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Abstract

The Energy research Centre of the Netherlands (ECN) has developed a novel technology
for the methanation of gas from biomass gasification. The ECN System for MEthanation
(ESME) is especially designed for gas from fluidized bed gasifiers such as Bubbling
Fluidized Beds, Circulating Fluidized Beds and allothermal gasifiers such as the ECN
MILENA process or the FICFB process developed by the Technical University of Vienna.

In October 2014 a duration test of 500 hours has been successfully performed with
3 kW producer gas generated in the ECN MILENA gasifier and cleaned in the OLGA tar
removal system. The gas composition after the methanation section is at chemical
equilibrium. Little or no reduction in catalytic activity has been observed after 500 hours
of operation under realistic conditions.

This milestone paves the way for the scale-up of bioSNG production. In particular, a
consortium formed by ECN and a number of partners intends to build a 300 m3/h
(~3 MW) SNG pilot-scale facility.

‘Although the information contained in this report is derived from reliable sources and reasonable care
has been taken in the compiling of this report, ECN cannot be held responsible by the user for any
errors, inaccuracies and/or omissions contained therein, regardless of the cause, nor can ECN be held
responsible for any damages that may result therefrom. Any use that is made of the information
contained in this report and decisions made by the user on the basis of this information are for the
account and risk of the user. In no event shall ECN, its managers, directors and/or employees have any
liability for indirect, non-material or consequential damages, including loss of profit or revenue and loss
of contracts or orders.’



Summary
1 Introduction
2 Experimental layout, methods and test conditions
2.1  Overview of the experiment
2.2 MILENA gasifier
2.3 OLGA tar removal system
2.4 ESME system
3 Test results
3.1  MILENA performance
3.2  OLGA performance
3.3  ESME performance
4 Conclusion
References
Appendices
A. Gas composition over the ESME system in weeks 1 and 4

Contents

Z ECN  ECN-E--15-008

13
15
15

18

18

19

25

44

46

47



Summary

The Energy research Centre of the Netherlands (ECN) has developed a novel technology
for the methanation of gas from biomass gasification. The ECN System for MEthanation
(ESME) is especially designed for gas from fluidized bed gasifiers such as Bubbling
Fluidized Beds, Circulating Fluidized Beds and allothermal gasifiers such as the ECN
MILENA process or the FICFB process developed by the Technical University of Vienna.
The main parts of the system have been tested downstream an atmospheric gasifier.
Parts not yet included are CO, and H,0 removal and a final methanation step at higher
pressure to reduce the H, content.

The gas from the gasifier is compressed to approximately 6 bar after tar and water
removal. This first compression step will not be needed if the gasifier operates at a
similar pressure. A hydrodesulphurisation (HDS) catalyst is applied to convert organic
sulphur compounds into H,S and COS. The HDS catalyst also hydrogenates alkenes and
alkynes into alkanes. After complete sulphur removal, aromatic hydrocarbons (e.g.
C¢He) are reformed and some of the CO and H, is converted into CH, in the prereformer.
In this reactor, reforming and methanation take place at the same time. This has the
advantage that the heat from the methanation reactions can be used to reform the
aromatic hydrocarbons. In the methanation reactors, CO, CO, and H, are converted into
CH, and H,0.

The ESME system has been extensively tested. In October 2014 a duration test of 500
hours was successfully performed with producer gas generated in the ECN MILENA
gasifier and cleaned in the OLGA tar removal system. The gas composition after the
methanation section is at chemical equilibrium. Little or no reduction in catalytic activity
has been observed after 500 hours of operation under realistic conditions.

The methane content increases from 12% vol.(dry basis) after the gasifier to almost 40%
vol. dry over the ESME system. CH, production takes place not only in the methanation
reactors, but also in the prereformer. This has a positive consequence on the heat
balance of the prereformer, since the heat released in the exothermic methanation
reactions is supplied to the endothermic reforming reactions. Following similar trends,
the CO, content increases from 28% vol. dry to 51% vol. dry along the ESME system.



CO is almost totally converted in the system from the initial ~25% vol. dry down to
approximately 130 ppmv dry. The main conversion is produced in the prereformer,
where CO decreases from 25% vol. dry to less than 5% vol. dry. The H, content slightly
decreases in the HDS reactor, increases again in the prereformer (where steam is
added), and is converted down to ~2% vol. dry in the methanation reactors. The main
H, conversion takes place in the first methanation step. C,H, and C,H, are completely
hydrogenated to C,Hg in the HDS unit. In the prereformer, C,Hg is converted into CH,.

The produced SNG should undergo further steps which include H,O removal, CO,
removal (e.g. by amine scrubbing or ECN regenerative dry adsorption), high-pressure
methanation and complete drying, prior to the injection of SNG into the grid.

It has been found that the catalytic activity of the prereformer and methanation units
remains constant after 500 hundred hours operation regardless of the inlet producer
gas composition. In case of the HDS catalyst, some loss in activity is observed in the first
part of the reactor, but it may be caused by movement of the catalyst surface with
respect to the gas sampling point. Post-test analysis showed some carbon deposition at
the catalyst surfaces, but negligible carbon accumulation in the two reactors where
catalyst weights were determined before and after the test.

This milestone paves the way for the scale-up of bioSNG production. In particular, a
consortium formed by ECN and a number of partners intends to build a 300 m>®/h SNG
pilot-scale facility in the Netherlands.
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Introduction

SNG (Substitute Natural Gas, or Synthetic Natural Gas) is defined as a gas containing
mostly CH,4 (> 95% vol.), with properties similar to natural gas, which can be produced
from thermochemical gasification of coal or biomass coupled to subsequent
methanation. SNG can be cheaply produced at large scale, and is a storable energy
carrier, thus enabling whole year operation independently of fluctuations in demand.

Due to its interchangeability with natural gas, the use of SNG has a number of
advantages over the direct use of coal or biomass. SNG can be injected into the existing
grid and easily distributed for transport, heat, and electricity applications. SNG can also
be efficiently converted in a number of well-established end-use technologies. Just as
natural gas, SNG produces low emissions and has a high social acceptance [1][2][3][4].

The overall efficiency of conversion from biomass to SNG can be up to 70% in energy
basis [5][6][7]. SNG is not only an attractive, versatile energy carrier for bioenergy, but
also can be used for storage of surplus power from renewable sources (e.g. solar, wind).
This is a version of the so-called “power-to-gas” concept, where excess power produces
H,, which can be added to an existing SNG-plant to convert additional CO, into CH,.

