated. Mean molecular weights (Mean) for compounds in the gas,
obtained in the process, were calculated:

Minean = 2wW;M;/100
where:

M; - molecular weight of compound ,,i”
w; - weight percent ratio of hydrocarbon ,,i”

Mass of gas (m), obtained in one temperature stage, was calculated using relation:
m=V:(Mpean/22,4) = V-d

where:

m - mass of gas [g],

V - volume of gas obtained in one temperature stage [],

d - gas density [g/1].

Mass of the feed and the mass of products (liquid and gases) were used to prepare mass
balance. The results have been presented in table 39.
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Table 53: The mass balance of the zeoforming process.

Sample Sample 1 | Sample 2
Intake mass [g] 2904 2904
Mass of liquid product [g] 1776 1790
Volume of gas product [l] 327,3 347,6
Calculated mass of gas product [g] 936,3 1011,5
Density of gas product [g/I] 2,87 2,91
Mass of liquid product + gas product [g] 2712,3 2801,5
Loss [%] 6,6 3,5
Calculated liquid fraction yield [%] 61,2 63,9

Summary Remarks and Conclusions of Experiments

The zeoforming process is a unique in the world. Does it rarely apply in real refineries. In
Europe there is only one commercial zeoforming plant in the ,,Glimar” Refinery in Poland. In
this Refinery some light distillates up to maximum 203 °C were used as a feed. Typical
content of n-paraffins C;-Cj, in the feed was 25 — 36 %, up to 16 % aromatic compounds
(included to 1,4 % of benzene) and practically no olefins. Typical yields of the zeoforming
process from the mentioned feed was:

LPG ... 11 %
Gasoline fraction......... 60 %
Gasoil fraction.............. 4 %
Drygas........cooeoeiiins 25 %

In comparison to example mentioned above the zeoforming process of ,,naphta fraction” from
Fischer-Tropsch synthesis any considerable difference has not been noted. Conversion of the
,naphta fraction” from Fischer-Tropsch synthesis has been proceeded like typical zeoforming
process of light fraction from crude oil in spite of ,,naphta fraction” was a higher feed and
olefins content was about 19,5 % (V/V).

Hydrocarbons compositions of the ,,gasoline fractions” presented in this project have been
similar to other published results of the zeoforming process. It can be said that the final
boiling point of the feed do not influences the yield of particular fraction.

6.6.4 Summary of chapter 6.6

The aim of the investigation was to check the zeoforming process in the presence of K-1, K-2
and K-3 catalysts and ,,naphta fraction” from Fischer-Tropsch synthesis as a feed.
Hydrocarbons composition, benzene content, density, sulphur content, distillation
characteristic, RON, vapour pressure, gum content and induction period were investigated for
the feed and for selected liquid products. Hydrocarbons composition of gases were also
investigated. The mass balance was calculated for the feed and products.

On the basis of results obtained in this project the follow conclusions can be formed:
1. Olefins content in the feed has been 19,5 % (V/V) and n-paraffins content has been 80
% (V/V). Total amount of aromatic compounds has been lower than 0,5 % (V/V).

Having taken into consideration the results of hydrocarbons composition (table 8) only
the high olefins C9+ in the feed have been present.
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The mechanism of conversion of ,,naphta fraction” in the boiling range of 63-270 °C
from Fischer — Tropsch synthesis in the zeoforming process has been the same like for
the typical light paraffin-base feed from straight run naphtha.

. As a results of the conversion in the zeoforming process n-paraffins have been

transformed into aromatic compounds and a lot of light hydrocarbons have been
obtained as a co-products. In ,,gasoline fractions” content of olefins has been
increased as a result of dehydrogenation reactions and conversion of n-paraffins into
lighter hydrocarbons. Simultaneosly high olefins have been transformed into
aromatics.

The RON numbers of ,,gasoline fractions” have been increased from 6 (for the feed) to
97,7 and 94. The properties of ,,gasoline fractions” like a density, sulphur content,
distillation, RON, vapor pressure, gum content have been met requirements of
specification EN 228: 2004.

The investigated gas products have been comparable with other known results for the
zeoforming process.

Relatively high gas yield, ,,gasoil fractions” and very high RON of ,,gasoline
fractions” as well as high benzene content in these products can testify for too severe
parameters of the zeoforming process for ,,naphtha fraction” from Fischer-Tropsch
synthesis (e.g. too high initial temperature of the process, LHSV too low).

