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1 Abstract

The am of this project was the development of a fluidised bed gasfication process for the

production of ahydrogen rich gas from biomass.

To achieve this am, a 500kW;y, pilot plant was build and tested, a catdyst for fluidised beds

was developed and fundamental research on the fluid dynamics was done.

The pilot plant condgts of a feeding system, the gadfier, a flue gas treetment and a product

gas trestment system and afue cdl with an extra gas upgrading system.

The gadfication reactor conssts of two zones, a gadfication and a combustion zone. The

circulating bed materia serves as heat carier from the combugtion to the gasfication zone.

Steam is used as gadfication agent and a catdys is used as bed materid to increase the

amount of hydrogen and reduce the amount of tar in the product gas.

The erection of the pilot plant was finished in July 2000 and then the fird tests started. During

gart up of the pilot plant the following problems occurred:

Damaging of PTFE bags,

Tar condensation on the plant in particular on the product gas blower and dainless
steel bag;

Long heating up time.

These problems were solved, but it was not possible to do the whole experimental program,

which was defined in the contract (tests of catdys in the pilot plant, tests of fud cell together

with gadifier).

The experiments done till the end of the project, showed, that the nitrogen content in the

product gasis below 5% and that the necessary circulation rate can be reached eadlly.

On the cold flow model a UCL the circulation rate, the gas cross flow and the behaviour of

the biomass was investigated. The results, showed, that the pilot plant was designed well and

will operate as provided. Additiond a new scding parameter was introduced, which enables
to caculae the circulation rate in dependency of the totd amount of bed materid insde the
gadfier.

The work of ECPMS and UNIVAQ amed a the development of a cataytic sysem. Two

catalysts were developed during the project. One is based on a LaNiFe perovskite cataydt,

which has shown very good activity in tar destruction and methane reforming in a separated
fixed bed reactor, but is not resstant to a fluidised bed. The catdytic system NiO/olivine used

a new concept to integrated NiO in the olivine dructure. It was characterized and tested in dry

and steam reforming of methane and presented no deectivation and no coke formation. After

these reaults, it was syntheszed in a large amount (135Kkg). Its activity was confirmed in the
fluidised bed (2 kg) reactor of UNIVAQ and in the fluidised bed (35 kg) reactor of TUV. The
results have confirmed its remarkable activity with an increase of H, concentration of 8% and

a decrease of CHy concentration of 3% in the dry gas mixture. Moreover, tar content is

divided by 6 or 7 with regard to the tar content without catdys, and no additiond smal

paticles has been formed by attrition. So, this cadys meets the requirement of attrition
resstance, hydrogen production and tar dedruction in the effective operating conditions
encountered in biomass gadfication.

Generd the results of this project are:

- A pilot plant with a therma power of 500kW was build and the first experiments were
done. These tests showed, that the circulation rate can be reached easly and that the
nitrogen content in the product gasis below 5%.

- At thework on the cold flow modd anew scaling parameter was introduced.

- A new catdys for fluidised beds was developed and tested. This catayst showed good
activity in reduction of tars and increase of hydrogen.
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3 Objectives of the project

The objective of the project is the development of a fluidized bed gasfication process for the
production of a hydrogen rich gas from biomass. The gasfication process is based on an
Interndly  Circulating Huidized Bed (ICFB) configuretion with a gadfication and a
combustion zone. In order to achieve the necessary high hydrogen yied, steam has been
chosen as the gadfication agent and suiteble cataysts will be included in the bed inventory.
With this gadfication process it is possble to produce a gas with 40-60 % hydrogen, nitrogen
content below 5 %, calorific values above 11 MINnT, and low tar content (<0,6 ¢/NnT). The
project demongrates one powerful gpplication of the product gas, producing eectric energy in
afud cdl, which will be integrated in the process.

The work content of this project can be divided into group tasks shown in the following table.
This enables responsibilities and milestones to be defined so as to assig in the progress of the
overal project.

TASK DESCRIPTION OF WORK

A Overd| system requirements.

B Desgn and manufacture of gagfier; specification of ancillary units.

C Baance of Plant (BOP) design.

D Equipment procurement, assembly of the pilot plant and related instrumentation,
induding the fud cdl.

E Accompanying laboratory research: cold moddling fluid-dynamic sudies (El);
optimisation and manufacture of catayst (E2).

F Specification of plant tests and andlysis of the results.

G Operation of the pilot plant: gasification and BOP related tedts.




4 Scientific and technical description of the project

The work content of this project is divided into tasks, as mentioned before. An overview of
the technica progressis given in the following chapters.

4.1 Overview on the Technical Progress

411 Task A

The objective of Task A is to define the generad requirements of the pilot plant, and its
indrumentation; to cary out the heat and materid baances, to specify the sub-systems
boundaries and interface requirements (gasifier, gas clean-up system, fuel odl)

4.1.1.1 Badscdesgn of the pilot plant

The fdlowing figure shows the flow chat of the gadficaion sysem induding the mass
flows, temperatures and pressures.

The gadfication reactor consss of two zones, a gadfication and a combustion zone. The
circulating bed materia serves as heat carier from the combugtion to the gasfication zone.
Steam is used as gadfication agent which is produced by an industrid steam generator unit
and is overheated up to 500°C. There is dso the posshbility to mix the steam with recycled
product gas to vary the steam-fud ratio. Air used as fluidisation gas in the combugtion zone is
supplied by a compressor and heated up to 300°C.