The Energy research Centre of the Netherlands (ECN) has been working in the last years
on the development of a technology for the efficient production of SNG from biomass
gasification. The MILENA indirect gasification and the OLGA tar removal system are the
main achievements of this extensive research and development work. Recently, ECN
has developed and patented a novel technology for the methanation of gas from
biomass gasification. The ECN System for MEthanation (ESME) is designed especially for
gas from fluidized bed gasifiers such as Bubbling Fluidized Beds, Circulating Fluidized
Beds and allothermal gasifiers such as the ECN MILENA process or the FICFB process
developed by the Technical University of Vienna. The main parts of the system have
been tested downstream an atmospheric gasifier, in which case the gas from the
gasifier has to be first compressed to approximately 6 bar after tar and water removal.
However, this first compression step will not be needed in the case of pressurized
gasification operating at a similar pressure.
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Clean, compressed gas from the biomass gasifier is directed to the hydro-
desulphurisation (HDS) unit. The HDS catalyst converts organic sulphur compounds into
H,S and COS, and also hydrogenates alkenes and alkynes into alkanes. After complete
sulphur removal, aromatic hydrocarbons (e.g. C¢Hg) are reformed and some of the CO
and H, is converted into CH, in the prereformer. Reforming and methanation take place
at the same time, with the advantage that the heat from the methanation reactions can
be used to reform the aromatic hydrocarbons. Finally, in the methanation reactors, CO,
CO, and H, are converted into CH, and H,0.

The ESME configuration as described above has been extensively tested. In October
2014 a duration test of 500 hours has been successfully performed with 3 kW producer
gas from the ECN MILENA gasifier and the OLGA tar removal system. This report
highlights the main results obtained.



2

Experimental layout,
methods and test conditions

2.1 Overview of the experiment

In October 2014, an extensive endurance test was carried out at the laboratories of the
ECN Biomass and Energy Efficiency Unit in order to prove the ESME concept for bioSNG
production under realistic conditions. The test was performed in autonomous
operation, with operators present for about 10 hours on working days and for about
2 hours on weekend days.

Figure 1 shows the layout of the experimental system. Producer gas was generated in
the 30 kW MILENA indirect gasifier using beech wood as feedstock. A slipstream of the
producer gas (~1 ng/h) was used for SNG production. Dust was removed from the gas
by a hot gas filter operating at 400°C, and tars were removed by the OLGA system.
Subsequently, the gas was cooled down to 5°C to remove most of the water vapour,
passed through a soxhlet filter to remove aerosols, compressed to approximately 6 bar
and directed towards the ESME reactors. The test rig contains a hydrodesulphurisation
(HDS) unit, a sulphur removal unit (ZnO adsorption), a guard bed, a prereformer, and
two methanation reactors.

MILENA, OLGA and HDS started operating on 30 September. On 1 October, tar guideline
and SPA samples were taken over the OLGA and the HDS system. The prereformer and
methanation reactors were taken into operation on 2 October. SPA samples were taken
several times until the endurance test finished on 26 October. After the endurance test,
tar guideline and SPA samples were taken again over the OLGA and the HDS system on
10 November.

Table 1 summarizes the number of operating hours for each of the main units in the

period from 30 September to 26 October. As can be seen, the whole system (MILENA,
OLGA, HDS, prereformer, SNG-1 and SNG-2) achieved more than 500 hours operation.
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Figure 2 shows the running time for each of the components. Areas shaded in white and
red correspond to shutdown/maintenance periods.

Table 1: Number of operating hours of the system

Number of operating hours

MILENA OLGA HDS SNG-2

580 570 560 515

The dry gas composition was monitored continuously at a number of positions (see
Figure 1) with three sets, each consisting of a micro GC and five gas monitors. The gas
moisture content was determined from the amount of water condensed in the gas
sampling system and in the cooler between OLGA and the HDS reactor. Concentrations
of NH; and HCN were determined several times by capture in acid and basic solutions,
followed by wet-chemical analysis. Near the HDS reactor, gas samples were taken
regularly for GC-FPD analysis to determine concentrations of light sulphur compounds.
Tar guideline and SPA samples were off-line analysed for tar compounds as well as for
organic sulphur- and nitrogen compounds.
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2.2 MILENA gasifier

A schematic diagram of the MILENA indirect gasifier is shown in Figure 3. MILENA
consists of a riser, where the fast devolatilization/gasification of biomass takes place,
and a BFB combustor, where the remaining char is burned. In the settling chamber,
solids (char and bed material) are separated from the producer gas and recirculated to
the combustor via the downcomer. Heat is transferred between the combustor and the
riser through the circulation of bed material [6]. The lab-scale reactor is provided with
heat tracing in order to compensate for heat losses. The main advantages of MILENA
include the total conversion of the fuel and the production of a nearly N,-free gas
without the need for an air separation unit in an integrated design.

Producer gas
Argon
»>

Flue gas
>

Primary combustion air
-«

Biomass + flush gas
—

Steam T

Figure 3: Schematic layout of MILENA gasifier

For the 500-hour test, Austrian olivine was used as bed material. The fuel was
Rettenmayer beech wood [8]. Two different fuel bunkers were used during the
experiment for the biomass feeding: a 24-hour bunker which allowed continuous
operation, and a back-up 5-hour bunker used while the 24-hour bunker was refilled.
Steam (0.85 - 1 kg/h) was used as fluidizing gas in the riser. CO, (1 NL/min) was used as
flush gas in the fuel screw and in the steam generator. Argon (1 NL/min) was injected as
tracer gas for molar balances. In the combustor zone, approximately 110 NL/min
primary air was used to oxidise the char circulated from the riser zone. Figure 4 shows
the frequency of the main fuel screw motor drive, and the steam and air flows over the
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test period. Figure 5 shows the average fuel flow, calculated from the total amount
used over 4 to 5 day periods.
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Figure 4: Reactant flow rates in the MILENA gasifier and frequency of the feed screw motor drive of the

main fuel bunker over the experiment
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Figure 5: Beech wood flow rate fed to the MILENA gasifier



2.3 OLGA tar removal system

OLGA is a system for the removal of tars based on oil scrubbing in a series of reactors,
called collector, absorber and stripper. The lab-scale system contains an additional
reactor between the collector and absorber (VIVA column) for the removal of aerosols.
The collector removes heavy tars and particles. The absorber removes light tars, and the
oil is regenerated in the stripper using N, as stripping medium. A slipstream of
approximately 1 Nm>/h producer gas from MILENA was directed to OLGA and the
downstream system. Neon (5 mNL/min) is injected as tracer gas before the OLGA
system to be able to check molar balances over the downstream system. The OLGA
collector operated with an axial temperature profile ranging from 85°C to 250°C. The
performance of OLGA was evaluated by tar guideline and SPA sampling carried out
before and after the 500-hour test and by SPA sampling during the test.