Due to small quantity of ,,naphtha fraction” from Fischer-Tropsch synthesis and the
fact that described experimental have been taken the first time the results of the
zeoforming process test should be recognized as an initial recognition and the base for
the future laboratory studies.
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6.7 Suitability of synthetic fuel with modern exhaust gas aftertreatment
system (DPF)

Results on the limited emissions (HC, CO, NOx, PM) by vehicle tests on the chassis
dynamometer were found to be in the same range as already measured with pump-injection
engines (VW) and common rail engines (DC) (see del. 1.14.1.-2 and final report 5.4.1).
Measurements of the raw particle emissions via a thermo graphic evaluation of the particle
mass composition showed a higher share of elementary carbon in overall particle mass with
GtL.

As a reliable procedure for loading up the soot — trap, the so called Heilbronn-cycle was used.
During these dynamic tests on the engine test bench 40 % less particles were collected during
a fixed time driving the city cycle (10 h), or corresponding to this, collecting soot up to a
fixed mass this would lead to an extension of the regeneration interval of about 70% when
using GtL.

During all these tests the collected particle mass and pressure difference correlates for both
fuels.

Concerning the set temperature upstream of the particle — filter, no difference during the
heating up period was visible. We found that the process to achieve a full regeneration of the
soot trap with identical loading mass needs approximately 2 minutes more with GtL.

Finally a DOE model based on engine parameter variation tests was performed, to provide a
prediction of the NOx — soot trade off and the soot - AFR relationship. Two representative
operation points were tested.

After adjustment of engine parameters like delivery time and start of delivery of pilot-/main
injection as well as air mass for the GTL fuel, a significant reduction of emissions for both
operating points could be achieved. Concerning the soot - AFR relationship in both operation
points and all parameter variations a significant benefit for synthetic Diesel arises.

At constant NOx emissions, the average soot benefit was 42,5 %, from the view of a fixed
particle emission measured as filter smoke number (FSN), the advantage of NOx was 17,5 %
in the middle over both operation points.

6.8 Spray formation

Within the project Renew investigations on the injection rate have shown that - due to the
varying properties of synthetic fuels in comparison to fossil diesel — the hydraulic behaviour
of the fuel-injection is different dependant of the corresponding engine operating point.
Beside that, the different physical characteristics of synthetic fuels could have a significant
influence on the spray formation (penetration depth, spray angle), atomization and mixing
(liquid and vapour phase) and thus could lead to emission impacts as well.

In order to gain knowledge about the fuel spray behaviour with synthetic fuels of different
properties some investigations on that field were carried out by using a pressure chamber.

A pressure chamber was used to analyse the spray formation at different chamber pressures
and temperatures with one injector nozzle type. The main advantage of the pressure chamber
is the easy optical accessibility.

With this test apparatus it is possible to investigate a variation of fuels under temperature and
pressure condition according to representative NECD load points.

The operating conditions and technical data of the pressure chamber are summarized in

54.
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Table 54: Technical data of pressure chamber

Description

Chamber pressure 1 — 100 bar

Chamber temperature 20 — 800°C

Optical accessibility 3 accesses with @125 mm
Measurement equipment High speed camera
Injection system Serial injector
Illumination system Laser+LED

For the investigations the so called “Schlieren”- measuring method was applied using a high
speed camera and two illumination systems. The ‘“Schlieren” analysis of one injection
includes ca. 20.000 pictures per second which corresponds to a time interval between two
pictures of 50 ps. The pictures showed the difference between liquid phase and vapour phase
of the fuel sprays.

In the post processing the pictures were analysed to calculate the spray penetration depth.
Moreover the spray width at 10 mm, 20 mm and at the maximum of penetration has been
extracted (see Fehler! Verweisquelle konnte nicht gefunden werden.76). With this
information the spray angle was calculated.

Width at
10 mm

10 mm

Width at

20 mm 20 mm

Width at max.
penetration

Figure 77: Pressure chamber results

To generate knowledge about the conditions at a defined operating point the mean was
calculated and analysed based on 10-20 injections. Furthermore the pictures gave
information on the spray development for the whole injection period and the fuel behaviour
on droplet formation and vaporisation potential.

The above mentioned tests were conducted successfully and helped to understand more about
the whole process from injection to evaporation, ignition and combustion of the synthetic
diesel fuel. Due to confidentiality reasons the results are not able to be presented in this public
report.
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6.9 Summary

Investigated BTL fuels from CUTEC and TUV show good behaviour and properties
compared to conventional fuel.