The flue gas tretment condsts of a cooler, a filter, a fan and a last a chimney. The product
gas trestment consdts primarily of a heet exchanger, a filter, a fan and a flare, where the main
pat of the gas is burned. An amount up to 200 Nm#h can be mixed with the seam and
recycled to the gadification zone as mentioned above. A smdl amount (about 25 Nm3/h) is led
to the fud cell.

Before feeding the gas into the fud cedl a gas treatment is necessary. Firg the rest of
particulates and tars is removed by a dug filter, then the H,S and NHs is removed by two
steps of scrubbers. The rest of H,S is removed by a zinc oxide catayst. To increase the
amount of hydrogen a two step shift reactor converts CO with steam to H and CO». After this
trestment the gasis ready to be used in the fud cdll.
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412 TaskB

I+

The objective of task B is to peform the detaled desgn and
congruction of a 500 kWi, ICFB gadfier, on the base of the
previous experience of TUV and AE&E from a laboratory test rig
(100 kWhp). Further on, to provide the design and mechanica
ecifications of ancdllay units of the gadfication section of the
pilot plant. T

The following ancillary units are necessary to operate the gasifier:
Fud feeding system
Bed materia feeding system T
Steam production unit
Air supplement
Product gas treatment
Flue gas trestment

i
I

The 500kW gasifier

The following table shows the main dimensions of the gasifier:

dimensons of the gadfication zone

diameter inlet 400 | mm
diameter freeboard 800 | mm
height of fluidized bed 850-1500 | mm
height of freeboard 2000 | mm
dimengons of the combustion zone

diameter 250 | mm
haght 6770 mm

413 TaskC

The objective of this task is to produce the detailed process design of the BOP system (design
specifications, P&ID indrumentation lists, equipment and indrumentation data sheets, control
requirements, system layout). Further on, to provide the desgn and mechanica specifications
of ancillary units of the gas trestment section and PAFC-section.



4.1.3.1 Design specificationsfor fuel cell smulation and gas analysis

CLC's objective within task C was to produce the detailed process design of the experimenta
gas cleanrup sysem, necessxy to treat the gas from the gadfier up to the specification
required to feed the phosphoric acid fud cdll unit.

A prellmlnay analyss performed within task A gave following main requirements:
Maximum flexibility of operation: the ges deanrup sysem would permit easy testing of
different operation units in different operating conditions and arangements, with the
purpose of finding during the tests the mogs efficient and possbly chesp system
configuration.
Totad gas cleanup flowrate of 1/10 of the gadfier product flowrate, as a compromise
between reason of low cost and flexibility of operation, and the necessity of having
meaningful results for scaling up to full sze
Redriction of equipment to the more promisng technologies in terms of efficiency and
low cost.
Easy to trangport skid mounted unit.

From the andyss peformed, the sysem configuration was defined, based on unit operation
given below.
- Venturi scrubber

Sand filter

Packing scrubber with dcaline trestment

Activated carbon filter

Packing scrubber with acidic treatment

Sulphur remova on zinc oxide bed

Two stages of CO shift reaction

The work done within Task C was completed, and the design of te gas clean-up system was
synthesised.

The intermediate results of system design have been discussed with TUV for compliance with
overdl plant design and interfaces, and with ENEA for compliance with cost targets.

Ddiverable documents were sent to ENEA for the subsequent phase of equipment
procurement and plant assembly within Task D.

414 TaskD

This task involves the ste-mounting of the gasfier and the purchased equipment; assembly of
the overdl pilot plant (piping, dectricd connections, connections with the utilities available a
the Ste); operability testswith dl plant components.

The condruction of the pilot plant was much more difficult and expensive, than expected.
ENEA spent 70kEuro more than it was foreseen in the contract for purchasing and assembling
the ancillary units.

The pilot plant was finished in July 2000.



The following photos show the pilot plant

415 TaskE

In this task dl accompanying fundamental research in laboratories are done. This is cold
moadling flud-dynamic sudies (Task EL); manufecture and characterisation of catayst
(Tesk E2).

4.15.1 Task E1:. Cold Modd and Fluid-Dynamic Investigations

At Universty College London (UCL) the following points were investigated during Task EL:
1. Scding of acold modd of the pilot plant based on existing scaling guiddines.

2. Huid-dynamic invegtigations including measuring the:

a) solid circulation rate (SCR),

b) gas cross flow from combustion into the gasification section

¢) pressure drop and pressure fluctuations,

d) biomasscirculation

Determination of the operating parametersin the pilot plant.

Comparison of the scaled mode with results obtained with the cold modd in Vienna
Verification of the gpplicability of the exigting scding guiddines.

oo



Scaling of a cold flow model of the pilot plant based on existing scaling rules

A cold laboratory modd was built in order to study the
flud dynamic behaviour of the 500 kW pilot plant. To
ensure dmilar flud dynamic behaviour between the cold

laboratory modd and the pilot plant, existing scaling rules & g2 nietaasifier
were used. On the base of the full set of scding parameters ¢ Gaster " 7
derived by Glicksman et d. a 5" scale cold model was 0 Proauet gas oue L

11 Downcomer

designed a UCL. As circulating bed materia, bronze g eressue wpping
paticles (ds=180 mm, r <8900 kg/nT) were chosen; the _
risr was fluidised with ambient ar while the gadfier was BN |Ilks
fluidised usng a gas mixture of 5545 % heliumar. On e
the base of the assumed operating parameters in the pilot G 4
plant, the ratios of the scading parameters in the pilot plant e

(pp) and the model (mod) were caculated. .