2.4 ESME system

2.4.1 Introduction

As depicted in Figure 1, the ESME test rig consists of a hydrodesulphurisation (HDS) unit
for the conversion of organic sulphur compounds and the hydrogenation of alkenes and
alkynes, a H,S removal unit, a guard bed, a prereformer for the conversion of aromatic
hydrocarbons (and simultaneous methanation), and two methanation reactors.

All reactors are provided with external trace heating to compensate for heat loss, and a
series of thermocouples to measure the axial temperature profile over the reactors. The
H,S removal unit (R11) contains a commercial ZnO adsorbent and is kept at a
temperature of 200°C. The guard bed (R12) contains an adsorbent developed by ECN.
Figure 6 displays the location of the thermocouples and trace heating zones in the main
ESME reactors: HDS, prereformer (R13) and methanation units (R14 and R15).
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Figure 6: Scheme of heating zones and location of thermocouples in ESME reactors. Diameter HDS unit:
78 mm; diameter R13, R14, and R15: 56 mm

Gas from OLGA is cooled to 5°C to remove (most of) the water. The dry gas is
compressed to about 6 bar by a frequency-regulated compressor. The gas flow varies
over time when the flow resistance over the system changes. Flow resistance varies
mainly over the hot gas filter upstream OLGA and over the soxhlet filter which protects
the gas meter. Filters are replaced or cleaned once or twice per day.

2.4.2 Hydrodesulphurisation (HDS) unit

The HDS unit is a catalytic fixed-bed reactor with three external trace heating zones to
compensate for heat loss and provided with thermocouples along the reactor axis (see
Figure 6). The HDS catalyst used is a commercial CoMoO catalyst. The HDS catalyst
converts the organic sulphur compounds (e.g. thiophene) into mainly H,S and COS, and
hydrogenates alkanes and alkynes into alkanes (e.g. C,H, and C,H, into C,Hg). The water-
gas shift (WGS) reaction can also proceed in this reactor. The produced H,S is removed
from the gas downstream in a conventional ZnO adsorption bed and a guard bed. The
HDS unit is operated at approximately 6 bar. The trace heating zones were set at 280°C,
420°C, and 460°C. The target flow rate of gas entering the ESME system is 11-12 NL/min
in order to keep a GHSV (Gas Hourly Space Velocity) of 200-250 h™.

2.4.3 Prereformer unit, R13

The prereformer unit is a catalytic fixed-bed reactor with two external trace heating
zones to compensate for heat loss and provided with thermocouples along the reactor



axis (see Figure 6). The reactor is filled with a commercial Ni-based prereforming
catalyst ( 19 mm x 12 mm pellets). Steam is added to the gas upstream the reactor.
The amount of steam was set at 575 g/h to obtain a gas composition that should
prevent carbon formation according to thermodynamic equilibrium calculations. The
trace heating zones of the reactor were set at 340°C and 510°C. GHSV was
approximately 2000 h' (~1500 NL/h wet gas over ~0.8 L catalytic bed). The moisture
content of the gas after the prereformer was regularly determined by gravimetric
measurement of the condensate collected in the gas analysis system.

2.4.4 Methanation reactors, R14 and Ri15

The methanation units R14 and R15 are catalytic fixed-bed reactors with two external
trace heating zones to compensate for heat loss and provided with thermocouples
along the reactor axis (see Figure 6). Both reactors contain a commercial Ni-based
catalyst (¢ 4 mm x 5 mm), different from the prereforming catalyst. The reactors were
operated at a GHSV of approximately 2000 h™.The trace heating zones of R14 were set
at 230°C and 380°C, whereas the heating zones of R15 were set at 240°C and 290°C.

Z ECN ECN-E--15-008 Experimental layout, methods and test conditions 17
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Test results

3.1 MILENA performance

Figure 7 displays the temperatures in the MILENA gasifier over the test. As can be seen,
the gasifier riser temperature was ~830°C, whereas the combustor was kept at
approximately 910°C. The regular addition of olivine into the bed to counteract the loss
of bed material caused spikes in the bed temperatures. Apart from this, the operation
of the gasifier was stable throughout the test.
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Figure 7: MILENA reactor temperatures over the whole test period

The composition of the producer gas from MILENA is displayed in Figure 8. As can be
observed, the CH, concentration is very stable, around 12% vol. (dry basis). However,
the H,, CO and CO, contents show varying trends in time. These changes are explained
by the activation process of the bed material, which leads to a decrease in CO



concentration and an increase of H, and CO, concentration over time. Whenever the
bed is refilled with fresh olivine (e.g. after shutdown or maintenance), the gas
composition gets back to the original values (high CO, and low H, and CO, values), and
progressively tends again to higher H,/CO ratios over time. The water content in the
producer gas (determined from the condensate collected in the gas analysis system and
in the cooler between OLGA and the HDS reactor) stayed around 32% vol. (wet basis)
throughout the test.
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Figure 8: MILENA producer gas composition over the whole test period

All in all, MILENA showed a stable, reliable operation along the experiment. The main
difficulties found are related to the loss of bed material in the producer gas, which
required periodic cleaning of the afterburner in which most of the MILENA gas is
burned.

3.2 OLGA performance

Figure 9 shows the temperatures along the OLGA collector over the endurance test.
From the temperature trends it can be observed that the OLGA operation over time,
although satisfactory, was not really stable. There are two main causes for the
temperature trends: a gradual change in oil composition and viscosity, and daily
variations in the producer gas flow due to periodic fouling and cleaning of the hot gas
filters. However, the average axial temperature profiles (see Figure 10) show that the
OLGA collector temperature kept approximately stable during the long-run test. Only
temperatures during week 2 are somewhat different.

Tar Guideline samples and extracts of SPA samples were analysed by GC-FID for tar

compounds. Concentrations are determined by comparison with a reference sample
containing compounds in known concentrations. In total, 30 peaks are identified with
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specific tar compounds. Contributions by unidentified peaks are estimated with the use
of the response factor for compounds within the same range in the chromatogram.
Here, results are presented for benzene, toluene and naphthalene, and for groups of
compounds as explained in Table 2.

Figure 11 and Figure 12 present results from SPA samples taken before, during and after
the 500 hours test at the OLGA inlet and outlet.