Fuel analysis was used for further optimization of process in order to receive final fuels for
additives investigation tests. For two final fuels material compatibility tests were performed
referred to elastomers and metallic materials. Additional experimental tests, using zeoforming
process to convert low-octane hydrocarbons (naphtha fraction) from Fischer-Tropsch
synthesis into high-octane gasoline components, show promising results. The suitability of
synthetic fuel with modern exhaust gas aftertreatment system (DPF) was investigated. Further
on different BTL and GTL fuels were tested for their spray formation behaviour in a pressure
chamber at different temperatures and pressures.

Further on ITN investigated naphtha improvement process (zeoforming).
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7 Summary

Subproject 2 was dedicated to research on the individual steps of the conversion of biomass to
synthetic fuel: The biomass preparation, its gasification, the cleaning to synthesis gas, the
Fischer-Tropsch synthesis, the upgrading of the raw product to an automotive fuel and finally
the analysis of the fuel properties and testing. For this ambitious goal three different biomass
preparation and gasification strategies were studied, gas-cleaning and synthesis was
developed at two sites, wax upgrading, analysis and testing was done at individual partners.

At the Karlsruhe research centre a two-stage process for biomass conversion into synfuel
with the acronym "Bioliq"is being developed. The process pays special attention to the
properties of straw and other dry, non-woody biomass feedstock which contain more ash than
wood. The first stage is a fast pyrolysis plant for the production of a transportable bioslurry
These bioslurries have an energy density which is about 10 times higher then the initial
biomass and are therefore well suited to ease intermediate storage and transport and gasifier
feeding. The second stage is a large gasification and synthesis plant of several GW scale, thus
combining low logistic costs with economy-of-scale effects.

Slurries from many regional FP-plants (100 MW input scale) are then transported by rail to a
large central BtL-plant with a biosynfuel capacity in the 1 Mt/a range (125 t/h). The fast
pyrolysis was adapted to several ligno-cellulosic feedstock on different technical scales. After
screening experiments in a thermo balance, first technical studies in a stationary fluidised
sand bed were performed on a ~ 0.2 kg/h lab scale. Further FP process improvements and
simplifications are being investigated in parallel in a 20 kg/h process development unit (PDU)
built in Karlsruhe with a LR-mixer reactor for 20 kg/h maximum throughput of straw chops,
sawdust, paper, cardboard pieces etc.. Central part is a hot heat carrier loop with a bucket
elevator, operated at ~ 500°C with sand, silicon carbide or steel balls. Beside wood, fast-
pyrolysis experiments of a range of straw-like or other agricultural residues with high ash
content have been successfully performed. Product yields, mass and energy balances have
been determined.

A number of different types of slurries with a char content up to 40 % were prepared (totally
~ 50 t) adapting a special colloid mixer. With a flow of pure oxygen the slurries have been
efficiently and smoothly gasified to a tar-free, low methane syngas in several campaigns
(totally ~ 100 hours of operation, not only for RENEW) in the 3 — 5 MW entrained flow pilot
gasifier of Siemens AG, Freiberg, at 26 bar and temperatures of 1200-1600°C. A complete
BtL-process pilot line is being build-up in cooperation with Lurgi AG on site of the
Forschungszentrum. The first section a 0.5 t/h fast pyrolysis pilot facility consisting of
biomass pre-treatment (cutting, milling), fast pyroylsis LR-plant and a section for bio-slurry
preparation is set into operation at present.

Experimental experiences from pyrolysis slurry preparation and slurry gasification facilities
have been extrapolated into the design of a commercial bio-synfuel production line of > 1Mt/a
bio-synfuel output or more than 10-times the size assumed in RENEW. Accordingly, the
investment costs for biomass liquefaction in many local pyrolysis plants on the one hand and
the bio-slurry gasification and bio-synfuel production in a large central syngas plant on the
other hand have been estimated to amount to about a quarter of the total product cost each.
The other half of the BTL production cost is caused by the biomass feedstock as confirmed
within the RENEW project. Compared to the results of the economic assessment in RENEW,
which were done for a 500 MW BtL-plant (200000 t fuel per year), FZK expects a significant
costs reduction in GW-scale syngas plants (> 1 Mt/year bio-synfuel).
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In focus of the work of the TU Vienna, Biomassekraftwerk Giissing, Repotec and
Electricité de France was the enhancement of an approved combined heat and power plant
(CHP) to tri-generation of FT-Diesel, electricity and district heat. Due to the limited size of
district heating grids, the plant size is in a range from 8§ MW like the one in Giissing, Austria
to about 100 MW. A broad variety of biomass may be used with little pre-treatment however
in RENEW the studies based on wood chips and Miscanthus.