Flue gas outlet combustor

Seperator any
Riser / combustor T
Secondary gas inlet riser

'

Primary gas inlet riser

N NN R

NN\ TT

Fluid-dynamic investigations z 7

a The SCR was messured by switching off the flowrate y

into the syphon which caused a gradudly filling of the :
downcome.

As a result of these experiments it was shown that the SCR depends only on the superficid
veocity in the riser, W, and the totd mass load in the sysem. A new scding parameter was
introduced which enables to ca culate the dimensionless mass turnover defined as.

D
M = _T._ %--.comb (1)
m u,
for awide range of particles, mass loads and ve ocities investigated using:
- W
M=o s —~ +W 2
1+ a_J_-_)Eg
R
with
w =0.0013 x =068,y =0.74,z=354 (3)

Furthermore, experiments were carried out in order to investigate the influence of the PSD on
the SCR. Therefore, sand particles with different PSDs were used. It can be seen that the SCR
isdecreasng if the bed materid contains a higher fraction of big particles.

b) As concluson from the gas cross flow from combudion into the gadfication section
measurements can be said that al gas lesking into the gadfier results from the primary gas
inlet into the combugtor. Decreasng the volumetric flowrate in the primary inlet the gas
leskage can be reduced. Consequently, in order to maintain the circulation rate required, the
flowrate in the secondary inlet has to be increased. Thus, the gas leskage can be decreased
even further. By increasing the flowrate in the gedfier, the lesking gas becomes more diluted,
however, the total amount of lesking gas will be increased.

c) The pressure drop of the modd and the pressure fluctuations were measured. Pressure

fluctuation measurements revedled that a bubble is generated in the gadfier every 2 to 3 Hz
depending on the solid massload, m, in the system.

10



d) Experiments concerning the scaed gasfied biomass reveded that bigger biomass particles
ae not cdreulding into the combustion section a dl, but they are well mixed with the bed
meterid in the gadfier. Only smdl biomass particles are transported together with the bed
materia to the combustion zone.

Determination of the operating parametersin the pilot plant

Oper ating Par ametersfor the Pilot Plant For the operation of the pilot plant the operation
Parameter || Valuefor thepilot plant parameters were determined based on the results
(pilot plant) obtained with the cold model and are listed in the

m 5000 kg/h table below.
m 550 kg

;J/vamb 36783;;? Using the flow conditions, the nitrogen content of
*CUT]b - ()/

V prim 49 mé/h the product gas was estimated to be 2.8%.

V sec 859 1/h

V ges 391 me/h

V ross 13nt/h

Difference between the cold model at TUV and the new designed cold model at UCL

The solid circuletion of the mode in Vienna and in London were compared. The mass flux in
the Audrian unit is much less compared to the newly desgned pilot plant. Furthermore, a
minimum gas cross flow of 5 % of the tota flowrate in the riser was stated while in the unit in
London the gas cross flow is only 1.5 %. From this comparison it can be seen, that these two
cold flow modds are completely different.

Conclusion

Except “Veification of the gpplicability of the exiding scding guiddines’ of the work a
UCL dl task were caried out and gave useful and promising results for the operation of the
pilot plant. Further work has to be caried out in order for better understanding of the
behaviour of the biomass in the sysem. In addition, the results obtained with the pilot plant
will reved if the proposad scaling parameters will give smilarity between a modd and a cold
[aboratory unit.

4.15.2 Task E2: Manufacture and characterisation of catalyst

The objectives of the Task E2 performed at ECPM and UNIVAQ were the development of a
caays in an important quantity to be used to enhance the hydrogen production by biomass
gadfication in afluidised bed.
This catdyst had to meet the requirements of atriple objective:

- to reform methane with CO, and H,O,

- to decrease the tar quartity,

- toregd to attrition.
For that, two catdyst families have been developed.

Part |: Development of the catalyst

Introduction

The perovskite catdysts LaNiFe;-xO3; met the fird and the second requirement when they
were used in a fixed bed reactor. This perovskite catdyst did not resst to the attrition
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phenomena during the tests made in a fluidised bed reactor a I’Aquila and the cadyst
becomes inactive after ashort time.

The second catdys family was directly derived from the olivine with an insartion of nickd in
the initid dructure. Naturd olivine comes from an Audrian mine. It mean formula can be
cadculated with the data, given in the table below, obtained by atomic adsorption. It is close to
(M@p.92F€0.08)2S04 with an iron excess (0.7wt-%) in the form of free iron oxide. It aready
contains smal amount of nickd as wel as of Ca Al or Cr. Its specific surface area is very
smal (< 1nf/g).

Elemeit [Mg |S Fe |Ni Ca |Al Cr
wt-% 30,5 {196 |7.1 |0.19 |0.20 |0.07 |0.08

Preparation and characterisation of the catalysts

Naturd olivine granulometry was chosen between 250 and 600um. Then it was impregnated
by an agueous solution of Ni(NOs)2, 6H,O in excess to obtain a 2.8wt-% of Ni content on
olivine (meassured by aomic adsorption). After the evaporation of the excess water, the
samples have been cacined a various temperatures (400°C, 750°C, 1100°C or 1400°C) for
four hoursin order to form NiO particles and to integrate them into the olivine structure.

In concluson, 2.8wt-% of Ni on olivine ad cacined a 1100°C is the most appropriated
cadys for methane reforming and for it use in fluidised bed gadfier. In fact, cdcination a a
lower temperaiure did not permit to insart dl the nickd. The pat of nickd (free nickd),
which is not inserted in the dliving, is inclined to snter on the surface during the gasfication.
This gntering will srongly decrease the catidys efficency in methane reforming and tar
reduction and increase the carbon formation on the catayst surface.