Table 3 compares results from Tar Guideline and SPA samples, taken after the 500
hours test on 10 November. These results show that OLGA reduces the tar content (on
dry basis) from about 30 g/Nm?’ to about 1 g/Nm®, with the remainder after OLGA being
mainly 1-ring compounds.

Tar Guideline results of 10 November for benzene and toluene are in reasonable
agreement with microGC data (4200-4600 ppm vs 6200 ppm for benzene, 290-330 ppm
vs 370 ppm for toluene). Results from 1 October (not shown) agreed within 10%. Tar
Guideline data from wet gas (OLGA out) tend to be 10% to 15% lower than those from
dry gas (HDS in). Usually, sampling of wet gas should not be a problem. However, in
order to push the detection limit for sulphur compounds, large gas to liquid ratios were
used. This resulted in a sample moisture content of about 20% which did hamper the

tar analysis.
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Figure 9: OLGA collector temperature over the whole test period. Entrance and exit temperatures are
given by T108 and T100A, respectively
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Table 2: Ordering of tar compounds in groups as used in this report

Group Tar compounds

Other 1-ring  Ethylbenzene, m/p xylene*, o-xylene & styrene*, phenol, m/p-cresol*.
o-cresol & indene*#

Other 2-ring 1- and 2-methylnaphthalene, biphenyl, 2-ethenylnaphthalene

3-ring Acenaphthylene, acenaphthene, fluorene, phenathrene, anthracene

4-ring Fluoranthene, pyrene, benzo(a)anthracene, chrysene

5-ring Benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene,
benzo(a)pyrene, perylene

6-ring Indeno(123-cd)pyrene, dibenz(ah)anthracene, benzo(ghi)perylene

Unknown-1 Unidentified peaks between benzene and naphthalene

Unknown-2 Unidentified peaks between naphthalene and phenanthrene

Unknown-3 Unidentified peaks between phenanthrene and pyrene

Unknown-4 Unidentified peaks between pyrene and benzo(e)pyrene

E3

These compounds produce a peak in the chromatogram which cannot be separated in individual

contributions.

* Indene is a 2-ring compound which is included here, as its contribution cannot be separated from that of o-

cresol.
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Figure 11: Concentration of 1-ring tar compounds and naphthalene in producer gas before and after

OLGA tar removal
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Figure 12: Concentration of 3-, 4-, and 5-ring tar compounds in producer gas before and after OLGA tar

removal




Table 3: Concentration of tar compounds in producer gas by Tar Guideline and SPA sampling after the
500 hours test on 10 November 2015. Results in mg/Nm3 after tar removal (OLGA out) and after
subsequent cooling to 5°C for water removal (HDS in)

OLGA in OLGA out OLGA out HDS in HDS in

#

Compound SPA Guideline SPA Guideline SPA
Benzene 1610 14450 3540 15960 7100
Toluene 400 1190 890 1365 1505
Other 1-ring 3740 423 377 373 484
Naphthalene 9405 272 238 86 189
Other 2-ring 1445 29 0 10 0
3-ring 6320 33 31 2 7
4-ring 2690 23 0 0 0
5-ring 1090 4 0 0 0
6-ring 430 0 0 0 0
Subtotal except

25120 783 646 471 679
benzene and toluene
Unknown-1 720 177 0 109 104
Unknown-2 1930 21 114 3 111
Unknown-3 1605 0 21 0 14
Unknown-4 2120 5 26 0 21
Total except benzene

31495 986 795 583 930

and toluene

SPA results for benzene and toluene are too low, as usual when standard SPA material
is used. Results are lowest at the OLGA inlet, where the gas is hot and wet, and highest
at HDS in, where the gas is cold and dry. The group with other 1-ring compounds
behaves differently, probably mainly due to the inclusion of indene in this group. There
is good agreement between Tar Guideline and SPA results for other 1-ring and heavier
compounds.

Cooling to 5°C not only improves capture of benzene and toluene by the SPA material,
but it also removes 50 to 75% of naphthalene and virtually all of the heavier tar
compounds that are still present after tar removal. In case of naphthalene, the limited
height of the lab-scale OLGA does not allow sufficiently deep removal to prevent
condensation of remaining vapour on cooling to 5°C." The heavier tar compounds
escape capture in OLGA by aerosol formation. The aerosols are removed in the cooler
and by the soxhlet filter mounted for protection of the gas meter and compressor.
Figure 11 and Figure 12 make clear that on 10 October aerosol formation was worse
than on the other days. The sub-optimum performance is caused by a mismatch
between the required liquid flow and the capacity of the pump used, which makes it
difficult to tune the liquid flow when conditions change.

The Tar Guideline samples and extracts of SPA samples were also analysed for organic
compounds containing sulphur (S) or nitrogen (N), using GC-MS. Table 4 shows results

' On 1 October, naphthalene vapour pressure downstream OLGA remained even higher (see Figure 11) due to
incorrect setting of the operating temperature at 10° above the intended value.
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downstream OLGA and upstream the HDS reactor after the 500 hours test on 10
November.

Table 4: Concentration of organic S and N compounds in producer gas by Tar Guideline and SPA
sampling after the 500 hours test on 10 November 2015. Results in mg/Nm? before tar removal (OLGA
in), after tar removal (OLGA out) and after subsequent cooling to 5°C for water removal (HDS in).

OLGAin OLGAout OLGAout HDS in HDS in

#

Compound SPA Guideline SPA Guideline SPA
Thiophene 2.2 29 6.1 38 11.9
2- + 3-methylthiophene 0.25 1.1 0.6 14 1.1
Benzothiophene (BT) 21 0.6 0.6 0.34 0.5
2- + 3-methyl-BT 0.7 <0.06 <0.1 <0.03 <0.1
Dibenzothiophene (DBT) 7.6 0.17 0.16 0.02 <0.05
2- + 4- methyl-DBT 0.34 <0.05 <0.1 <0.03 <0.1
4,6 dimethyl-DBT <0.05 <0.02 <0.05 <0.02 <0.05
Benzo(b)naphtothiophene 1.3 0.18 0.3 <0.04 <0.15
[21-d, 12-d and 23-d]

Pyridine 108 55 49 10.3 12.1
2-, 3- + 4-methylpyridine 17 2.9 4.1 0.6 <1.7
(iso)quinoline 60 1.3 13 0.1 <1

From previous experience it is known that SPA material cannot be used for quantitative
determination of the lighter S compounds thiophene and methylthiophene. This is
confirmed by the present data. There is good agreement between Tar Guideline and
SPA results for heavy S compounds and for N compounds, but not for thiophene and
methylthiophenes.