The biomass CHP plant is in operation since 2001 (31 000 hours of operation on the gasifier
including the gas treatment) and produces electricity since 2002 with more than 27 000 hours
of operation on the gas engine showing no difference in abrasion compared to operation with
natural gas. Thus, the gasification and basic gas cleaning is very reliable and additionally
qualify for syngas production due to a dual fluidized bed: By separation of the steam-blown
biomass gasification and the air-blown char combustion a cheap, nitrogen-free syngas with a
H; to CO ratio of 1.6 — 1.8 is produced without expensive pure oxygen. On a slip stream of
the CHP several gas cleaning devices and a Fischer-Tropsch reactor were installed.

First a RME-scrubber is used to dry the gas and remove the remainig tar. After a compression
step, chlorine is separated with a sodium aluminate fixed bed. Organic sulphur components
are hydrated with a HDS-catalyst and the H,S is chemically separated with Zinc oxide. Both
was realised in fixed bed reactors. For Fischer-Tropsch synthesis a slurry-bubble reactor was
constructed and operated in 2005 with an iron-based catalyst and later with a cobalt-based
one, both produced by the University of Strasbourg. In 2007 it was replaced with a pre-
commercial product of a catalyst manufacturing enterprise. With this pre-commercial FT-
catalyst up to 0.3 kg/h of raw FT product could be produced under the above mentioned
conditions in this laboratory FT unit. The diesel fraction of the FT product consists mainly of
paraffin giving this fuel excellent properties, e.g. a Cetan number between 70 and 80.

The CUTEC institute developed a circulating fluidized bed reactor of 400 kWy, with 1700
hours of gasification of a large variety of biomasses: Wood, straw, silage, various food
processing industry residues and demolition wood with a broad range of moisture were
suitable. This flexibility also holds for the control of syngas composition which in this project
is optimized with respect to its H,/CO ratio aiming at a value of 2 or greater as required for
the FT-synthesis. Dilution of this reaction with nitrogen is avoided by using steam and
oxygen rather than air as fluidization medium. In all these cases the H,/CO ratio in the
synthesis gas is close to 2. This is surprisingly high and allows to by-pass the external water-
gas-shift reaction. The gas cleaning route in the lab scale consists of a hot gas filter, a
quenching system, a water scrubber and a biodiesel scrubber. Activated charcoal with a
dedicated impregnation was applied for the removal of harmful trace gases. The system works
with good results, removing contaminants to concentrations near to or below the detection
limit.

The effects of a syngas conditioning unit were studied by addition of the components methane
and CO; to syngas individually. None of these gases showed a strong effect on conversion
rate other than dilution. Thus there is no urgent need to remove these gases from the syngas.
This is an advantage of the modern catalyst justifying the efforts necessary to remove the
sulphur components. Finally, a side stream of the syngas from the CFB-gasifier was used to
demonstrate the production of BtL diesel from wood and straw pellets. The fuel was mostly
paraffinic and thus had a Cetane number beyond the measuring range of a Ignition-Delay-
Tester (>80). The cycle of biomass conversion to synfuel was completed by a study proving
the suitability of the residual ash for fertilizer production and subsequent return to the field.

The upgrading possibilities for the raw FT-waxes were studied at the Chemical Process
Engineering Research Institute at CERTH. The aims were a hydroracking process for diesel
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production and a new selective catalytic cracking process for the upgrading of FT wax
produced within RENEW to gasoline. The processes were initially developed on bench scale
where catalyst evaluation and process optimisation studies were performed. Finally they were
validated by tests on a pilot scale (using a circulating pilot plant unit). Both commercially
available and new catalysts synthesized in CERTH were used for this study. The “RENEW”
catalyst based on Y zeolite performed very good and combines high activity and conversion
efficiency with maximum production of a gasoline free of aromates. Mild hydrocracking with
catalyst B showed a high conversion ratio of 87 % and gave rise to 45 % diesel of a high
quality (Cetane: 75) and to 39 % gasoline of a comparatively poor quality (MON 54).
However, the high content of iso-paraffins allows blending to conventional gasoline.

The fuel properties and the additives needed for a proper function of the engine were
determined by the Instytut Technologii Nafty. It was found out that the quality of the FT-
products from the installations in Giissing and Clausthal constantly improved over the project
duration and can be considered as high quality diesel base fuel with a very high Cetane index
and nearly no sulfur. The only parameter not in agreement to the respective EN 590 is the fuel
density due to the low content of aromatics. Final BtL diesel fuels show high oxidation
stability, good lubricity and do not cause corrosion even in the presence of water. Low
temperature properties of BtL diesel fuels are satisfactory for summer season. They also may
be used in winter season as mixture with conventional winter diesel.