Cdcination a a higher temperature (1400°C) will integrate the nicke totaly in the support
structure. However, the nicke-gtructure is then very strong and the nickel reduction becomes
impossible below 900°C, temperature used for gadfication. The catalytic sysem will be dso
inactive.

The date of the nickd in the samples cacined a various temperatures is schematised in the
figure below.

750°C Olivine
Calcination at 1100°C
1400°C 4l

Cataytic reactivity of the samples

In order to determine the catdytic activity and dability of the various catadyss in the
conditions of biomass gadfication, the reactions of dry and steam reforming of methane has
been studied.

As a concluson of the results and dso from other experiments, it could be affirmed that
ageing of the NiO/olivine cacined a 1100°C is very good in dry and steam reforming and
that this catalyst could be tested in fluidised bed.

12



Characterisations of the NiO/olivine samples after catalytic tests

The scanning dectron micrographs of the sample cdcined a 1100°C confirm tha the size of
nicke containing particles remained condtant during cadytic tests (dry and steam reforming).
In fact, these particles are better linked and grafted to the olivine surface, which seems to be
smoother. So, no nickel containing particle migration and no Sintering is observed.

The samples present very low carbon contents (adways lower than 1wt-%). Less coke is
formed in dry reforming and after steam reforming with hydrogen, carbon content tends to
increase versus water concentration in the inlet gas mixture.

The state of surface and the low carbon formation explain the good ageing behaviour of this
catayst.

Preparation of alarge anount of NiO on dlivine catalyst
Strasbourg's group prepared 135 kg of NiO/dlivine. The
naturd olivine (400 and 600 nm) is from Magnalithe
GmbH in Audria A cover glass lined ded rotary dryer
as described in the photo besde is used for the
preparation. The total amount of catadys is prepared in
five portions due to the capacity of the reactor (60L).
Nitrate nickd Ni(NOs),,6H,O was dissolved in water
into the reactor. Naturd olivine was added after the
nitrate dissolving. The sample was mixed by the rotation
of the reactor and then heated a 100°C. After
evaporation of the water, the caidyst was take off. The
sample was dried one night in an oven a 120°C and cacined a 1100°C during four hours
after a temperature increase dope of 3°C min. The sample was collected after cooling. The
percentage of Ni was equa to 2.8wt-%. The results of characterisation are in good agreement
with those obtained for catalysts prepared in fewer amounts.

Conclusion of this study

In conclusion, the catalyst containing 2.8wt-% of Ni and calcined a 1100°C for 4 hours has
met the requirements of activity and yidd in syngas and of dability with time of stream
(> 260 hours). In dry reforming with CO,/CH, =1, methane converson reached 95% and
hydrogen yidd were 80% a 750°C. In seam reforming with HO/CHs =1, methane
converson and hydrogen yield was respectively higher than 88% and 75% at 750°C. In deam
reforming with H,O/CHy =3 and H,/CH4 = 2 ratios, methane converson was close to 70%
and hydrogen yield close to 55% at 850°C.

Moreover, 135 kg of NiO/dlivine catayst was prepared with success. High homogeneity and
high NiO—dlivine interaction are obtained. The preparation of this sysem in large amount
shows the ability of the Strasbourg's laboratory to have a good control of the evolution from
laboratory scaleto industria scale for this type of catalyd.

Part I1: Tests in the effective operating conditions

Introduction

The activities have been directed a the acquistion of the knowledge and experience needed
to operate the pilot plant assembled a ENEA premises, where the catayst will be placed
directly in the gadfier. Therefore, they have been focussed to check the capability of the
cadys to dand the particle attrition problems typica for fluidised bed inventories, and the
cydlic exposure to chemicdly reductive and oxidative atmospheres (induced by the circulaion
between the gadfication and combugion zones of the gadfier itsdf) without subgantid loss
of activity. Moreover, the influence of changes in the operating conditions on the yidd and

13



quality of the fuel gas product has been aso investigated.

Asawhole, the work performed can be divided in the following “ sub-tasks’:
Veification of the peformance of perovskite catdyst samples (LaNip sFep703) placed in
a fixed bed reactor downgream of the gadfier, in terms of gas yidd and composition, its
tar content, and carbon deposition on the active surface of the catdyst paticles influence
of the reduction procedures and of dternate exposure to gadfication and combustion
products.
Utilisstion of the above catdyst supported on odlivine paticles in the fluidised bed
inventory of the gadfier; check of catdytic activity and mechanical resstance to éttrition
phenomena
Process sendtivity to changes in mgor operating parameters (the gadfication temperature
and the steam/biomass rétio).
Utilisation of a new generation of Niolivine catalysts (developed by ECPMS as a result
of the previous findings) and check on its performance ether in Seady-date conditions
and in cydlic tests, with intermittent air injection.

The darting point in these activities has been offered by the results and the conclusons of a
previous EU Contract (JOR3-CT95-0037), where the development of a catalyst suitable for
biomass gadfication was deeply investigated both, a8 ECPMS and UNIVAQ. Those studies
ended up with the preparation and testing of the perovskite catdyst mentioned above, which
showed very good activity for tar dedtruction and methane reforming a the operatling
conditions of the gagfication process, and, a the same time, a remarkable capability of its
chemica structure to keep the Nickd particles well dispersed, so avoiding the phenomenon of
coke deposition dmost completely. However, the catadyst developed under the previous
Contract could not be used in a fluidised bed (the particles are rather soft) unless impregnated
on asuitable support.