Tar Guideline results for thiophene and methylthiophenes on 10 November correspond
to 8 - 10 ppm and 0.3 ppm respectively. No GC-FPD data are available from the same
date, but GC-FPD analyses made during the last week of the 500 hours test consistently
showed around 20 ppm thiophene and 1.5 ppm methylthiophenes. Tar Guideline
results from 1 October (not shown) also were 40% and 70% lower than GC-FPD data.
The differences are larger than observed for benzene and toluene, where results are
similar or at least within 20 to 30%. At present, we cannot explain why Tar Guideline
results for thiophene and methylthiophene deviate so much from GC-FPD data.’

Table 4 also shows SPA results before tar removal. Clearly, OLGA removes most of the
heavier S and N compounds. The remaining traces are removed by the cooling step and
the soxhlet filters between OLGA out and HDS in. The same is observed for heavy tar
compounds (see Table 3). Only a small fraction of benzothiophene remains, which is
similar to what is observed for naphthalene. The cooling step also removes a significant
fraction of pyridine and methylpyridines. That is probably due to their water miscibility.

The cooling step also affects the NH; and HCN concentrations in the producer gas.
Results will be shown below in the section on HDS performance.

? possibly, the non-linear response of the GC-FPD, or the calibration of the GC-FPD or GC-MS are responsible.



3.3 ESME performance

3.3.1 Flow, pressure and pressure drop

As mentioned in Section 2.4.2, the target dry gas flow rate entering the HDS reactor was

11-12 NL/min in order to keep the GHSV within a narrow margin. The actual flow is

displayed in Figure 13. As can be seen, the gas flow was kept close to the intended

value. However, at closer look, some fluctuations over time can be observed. Such

variations are due to several factors, which include adjustment of the gasifier pressure,

changing flow resistance over the filters located upstream the gas compressor, and

changes in compressor frequency to keep the flow as intended.

\i" T

flow Inlet HDS [NL/min]
o0

Gas

3.,3' | f’ _?Jﬂ'

¥

Date

G llow [INL/min)

Gan flow [N/ min)

Figure 13: Dry gas flow into the HDS reactor over the whole test period
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Figure 14: Pressure and pressure drop in the ESME reactors over the whole test period

In Figure 14 it can be observed that the pressure over the ESME system (from inlet of
the prereformer to outlet of the second methanation step) was kept approximately
constant throughout the test around 5.6 bar. Similarly to the inlet flow, small variations
over time were observed. The fluctuations of flow and pressure can have an effect on
the temperature profiles of the ESME reactors. On average, the pressure drop Apiz.i6
also remained constant over time. All the graphs reported in this section point out at
the stability of operation of the whole methanation system.



3.3.2 HDS performance

Temperature
Figure 15 displays the temperatures of the HDS reactor over time. The average axial
temperature profiles in the four test weeks are shown in Figure 16.

500 500
- WiEEe 3 WEEK 2 WEEX
[
_" in
; ,
E &k e
4
aso F E= A 3 450
- -
S ]
— 9 ]
o - 4
— - 4
¥ a00 F i 400
3 s 3
c H 3
w 4 4
> -
g E —n :
S 30 p —T2 { 350
8 : \E} 3
T } —Ta .
E —Ts :
b 16 W vk P :
00 P 4 300
F — :
j b, 4
. To Lo o s .
[ —T10 :
b -
250 Do - S - 250
3009 310 610 910  12/10  15/10  18/10 2110  24/10 27010

Date

Figure 15: HDS temperature over the whole test period
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Figure 16: Evolution of HDS axial temperature profile in 4 test weeks. Data averaged over the periods
shown in Figure 15

As can be seen in Figure 6, T1, T2 and T3 measure the gas phase temperature (empty
part of the reactor), whereas T4-T10 are located within the catalytic bed. This is the
reason why a steep increase in temperature can be observed between T3 and T4 in
Figure 16. All graphs show in general a very stable operation of the HDS reactor. The

ZECN  ECN-E--15-008

Test results 27



28

irregular behaviour at T4 is the result of changes in the composition of MILENA
producer gas, which lead to more heat production when the CO concentration is high
and vice versa (compare T4 with CO concentration in Figure 8).

Light sulphur compounds

Figure 17 shows the concentration of H,S and COS in producer gas at the entrance and
exit of the HDS reactor. The CoMoO catalyst in the HDS reactor adsorbs H,S and COS
from the gas for the first 200 to 250 hours of the test. From that point on, the H,S
concentration upstream and downstream the reactor are about the same
(breakthrough). However, the COS concentration increases by about a factor 2. This
effect was not seen in earlier, shorter tests.
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Figure 17: Concentrations of H,S and COS upstream (in) and downstream (out) HDS reactor, according

to micro-GC measurements
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Figure 18: Concentration of COS upstream and along HDS reactor, according to GC-FPD measurements

Figure 18 shows results for COS obtained at about daily intervals by GC-FPD. They
confirm micro-GC results and show that high COS concentrations are already seen



within 50 hours at the top of the HDS reactor (HDS 10%), after 150 hours about halfway
(HDS 40%) and after 250 hours downstream (HDS out).

Other light S compounds, i.e. mercaptans, behave differently. GC-FPD results for C,HsSH
in Figure 19 show complete conversion in the top 10% of the catalyst bed for the first
200 hours and some slip at the same position from 250 hours. However, until the end of
the test partial removal is observed in the top 10% of the catalyst bed and complete
removal about halfway. The CH3;SH concentration is 0.5 to 1 ppm at the reactor
entrance and at the detection limit everywhere else until the end of the test period.
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Figure 19: Concentration of C;HsSH upstream and along HDS reactor, according to GC-FPD
measurements

Light nitrogen compounds

During the test period, concentrations of NH; and HCN have been determined only a
few times. Gas was drawn for 30 to 40 minutes through a washing bottle containing 1M
HNO; or 2.5M NaOH to capture NH; and HCN respectively. The amounts of NH," and
CN' in the solutions are determined by wet-chemical analysis and divided by the dry gas
volume sampled to obtain concentrations. Although the NaOH solution also captures
the stronger acids H,S and CO, (see Figure 20), a previous test with two washing bottles
in series confirmed that all HCN can be captured in a single bottle.