The material compatibility of TUV and CUTEC BtL fuels was equal or superior to
conventional fuels for elastomers but metal corrosion could not be determined in full range
due to the long test duration and limited volume of fuel samples. Preliminary tests showed
that the metallic materials like stainless steel, Sn and Al demonstrated good compatibility
with FT Diesel fuel from TUV but also indicated that this fuel may be more aggressive than
commercial fuel in relation to zink, cooper and brass.

Additionnaly, the new developed and in Europe only in one refinery applied process of
zeoforming for the upgrading of naphtha was studied by ITN. The highly paraffinic BtL-
naphtha with a RON of 6 was converted with an efficiency of 58 % to a gasoline with a RON
of 94 to 98 consisting of wide range of aromatic hydrocarbons. This process is considered as
very promising for the production of a BtL-gasoline fully compatible to the existing SI-
engines.

The fuel testing was carried out at Volkswagen AG. Due to limited fuel amounts the engine
tests were replaced by tests on the spray formation of FT-fuel in the injection system and the
soot aftertreatment by a particulate filter. It was found out that due to the superior fuel
properties 40 % less soot was formed which had properties in the particulate filter comparable

to conventional diesel fuel. However, the trap needed 2 minutes more for regeneration with
FT-fuel.
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Deliver- . WP | Respon- Diss.-

able No Title No.| sible Nature level
Definition of standard biomass and biomass variation

D 2.1.01 | throughout the experiments, ash and elementary 21 FZK R PU
composition of biomass

D21.02 Suppliy chain fc?r biomasg set-up, preparation and 21| cuTEC R PU
handling techniques available

D 2.1.03 | Biomass preparation techniques and data for SP 5 21| CUTEC R PU

D 2201 Reportl on experirpeptal res_ults and operating conditions 29| cuTEC R PU
regarding the variation of biomass
Results of experimental campaigns on sand loop heating

D22.02 system, description of techniques developed and data for LCA 22 FZK R RE
Operation parameters for the sand loop (mass ratio

D 2.2.04 | sand/straw, sand transporting system, temperature, heat | 2.2 FZK R CO
exchange

D 2205 Qil, char and gas yield as a function of different operation 29 FZK R co
parameters

D 2206 Descripj[ion of the t?est onIin_e feed prgparation system, 29 FZK R PP
rheological properties of various slurries

D 2207 Variatiop_of bed materials and t.heir influence onto the 29| CUTEC PU
composition of the raw synthesis gas

D 2.2.08 | Optimised gasification of bio-oil / char slurries 2.2 FZK PP

D 2210 Repqrt qf results of exergetic optimisation on one step 29 INIG PU
gasification route

D221 Composition of raw synthesis gas as function of different 29| cuTEC R co
feedstocks

D 2.2.13 | Preliminary final-report with available results of WP 2.2 2.2 FZK R PU

D2214 Closed Circles: _Blomass ash as raw material for mineral 22| Cutec R co
manure production

D 2.3.01 | Installed gas cleaning unit and test performed 2.3 TUV R RE

D 2.3.06 Report on gas cleaning including high temperature filter 23| CUTEC R PU
and two scrubbers

D 2.3.07 | Results on long term tests of gas cleaning unit 2.3 BKG R CcO
Proposal for a road map on 5 MWe to 50 MWe Gas

D23.09 Turbines Power Plants up to 2020 2.3 EDF R PU

D 2.4.01 | Optimum processing route in FT synthesis 2.4 TUV R RE

D 2.4.02 | Optimum processing route in FT synthesis 24| CUTEC R PU

D 2.4.03 | Simulation tool for FT synthesis 24 TUV R CO

D 2.4.04 | Report of long term tests on FT-synthesis 2.4 BKG R CcO

D 2.4.08 | Delivery of 100 liter (10*3I + 7*10l) of FT fuel to WP 6 2.4 TUV @) CO

D 2.4.12 | Delivery of 100 liter of FT fuel to WP 6 2.4 TUV @) CO

D 2.4.13 | Delivery of 20 | of TUV FT-naphta to WP2.6, ITN 2.4 TUV @)

D 2.4.18 | Report on process integration and scale up of BKG plant | 2.4 EDF R CO