Experimenta

The process configurations examined are, respectively, a two-step system in which a caaytic
reactor is placed downdream of the gadifier, and a one-step gadficaion and cadytic
converson sysem in which the catdys is introduced directly in the fluidised bed of the
gadfier.

The bench-scde equipment conssts essantidly of the following units a bubbling fluidised
bed gadfier with a continuous biomass feeding facility and a seam generator; a gas cleaning
section with a cycdone, a ceramic candle filter, and a cooling system to separate condensable
components, measurement devices for the continuous monitoring during the gasfication tests
of flow rates, temperatures, pressures, and product gas composition. When the secondary
catdytic reector is utilised (two-step configuration), it is podtioned downstream of the gas
filter.

Ni-olivine catdys resdant to fluidized bed dtrition and to cydic exposure to
oxidation/reduction environments

The evduation of the Niolivine cadys’'s mechanica drength a the temperature levels
encountered in the fluidised bed gadfication process has been peformed by means of
vigorous fluidistion teds each lagting 5 hours, a 800°C and reaively high fluidisation
velocity (U = 0.3 m/s, about sx times the minimum fluidisation velocity). The cadys sample
was weighted before and after each test to obtain the percentage of bed inventory eutriated
(fine particles produced by fragmentation). The dze didribution “after test”, obtaned by
seving the catalyst sample, was adso checked and compared with that obtained before, to
detect any shift towards smdler particle diameters.

14



The results obtained show that the bed loss never exceeded 3% of the whole particle bed
weight, and that the Sze distribution curve, remains practically unchanged.

A fresh sample of the catdys has been utilised for biomass gadfication runs lasting
dtogether more than 12 hours. No sgn of activity loss is detectable from the experimenta
results obtained. In fact, as a steady date gasfication test progresses, an increase in the gas
yield is noticed, probably as a result of improving the reduction state of the Nickd by the
hydrogen present in the gaseous product itself.

The gas production rate is stable with time o operation, dways in the range 1.8 — 2.2 Nnt/kg
of daf biomass. The tar content in the gas is between 0.4 — 0.5 g/Nn? of dry gas, and the
hydrogen volumetric fraction in the dry gas is as high as 50%. It is dso worth noticing that
the water conversion kve is in the range 40% - 50%, which, as mentioned above, indicates a
remarkable cataytic activity.
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Final conclusion
This part of the contract aimed the development of a catalytic sysem. This one is based on a
LaNiFe perovskite catdys, which has shown very good activity in tar destruction and
methane reforming in separated fixed bed reactor.
The catdytic sysem NiO/olivine used a new concept to integrate NiO in the olivine structure.
It was characterized and tested in dry and steam reforming of methane and presented no
deectivation and no coke formation. After these results, it was synthesized in a large amount
(135 kg). Its activity was confirmed in the fluidized bed (2 kg) reactor of UNIVAQ and in the
fluidized bed (35kg) reactor of TUV. The results have confirmed its remarkable activity with
an increase of K concentration of 8% and a decrease of CH, concentration of 3% in the dry
gas mixture. Moreover, tar content over time is divided by 6 or 7 with regard to the tar content
without catalyst and no additiond smdl particles has been formed by attrition.
So, this caidyst meets the requirement of attrition resstance, hydrogen production and tar
degtruction in the effective operating conditions encountered in biomass gadification.

416 TaskF

The objective of task F is to dedgn the experimentd tests a the pilot plant; to define the
Sequence of experimental activities, in order to evaluate the plant performance.
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4.1.6.1 Specification of plant tests

The sequence of the experimenta activities to be performed with the pilot plant includes three
major steps.
- Thefirg tests were addressed to find the standard operation parameters.
Parameter tests, lasting 5 - 10 hours, shoud then be carried out to investigate the influence
of mgor process parameters on the performance of the gasifier.
Findly, long term teds, lagting some days, should be caried out to check the overdl
performance of the integrated system and its reiability.

The firg tests are addressed to find the standard operation parameters. These should be:

feedstock: wood chips
water content of feedstock:  15%

gadification agent: steam
gadfication temperature; 800°C

load: 100% (500kWin)
bed materid: dlivine

Due to the dday in the plant condruction as wel as problems during the experimenta
practices, the consortium decided to do some experiments a the 100kW,, gadfier a TUV,
which has the same design as the pilot plant. These results are included into this report.

4.1.6.2 Analysisof theresults

Experiments at TUV

In November 1999 a new 100kWi, gadfier was indadled a TUV. This gadfier has a amilar
desgn as the pilot plant in Trissia So it was posshle to do some experiments with the
catalyst a TUV in March 2000. ECPMS produced 35kg of catalyst for these experiments. The

cadys was mixed with naturad olivine and used for the experiment. The cadys was not
reduced before the tests.
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flow chart of the 100kW;y, gasifier at TUV

The following parameters were used for the experiment:

fud wood pellets

fud flow 25 kg/h (wet)

deam fud ratio 0.5

gadficaion temperature  770-830°C

bed materia 44% NiO/alivine-catdys in Olivine

The main results of these experiments are shown in the diagrams below.

ifference of mposition: catalyst min
difference of gas composition: catalystminus olivine e time

%
=—co% € L]

1ok

In the diagram above “difference of gas compogtion: cadys minus oliving® the influence of
the catalyst on the gas compodtion is shown. Zero is the gas compostion when only olivine is
used as bed materid. It can be seen clearly that the hydrogen content increases and the content
of carbon monoxide, carbon dioxide and methane decreases.