Table 5: shows results of NH; measurement performed early and late in the test period.
The value of 8 ppm measured downstream OLGA on 2 October is probably due to a
sampling error, as such low values have never been observed at that position before.?
At the HDS inlet, i.e. downstream the cooler which removes most of the water by
cooling to 5°C, hardly any NH; is measured. On 23 October, condensate from the cooler
was collected for wet-chemical analysis, which confirmed that most of the NH; is
removed by the cooler. NH; detected downstream the HDS reactor points at the
formation of NH; by conversion of other N compounds. Here, sampling errors upstream

* In order to protect the gas analysis equipment from tar fouling, gas from OLGA sampling points is drawn
through a “tar knock-out vessel” which is cooled to 5°C. This procedure also removes water and will remove
NHs from the gas if it passes through condensate, especially if some CO, is dissolved. The result will depend on
the amount of water collected, i.e. on how long ago the knock-out vessel was emptied. Downstream OLGA,
the tar dew point should be low enough to bypass the tar knock-out vessel and obtain reliable NH3 results.
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HDS are a less likely explanation, as the cooler between OLGA out and HDS in does

provide conditions, i.e. condensate at 5°C, in which NH; capture is likely.
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Figure 20: Concentrations of CO, and H,S downstream the cooler on 2 October. HCN was sampled from

15:00 until 15:33, NH; was sampled from 15:39 until 16:13

Table 5: NH; concentration in producer gas, in ppmv dry

2 Oct
23 Oct 20 377
24 Oct 2426

Table 6: HCN concentration in producer gas, in ppmv dry

2 Oct

10 Oct 61
14 Oct 55
23 Oct 89
24 Oct 128

8 9 708

258

OLGA out Hbs 0P
269 243 4

0.04 0.01
0.04 0.04
1.5

Table 6: shows results of HCN measurements performed at several times in the test
period. The difference between measurements downstream OLGA and upstream the
HDS reactor is much smaller than in case of NHs. Analysis of the condensate collected
on 23 October confirms that only about 10% of HCN is captured by the cooler. Results
downstream the HDS reactor show that HCN is almost completely (i.e. >98%) converted.
Measurements performed on 10 and 14 October show the conversion reaction is very
fast and occurs in the first 10% of the catalyst bed. Comparison of results for HCN and
NH; suggest that HCN may be converted to NH;. However, the amount of NH; produced



shows that other N compounds are involved and may be more important than HCN.
According to the analysis of Tar Guideline samples (see below), the HDS catalyst
removes only 5 to 10 ppm of heavy N compounds. Hence, other compounds seem to be
involved. The most likely are amines, such as CH3NH,, which are not measured. If the
ratio between H,S and mercaptans would apply also for NH; and amines, there could be
10 to 50 ppm of amines.

Thiophene conversion

Figure 21 shows results for thiophene upstream the HDS reactor, after about 10% of the
catalyst bed and about halfway. Initially, about 75% of thiophene is converted within
10% of the catalyst bed. The conversion decreases to about 50% over the test period,
with some measurements showing even lower conversion. Halfway the catalyst bed,
the conversion remains close to 100%. Results for methylthiophenes in Figure 22 show
lower conversion than for thiophene in the top 10% of the catalyst bed and full
conversion halfway. Again, performance in the top 10% decreases, but in case of
methylthiophenes conversion becomes negligible.
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Figure 21: Thiophene concentration upstream and along HDS reactor, according to GC-FPD
measurements
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Figure 22: Methylthiophene concentration (sum of 2- and 3 methylthiophene) upstream and along the
HDS reactor, according to GC-FPD measurements

Heavy sulphur and nitrogen compounds

Table 7 and Table 8 show the concentration of heavy organic S and N compounds along
the HDS reactor according to Tar Guideline measurements on 1 October and 10
November. The sample downstream the HDS reactor of 10 November was lost by a
procedural error. At the start of the 500 hours test, all organic S compounds have
disappeared after about 40% of the HDS catalyst. After the test, some traces near the
detection limit are observed.

In the case of pyridine, the full length of the catalyst bed seems to be required for 99%
conversion and the performance after 40% seems to have deteriorated. For other N
compounds, the performance also seems to have deteriorated. However, there is some
doubt about the accuracy or reproducibility of measurements which show an increase
in the first 10% of the catalyst bed for which we have no explanation.

Table 7: Concentration of organic S and N compounds in producer gas by Tar Guideline sampling at the
start of the 500 hours test on 1 October 2014. Results in ppm at the HDS reactor inlet and after about
10%, 40% and 100% of the HDS catalyst bed

14 3.0

Thiophene <0.03 <0.03
2- + 3-methylthiophene 0.6 0.14 <0.01 <0.01
Benzothiophene (BT) 0.1 0.04 <0.003 0.003
2- + 3-methyl-BT 0.02 0.02 <0.003 <0.003
Dibenzothiophene (DBT) 0.002 0.002 <0.001 0.005
Pyridine 6.2 5.7 0.2 0.09
2-, 3- + 4-methylpyridine 0.5 1.5 0.3 0.05
(iso)quinoline 0.2 0.6 <0.03 0.03



Table 8: Concentration of organic S and N compounds in producer gas by Tar Guideline sampling after
the 500 hours test on 10 November 2014. Results in ppm at the HDS reactor inlet and after about 10%
and 40% of the HDS catalyst bed

10 10

Thiophene 0.16
2- + 3-methylthiophene 0.3 0.5 0.02
Benzothiophene (BT) 0.06 0.05 0.003
2- + 3-methyl-BT <0.005 0.01 <0.003
Dibenzothiophene (DBT) 0.002 <0.002 <0.001
Pyridine 2.9 2.4 19
2-, 3- + 4-methylpyridine 0.14 0.5 0.5
(iso)quinoline 0.02 0.09 0.03
Conclusion

Results for H,S and COS show that the HDS catalyst adsorbs sulphur initially, but
gradually gets saturated by sulphur. By then, the COS concentration downstream is
about twice the concentration upstream, while the H,S concentration stays about
constant.

As COS is slightly more difficult to remove than H,S, this has to be taken into account in
the design of a demo plant or commercial plant. It has been shown before that the HDS
catalyst can convert COS in the presence of water vapour, but it has not been tested
whether that remains true for long operating times. Similarly, the ZnO adsorbent is able
to adsorb COS, given the right conditions of temperature and water vapour.

The HDS catalyst is able to convert mercaptans, thiophene and heavier thiophene
derivatives at the conditions used in the 500 hrs test. In fact, the gas space velocity
could have been at least a factor 2 higher. However, the performance does seem to
deteriorate a little. It is difficult to be certain whether there is true degradation. Post-
test inspection showed that the catalyst bed had shrunk by 10 mm. Hence, the first gas
sampling point has shifted from 60 to 50 mm from the top of the catalyst bed. The
effect on performance can be large, as the most effective part, where the temperature
(see Figure 16) and the catalytic activity are highest, shifts beyond the first gas sampling
point. Variation in results over the duration of the 500 hours test reflects the sensitivity
of results to the gas space velocity, probably also because of associated shift in the
temperature gradient in the top part of the catalyst bed.