D 2419 Report Qf anaIyS|§ of integrated process of synthetic gas 24 RPT R PU
production from different type of biomass

D 2.4.21 | Delivery of 3 | of FT-fuel to WP 6 24| CUTEC o] CO

D 2.4.22 | Delivery of 3 | of FT-fuel to WP 6 24| CUTEC O CO

D 2.4.33 | Delivery of 150 ml of FT-Fuel for analysis at ITN 24| CUTEC 0] CO

D 2.4.34 | Delivery of 150 ml of FT-Fuel for analysis at ITN 24| CUTEC 0] CcoO
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D 2.4.35 | Delivery of 150 ml of FT-Fuel for analysis at ITN 24| CUTEC 0] CcO
D 2.4.36 | Delivery of 150 ml of FT-Fuel for analysis at ITN 2.4 | CUTEC 0] CcO
D 2.4.37 | Delivery of 150 ml of FT-Fuel for analysis at ITN 24| CUTEC O CO
D 2.4.38 | Delivery of 150 ml of FT-Fuel for analysis at ITN 2.4 | CUTEC 0] CcoO
D 24.39 Comparison of FTS—FueI in depenQence of purificatiop 24| cUTEC R co
processes Rectisol or Selexol or without CO,-separation
D 2.4.40 | Delivery of 150 ml of BtL-Fuel for analysis at ITN 24| CUTEC @) CO
D 2.4.41 | Preliminary final-report with available results of WP 2.4 24| CUTEC R CO
D 2.4.42 | Delivery of 50 kg FT-wax to CUTEC/CERTH 2.4 TUV O CO
D 2.4.43 (I:Dacigtljggfntatlon of efforts to get access to commercial 24| cuTEC R co
D 2.4.44 | Delivery of 50 kg FT-raw product to CUTEC 2.4 TUV 0] CcO
D 2.4.45 | Data delivery for FT-concept of TUV for SP5 2.4 TUV R CcO
D 2.4.46 | Determination of Cetane-No. of FT-fuel samples 24| CUTEC R CcO
D 2.4.47 | 2 diesel samples of 150 ml from FT temperature variation | 2.4 | CUTEC O CcO
D 2.4.48 | Report on FT synthesis temperature variation 24| CUTEC R CcO
D 25.01 50 lit of diesel and naphtha from mild hydrocracking of 25| CERTH o PP
FT wax
Three catalytic materials with optimum properties that
D 2.5.02 | favour the production of alkanes and alkenes and mini- 25| CERTH O,R PP
mize the aromatics through catalytic cracking of F-T wax
A new catalytic cracking process reaction scheme
D 2.5.03 | (conditions and catalysts) for producing NICE fuels from |2.5| CERTH O,R PP
F-T wax based on bench scale studies
D 2506 A report with _the evaluation of the best catalyst in FCC 25| CERTH R PP
pilot plant unit
A new catalytic cracking process reaction scheme
D 2.5.07 | (conditions and catalysts) for producing NICE fuels from |2.5| CERTH R PP
F-T wax based on pilot scale studies
D 2.5.09 | Operation conditions of the upgrading of FT-raw-liquid 2.5 | CUTEC PU
Preliminary final-report with available results of WP 2.5
D2.5.10 (related to WP 5.4: technical assessment) 25| CERTH PP
D 2511 35| of pure naphtha. cut produced from catalytic cracking 25| CERTH o PP
of wax in the FCC pilot plant
A report with the properties of the hydrotreated naphtha
D 2.5.12 | produced from the cut naphtha originated from the wax 25| CERTH R PP
catalytic cracking
D 2.6.01 | Data of fuels physic-chemical properties 2.6 ITN R PU
D 2.6.06 | Data of fuels physic-chemical properties 2.6 ITN R CcO
Data of fuels physic-chemical properties of FT-fuel
D 2.6.07 | samples from TUV and CUTEC, data of necessary 2.6 ITN R CcoO
components of performance additives package
Suitability of sythetic fuel with modern exhaust gas
D 2.6.08 aftertreatment system (DPF) 26 vw R RE
D 2.6.11 | Material compatibility tests with upgraded BtL-fuel 2.6 ITN R CcO
D 2613 Summary of expe.rlmental report on naphta improvement 26 ITN R co
prozess (zeoforming)
D 2.6.14 | Spray formation with different synthetic fuels 2.6 VW R CcO

Nature of deliverable: R — Report; O — Object;
Dissemination Level: PU — Public; PP — for other EC-programme participants; CO —
Confidential; RE — Restricted to a specified group
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