In the diagram “tar content over time’ the tar content of the product gas is shown. At the
beginning the tar content is about 500 mg/Nm2. When the catalys is reduced by the hydrogen,
which is produced by the gadfication reactions, the tar content goes down to about
300 mg/Nme. It can be clealy seen, that the catdyst has no loss of activity for the
experimenta time of 50 hours.
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The main results of the experimentsat TUV are:
tar content of the product gas. <500 mg/Nm?

hydrogen content: >40 vol%
nitrogen content: <5vol%
attrition of the bed materid: ~0,3 m%/h

Experiments at the pilot plant
In the 500kWth pilot plant a8 ENEA one gadficaion experiment was done. The description of
the experiment is described in task G and the results are described below.

Results of the gasification experiment:

Product gas composition:

A number of samples for the andysis of the gas were collected at the exit of the product gas
blower. The gas conditioning system comprises of a condenser, filter and the suction pump.
The gas andyser is a Gas-Chromatograph. The analyss time is around 20 min, whereas the
sampling time was from 1:40 to 2:00.

Gasdry Sample 01 Gasdry Sample 02
Components (op Components o5
Co, 30.9%6 CO, 20,54
CoHs 197 CHs 1,29
Hz 22.29 Hz 17,43
N, 5.14 N, 20,02
CHy 3.16 CHy 247
co 36.49 co 28,35
Product gas analysis
Gasgry density: 1.2 kg/Nms3
Medium molecular weight gasyry: 26.8
LHV: 7838 kI kgary
Steam content: 0.508 kgsteam/KGQtot
Tar content: 8.9 g/NNPyry, 7.42 g/KGury, 3.65 g/KGiot

The dgnificant difference from the two samples can be dtributed to the product gas filter
cleaning system. The samples were collected during the period when the cleaning system was
in operation, so there was a nitrogen pulse.

Also the gas composition of the product gas is much different from the estimated vaues. This
can be explained by the low gasification temperature and the not Steady dtate of the gasifier.
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Analysis of Tar

The point for the tar sampling is in the top of gedfier. The sampling system comprises of an
inox sed heated line, glass fiber filter, battery bottles and vapour traps before the suction
pump. The tar is collected by condensation in 4 bottles containing Dichloromethane. Two
bottles were at 0°C, and two at —17°C. The dichloromethane solution and the aqueous solution
have been separated. The solutions have been measured and analysed.

Volume of gas collected: 0.080 N
Tar content with evaporation at 80°C b 6.1g/Nn? (dry)
Tar content with evaporation at 35 °C b 8.9 g/NnT (dry)

The dichloromethane solution has been andysed with a GC-MS. The tar contains various
mono and policylic aromatic hydrocarbons, the main are, BTX, Naphthdene, Huoranthene
and Pyrene. The mixture of tar can be assumed to be Naphthdene GoHg so: MW 128.17, Ty
218.2 °C, LHV 40200 kJkg.

Water Solution
The water solution has a pH vaue of 7.5 as well as traces of phenol and Naphthdere. The
water content in the product gasis 1236 g/Nn? (dry).

Materials Flow and Process Conditions.

The main data were obtained from the data acquistion sysem. Other vaue were determined
from energy baance or from cdibration diagram. It has however b be noted that due to short
working time as wel as few vdues effected by erors, cetanly the present tests cannot be
representative of the gasification process.

|Name | Flowrate [kg/h] [T [°C] |P[mbarg] |Power [kW]
In gasifier

Steam 71 290 100 60,2

Productgas |0 100 150 0

Bed 0 10 0 0

materids

Biomass 80 10 0 375,5
In sphone

Steam 34 290 150 28,8

Productgas |0 100 150 0
In combustor

Air 1° 47 400 150 53

Air 2° 210 400 150 23,6

Air 20,6 35 150 0,2

Gasoil 12,8 10 150 151,8
Total in 475,4 Total in 645,4
Out gasifier

|Product gas | 188 |760  [-5 | 347
Out combustor

Flue gas 286 770 |5 78,9
Total out 474 Total out 425,9
Difference I n-out 14 2195
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In-Out Reactor enerqy and mass

Tota carbon in the product gas
Totd hydrogen in the product gas
Esteemed carbon in the biomass

Esteemed hydrogen in the biomass

2.58 kmal/h.
1.19 kmol/h
CsHs.3903.54No.1 PM 138.4 =3.16 kmol/h.
C6H8_3903_54No_1 PM 138.4 =2.20 kmal/h.

Totd water in gagifier 77-111.4 kg/h
Water in the product gas 96 kg/h
Red steam biomassratio 1.05

Moreover, due to short testing time, mass and energy baances could not be completed, i.e.

was not possible to have ared biomass flow rate from weighted storage bin,

pilot plant was not in steady Sate.
Moreover, there was a problem with biomass feeding. The high difference in the energy
balance can be attributed to the incorrect biomass flow rate, product gas and flue gas
combudtible particles, product gas and flue gas nortcombudtible particles, imperfect gas ail
combustion (CO in the flue gas) and energy loss through the insulation, etc.
Conddering the fact that plant’s working period was not long enough to permit a stabilization
of the reactor and the ancillary units, the results presented here are preiminary. In addition the
problems listed bel ow were also encountered during present experimenta test campaign, i.e.

the torch flame was not continuous.

the product gasfilter where the pressure drop increased at very fast rate,
For these reasons the operation was stopped .

The flane was not sable essentidly because the pelets feeding was not continuous. It was
because of pellets humidification and its bresking in biomass powders, so te screw conveyor
didn't work correct. For the same reason the biomass flow rate obtained from the calibration
of the screw was not correct.