3.3.3 Prereformer (R13) performance

Downstream the HDS reactor and upstream the prereformer, H,S and COS are removed
by ZnO in reactor R11. Details are not discussed here, but GC-FPD measurements
showed that all S compounds were removed down to 0.1 ppm or less.
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Water content of gas

Upstream the prereformer, 575 g/h steam is added to prevent carbon deposition on the
catalyst and to allow H, production by water-gas shift (WGS). As the dry gas
composition and flow vary (see Figure 8 and Figure 13), conditions in the prereformer
vary as well, even if the catalyst performance would not change at all. Figure 23 shows
the water content in the gas at the outlet of the prereformer (determined by
gravimetric measurement of the condensate collected in the gas analysis system). Data
are incomplete, as only periods in which the gas analysis was not switched between
different positions can be shown. On average, the moisture content is about 48% (wet
basis). The highest values correlate with periods in which the H, content of MILENA gas
was higher than its CO content.
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Figure 23: Water content of the gas downstream the prereformer

Temperature

Figure 24 and Figure 25 plot the temperatures in the prereformer and the average axial
temperature profiles, respectively. As depicted in Figure 6, T2 and T3 measure the
temperature of the inlet gas (empty part of the reactor), whereas T4-T11 are located in
the bulk of the catalytic bed.* In general, temperatures are stable except at T5, which
gradually exhibits a decrease over time. This could indicate progressive catalyst
deactivation, but may also be caused by variations in the pressure or flow over the
system. These lead to less obvious but simultaneous temperature changes in the gas
phase (T2 and T3). There is no clear correlation with changes in the producer gas
composition. Re-start of operation after shutdown periods resets T5 to initial values,
which looks like reactivation. On the other hand, temperatures are also influenced by
external trace heating of the reactor, which will be switched on when there is no gas
flow, and which will be reduced or switched off when catalytic reactions produce
enough heat in the hotter part of the reactor.

* The behaviour of thermocouple T4 suggests that it is also positioned in the empty (gas) part of the reactor, which
may almost be true as the bed level varies by about 10 mm because of the size of the catalyst pellets.
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Figure 24: Prereformer temperature over the whole test period
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Figure 25: Evolution of the prereformer axial temperature profile in 4 test weeks. Data averaged over
the periods shown in Figure 24

Anyway, after 500 h operation, it is not clear from the temperature profiles whether
catalyst degradation has taken place. On the contrary, significantly faster deactivation
of the catalyst was clearly detected after 50-200 hour operation in previous tests
performed in 2006 [8].

The dry gas composition downstream the prereformer is discussed in section 3.3.5.
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3.3.4 Methanation units (R14 & R15) performance

Figure 26 and Figure 27 display the temperature profile of the first methanation

reactor, whereas Figure 28 and Figure 29 show the temperature profile over the second

one. In both reactors, T2 and T3 correspond to the temperature of the inlet gas (empty

part of the reactor), whereas T4-T11 are located within the catalytic bed.
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Figure 26: Temperature of the first methanation reactor, R14, over the experiment
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Figure 28: Temperature of the second methanation reactor, R15, over the experiment
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Figure 29: Evolution of the temperature axial profile in the second methanation unit, R15, over the
experiment. Data averaged on the periods shown in Figure 28

The interface between gas and catalyst can be clearly seen in Figure 27, where there is a
steep temperature change between T3 and T4. In general, a very stable behaviour
during the test can be observed in both reactors. Nevertheless, a slight drift is detected
in the temperatures of R14 towards the end of the experiment (T2 and T3 decrease,
whereas T4-T11 increase with respect to the values shown during the first half of the
test). This might indicate a slow gain of activity along time, even though the changes in
axial temperature profiles (slight cooling of the catalyst bed in R14, slight heating of the
catalyst bed in R15) are more likely due to the effect of the external heating. In the case
of R14, the heating is off because the gas is already hot (T > 380°C). In the case of R15,
the heating is on because the gas temperature does not reach the set value of 290°C.
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The changes in temperature might also be associated to variations in the inlet gas
composition and flow.

The dry gas composition downstream R14 and R15 is discussed in section 3.3.5.

3.3.5 Evolution of gas composition

In this section, the change in gas composition along the system is discussed. The gas
composition is expressed in all cases on dry basis. The stability of the catalytic activity is
evaluated by comparing data from the first week of operation (4 October) to those from
the last week (24 October).

Figure 30 plots the trends of the main compounds present in the gas along the
methanation system. As can be seen, the methane content increases from about 11% to
almost 40%. Interestingly, the CH, production takes place not only in the methanation
reactors SNG-1 (R14) and SNG-2 (R15), but also in the prereformer (R13). This has a
positive consequence on the heat balance of the prereformer, since the heat released in
the exothermic methanation reactions is supplied to the endothermic reforming
reactions. Following similar trends, CO, content increases from 28% to 52% along the
ESME system. This CO, should be removed either by conventional processes (e.g. amine
scrubbing) or by ECN technology (regenerative dry adsorption) as part of a polishing
step (water and CO, removal, final high pressure methanation) prior to the injection of
SNG to the grid.

In Figure 30 it can also be observed that the CO present in the gas is totally converted in
the system from the initial 25 to 28% down to approximately 130 ppmv dry (measured
by GC-FID in week 4). The main conversion is produced in the prereformer, where CO
decreases to less than 5% via WGS and methanation.

The H, content slightly decreases in the HDS reactor, where it is consumed by
hydrogenation reactions. The H, content increases again in the prereformer, where
more H, is produced by water-gas shift and reforming reactions than consumed by the
methanation reaction. The H, content is reduced to ~2% in the methanation reactors.

The gas composition after the second methanation reactor corresponds to
thermodynamic equilibrium of the methanation reaction at about 300°C and of the
watergasshift reaction at about 250°C. These temperatures are close enough to the
temperature in the second methanation reactor to conclude that thermodynamic
equilibrium is reached.