The pressure drop of the product gas filter increased a very fast rate. When the filter was
opened, it was observed that some bags were collapsed internally.

The bags were collapsed because some materia (fly coke and fly ash) deposted on the bag
surface. During the previous tests, as in the period before the gadfication operation, the filter
has been worked correctly.

Some materids have been collected from the bags and the bin beow the filter. They have
been andysed. The results showed that the materids were different, essentidly for the organic
phase. In fact, after the extraction with dichloromethane, only 1% of the materid of the bin
went in solution, while for the bag filter 22% went in solution.

Inorganic residue | Organicresidue | DCM Extraction
Bag deposist | 56,70 43,30 22% of total
Bin deposist 4815 51,85 1% of total

The solution extracted from bag materids were andysed in the GC-MS to search its man
components. The main components of the solutions were polycyclic aromatic hydrocarbon, at
three, four or five cycle.

The bailing point of these condituents of tar was in the range 300-500°C. The emperature of
the gas a the exit of product gas heat exchanger was around 220-240°C. Policyclic aromatic
hydrocarbons condensed thus cresting a mis with charcod. The mist deposit on the bag
surface as glue. In the middle of the bag perhaps there was the condensation of hydrocarbons
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with low cycle number because the nitrogen pulse had a temperature around 90-100°C. The
interval of cleaning pulses is 1/min, 0 the bags are dso cooled by the nitrogen. In this way
some bags didn't work, the pressure drop incressed and reached the criticd value where
mechanica resistance was exceeded.

417 Task G

The objective of task G is to cary out the experimentad tests with the pilot plant; and to
implement hardware modifications, when necessary. Parameter tets (5-10 hours) to
investigate the influence of various parameters on the peformance of the gadfier and long
term tests (some days) to study the overal performance of the integrated system should have
been done. On the basis of these tests the pilot plant had to be improved.
In September the firgt tests with the pilot plant were done. For the first tests it was decided to
use dmond shells as fud. The sze and the shape of this fud should not cause any problems in
the fud feeding system. As bed materia Olivine was used.
Different problems occurred during the start up of the pilot plant. While some of these
problems could normaly happen on any generd machine and are not criticd and could be
solved eadly, other associated with product gas filtration line and heating up system were
qU|te serious and thus important. In principle the main problems were:

Damaging of PTFE bags,

Tar condensation on the plant in particular on the product gas blower and dainless

stedl bag;

Long heating up time.

During the experimenta campaign, severd modifications related both to the pilot plant and
plant procedures were adopted and implemented.

Sefety filter of the blower Damaged bag filter
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In January the firgt gadfication experiments were done.
The gasflcatlon test started with biomass feed (wood pellets) at the below conditions:

Combustor temperature 870°C

Gasifier temperature 780°C.

Steam temperature 290°C

Steam siphone flowrate 22 kg/h

Steam gadifier flowrate 69 kg/h

Combustor primary air 40 Nmd/h

Combustor secondary air 180 Nmd/h
The feeder screw conveyor dtarted with a programmed flow rate of nearly 80 kg/h. The
following problems were encountered during the tests.

pressure drop increased very fast in the product ges filter

the siphon was blocked,

after %2 hour, the torch flame was not continuous.
At this stage the operation was stopped because pressure drop a the product gas filter
increesed and the torch flame was not sable. During this time the gas was collected for
andysis. Recorded data during the gasification time is shown in the figures below.

IMPIANTC O STEAM GABIFICATICON-JOULE

Tamparatizs el resticrs

TR

diagram of the test on 23" January 2001
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5 Results and Conclusion

The am of this project was the development of a fluidised bed gasfication process for the
production of ahydrogen rich gas from biomass.

To achieve this am a 500kW;, pilot plant was build and tested, a catadyst for fluidised beds
was developed and fundamental research on the fluid dynamics were done.

The gadfication reactor condsts of two zones, a gadfication and a combugtion zone. The
circulating bed materid serves as heat carier from the combugtion to the gadfication zone.
Steam is used as gadfication agent and a catadys is used as bed materid to increase the
amount of hydrogen and reduce the amount of tar in the product ges. Heat and materid
balances were calculated and the amount of catalyst was defined.

During gart up of the pilot plant problems of different nature related to both the components
and sections of the plant. While some of these problems that could normdly be encountered
on any general machine, were not criticd and could be solved eedly, other associated with
product gas filtration line and heating up sysem were quite serious and thus important. In
principle following were the main problems:

Damaging of PTFE bags,

Tar condensation on the plant in particular on the product gas blower and danless

steel bag;

Long heating up time.

These problems were solved, but it was not possble to do the whole experimenta program,
which was defined in the contract (testing the catdyst as bed materid, usng the fud cdl
together with the gadifier).

The results obtained from the steam biomass gadification during the short time test are quite
clear. Here, the plant was in trandent phase. Moreover, the gadfication started near the low
temperature limits so the tar production was high. Generdly it was demondrated, that the
gasfier produces a gas with a nitrogen content of about 5% and that the necessary circulaion
rate of bed material was reached.

On the cold flow modd a UCL the circulation rate, the gas cross flow and the behaviour of
the biomass was investigated. The results, showed, that the pilot plant was designed well and
will operate as provided. Additiond a new scding parameter was introduced, which enables
to cdculate the circulation rate in dependency of the totd amount of bed materid ingde the
gadfier.

The work of ECPMS and UNIVAQ amed a the deveopment of a cataytic system. Two
catalysts were developed during the project. One is based on a LaNiFe perovskite cataydt,
which has shown very good activity in tar destruction and methane reforming in a separated
fixed bed reactor, but is not resstant to a fluidised bed. The catdytic sysem NiO/olivine used
a new concept to integrated NiO in the olivine dructure. It was characterized and tested in dry
and steam reforming of methane and presented no deectivation and no coke formation. After
these reaults, it was synthesized in a large amount (135Kkg). Its activity was confirmed in the
fluidised bed (2 kg) reactor of UNIVAQ and in the fluidised bed (35 kg) reactor of TUV. The
results have confirmed its remarkable activity with an increase of H, concentration of 8% and
a decrease of CHy concentration of 3% in the dry gas mixture. Moreover, tar content is
divided by 6 or 7 with regard to the tar content without catayst and no additiona smdl
paticles has been formed by attrition. So, this catdyst meets the requirement of attrition
resgance, hydrogen production and tar destruction in the effective operating conditions
encountered in biomass gasification.
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Generd the results of this project are:

- A pilot plant with a therma power of 500kW was build and the first experiments were
done. These tests showed, that the circulation rate can be reached easly and tha the
nitrogen content in the product gas is below 5%.

- At thework on the cold flow modd anew scaling parameter was introduced.

- A new catdys for fluidised beds was developed and tested. This catayst showed good
activity in reduction of tars and increase of hydrogen.
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6 Exploitation plans and anticipating benefits

The research groups involved in the project include academic and industrid partners. The two
indugtria  partners (AE&E and CLC Ansddo) ae primarily interested in the commercid
exploitation of the systems to be developed through the R&D and Demondration Phases of
the project (gadifier, fue cdll).

There are mainly 3 parts of the project which will be commercidly exploited:
The gadifier, which produces amedium caorific gas with a high hydrogen content
The integration of the fud cdl into the process, including product gas trestment to reach
fud cel gas quality requirements, for clean power and heat generation
A cadys for gadfication in fluidised beds, which increases the amount of hydrogen and
decreases the amount of tars.

AE& E interests

AE&E provides complete solutions in the fidd of power sysems and environmenta
technology, and has much experience in building fluidised bed combustors. AE&E did in
their whole hisory much research in different fields.

At the moment Audtria is one of the leading countries in using bioenergy. The most common
utilisation of biomass for energy is combustion for hesting gpplications. In Audria a law
named ELWOG declares, that till 2007 the eectricity from renewable energy has to be
increased to 4%. For this job AE&E is deveoping the biomass power dation, which utilises
the dud fluidised bed gasfication sysem to achieve high efficiency. At the moment there is a
demondration plant under congruction. It will have 8MW;, and will be dtuated in Glssing,
Burgenland. In this plant a gas engine will be used to produce eectricity from the gas. The
plant will go in operation in September 2001. For this scaing up step the results of the
500kW; gasifier in this project were very important.

Ansaldo interests

Concerning the group, research on both fud cdls and gas cleanup systems, the two subjects
of present project, are dill activdly peformed. Paticulaly Ansddo Ricerche, the group
research company, is working since early eighties on fue cels, as well on gas combugtion and
gas clean-up technologies, and is now developing one of the most promising European molten
carbonate fuel cdl technology (the MOLCARE Project, financed by the EC), while now
entering the specific fidd of the gasification product gas clean-up.

The potentia of the technology investigated within this project is therefore well consdered in
the Ansado Group, and proper actions will be taken in a suitable way, not only to fulfill
present CLC contract obligations, but aso to take such technology to the market, obvioudy if
consdered suitable for ared commercia application.

Fud cdl coupling with a biomass gadfier gives the best potentid for low environmenta
impact and high converson efficiency. The dud bed steam gadfier technology investigated in
this project is the most suitable one to give the high hydrogen yidds and product gas purity
required by fud cels.

One of the targets of this project was therefore to demondirate that such gasfier can generate
product gas characteristics sufficiently good for feeding afue cdll.
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The sze of the pilot plant is suitable for a Molten Carbonate Fud Cél, which is a the
moment under development. The MCFC is a technology more suitable to be coupled with a
gadfier, dnce it operaes a temperature closer to the gasfier ones, and uses CO directly
ingtead of requiring CO shift as PAFC does, even less mature and therefore more expensive a
present.

catalyst

ECPMS and UNIVAQ got a patent of the catdys. This catdys is a new invention, which
was devoloped during this project. It decreases the content of tar and increases the content of
hydrogen in the product gas. The novdty of this cadyd is, tha it can be used direct in the
fluidised bed and no secondary reactor is necessary. This is a important improvement for the
area of gadfication, because the secondary cracker will not be necessary anymore, if this
catdyst will be used.

Clean Energy from Biomass

Mogt partners of the consortium of this project are in the following project “Clean Energy
from Biomass’ (ENK5-CT2000-00314). The objective of the project is Biomass-Gadfication
and Fud-Cdl coupling via high-temperature gas cleatup for decentrdised eectricty
generation with improved efficiency.

The project is amed a gudying the integration between biomass gadfication and fud cdl;
this is rdevant for the development of biomass converson technologies and efficient, reliable
and cog effective fud cdl systems, which are both listed among the priorities under the Key
Action 5 of the EU 5" Framework Programme (Cleaner Energy Systems, Renewable Energy
Sources).

To prove the technicd feaghility of this integration, the exiding pilot plant will be modified,
which incudes catdytic biomass steam-gadfication, hot gas cleanup, and coupled with
a 125 kWg molten carbonate fud cdl. Ancillary research activities will be focussed on key
aress of direct relevance to the optimisation of the plant scheme and performance.
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