Finally, by comparing the trends on the first and last weeks of the test, it can be
concluded that, regardless of variations in the inlet producer gas composition, there is
apparently no change in the activity of the catalysts.
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Figure 30: Evolution of the gas composition over the ESME system and over time during the
experiment: CH4, CO,, CO and H; concentration

Figure 31 displays the trends of concentration of linear gaseous hydrocarbons in the gas
along the ESME system test rig. As can be seen, C,H, and C,H, are completely
hydrogenated to C,Hg along with organic sulphur compounds in the HDS unit.
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Afterwards, C,Hg is converted in the prereformer. The catalytic activity of the HDS,
prereformer and methanation units remains apparently constant after several hundred
hours operation.
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Figure 31: Evolution of the gas composition over the ESME system and over time during the
experiment: hydrocarbons C;H,, C;H4, and C,Hs concentration

Figure 32 plots the fate of benzene and toluene (aromatic hydrocarbons measured by
micro-GC analysis) throughout the test. As can be seen, benzene concentration
decreases over the ESME system from approximately 5000 ppmv at the inlet of the HDS
reactor to approximately O ppmv at the outlet of the prereformer. Similar trends have
been observed in the toluene content. The increase in the toluene concentration in the



HDS reactor is mainly due to the decrease in the volume of gas. It is uncertain whether
the residual benzene and toluene detected in the micro-GC in the last week can be
attributed to a memory effect in the analysis system or to a certain loss of the catalytic
activity in the prereformer reactor. Further analyses of the spent catalyst may shed
more light on this issue.
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Figure 32: Evolution of the gas composition over the ESME system and over time during the
experiment: benzene and toluene

3.3.6 Post-test analysis

After the 500 hrs test, all reactors were flushed with N, and cooled down to 50 or
100°C. Subsequently, the nickel catalysts were stabilised by reaction with a mixture of
air and nitrogen, starting with a 1:20 dilution and ending with pure air. Reactor
temperatures were monitored and not allowed to rise above 150°C.

HDS reactor

In December, the HDS reactor was opened for inspection. The top of the catalyst bed
had moved down by approximately 10 mm. The catalyst colour had changed from pale
grey-blue to black. A small sample was taken from the top of the catalyst bed for
analysis. The sample contained significantly more carbon than a fresh sample. At the
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surface, it also contained a small amount (<1%wt) of silicon, which was not detectable
in a fresh sample. When the catalyst will be off-loaded, the carbon content of samples
deeper in the catalyst bed will also be determined.

Prereformer

In November, catalyst samples were taken from the top, middle and bottom part of the
catalyst bed in the pre-reformer. The height of the catalyst bed was approximately the
same as before the test.” The total weight of catalyst and dust removed from the
reactor was 4% lower than the amount filled.

SEM analysis showed a large difference in composition between the surface and interior
of catalyst pellets. All samples contain some carbon, but samples of fresh catalyst
contain even more carbon than used catalyst. Probably, some kind of wax is used as
lubricant or binder in the production of catalyst pellets. The sample of used catalyst
taken from the top of the reactor showed small amounts (<1%wt) of Si and S, which
were not detected on other samples. The oxidation state of nickel in used catalyst was
lower than in fresh catalyst, which would explain a weight loss of 2 to 3%.

Small (100mg) samples of fresh and used catalyst were subjected to Temperature
Programmed Reduction (TPR) by heating them at a rate of 10°C/min in a 90/10 mixture
of N, and H,. Both the fresh and used catalyst show H,0 production, as a result of NiO
reduction, and CH, production as result of reaction of carbon with H,.

Fresh catalyst shows two main NiO reduction peaks at about 250°C and 450°C. Both
peaks are smaller in the middle sample of used catalyst. This is probably caused by the
lower degree of nickel oxidation in the used catalyst, as was observed in SEM analysis.
In the top sample, only the peak at higher temperature is clearly visible. In both used
samples, the second NiO reduction peak is shifted towards higher temperature. This
may indicate catalyst sintering, or imply that the nickel fraction which was reoxidised
after use, is the fraction that binds oxygen more strongly.

The top sample of used catalyst shows a prominent CH, peak. Both the fresh catalyst
and middle sample of used catalyst show a smaller CH, peak at about the same
temperature. It suggests that carbon deposition is limited to the top layer only, which
would agree with the small weight change of the total reactor content.

Apart from the intensity of the peaks, which may be caused by inhomogeneity of the
catalyst or lower state of oxidation, the middle sample of used catalyst resembles fresh
catalyst. However, some NiO sintering may have occurred. The top sample clearly
contains more carbon and less easily reducible NiO.

Methanation reactors

In November, catalyst samples were taken from the top, middle and bottom part of the
catalyst bed in the two methanation reactors. The height of the catalyst bed was the
same as before the test. The total weight of catalyst and dust removed from the first
methanation reactor was 2% higher than the amount filled. In case of the second
methanation reactor, the amount filled was not exactly known. When compared with

® Because of the large pellet size, the bed surface is not level and the bed height varies by at least +5 mm.



the first methanation reactor, the amount removed from the second reactor was nearly
5% lower, although the bed height was the same within 1 or 2%.

SEM analysis showed a considerable amount of carbon in all samples, but most samples
of used catalyst contained about 40% more carbon than fresh catalyst. Carbon in fresh
catalyst may again come from lubricant or binder used in pellet production. The
oxidation state of nickel in used catalyst was higher than in fresh catalyst, which would
explain a weight increase by 4 to 5%. Apparently, the higher carbon content observed
by SEM analysis corresponds to negligible weight gains, i.e. is confined to a very thin
layer.

Small (100 mg) samples of fresh and used catalyst were subjected to Temperature
Programmed Reduction (TPR) by heating them at a rate of 10°C/min in a 90/10 mixture
of N, and H,. Both the fresh and used catalyst show H,0 production, as a result of NiO
reduction, and CH, production as result of reaction of carbon with H,.

Samples of used catalyst show the same NiO reduction peaks as the fresh sample, but at
slightly lower temperature. This is probably the result of different oxidation procedures
applied to make the catalyst inert.

The fresh sample shows almost no CH, peak, although SEM analysis showed a
considerable amount of carbon. This would agree with the presence of wax which
already is hydrogenated. Samples of used catalyst show small CH, peaks at
temperatures within the normal operating range of the reactors. The samples from the
top of the reactors show more CH, formation than those from the middle. Samples
from the first and second methanation reactor behave identically.

€ In fact, there seems to be a weight loss which may be explained by loss of hydrogen from the lubricant or binder
used in pellet production.

Z ECN  ECN-E--15-008

Test results 43



44

Conclusion

The ECN System for Methanation (ESME) has successfully been tested at 3 kW scale for
more than 500 hours with producer gas from the ECN MILENA biomass gasifier. The test
was interrupted a few times because of problems not related to the ESME performance.
The longest uninterrupted run lasted 136 hours.

The ESME reactors operated at about 5.5 bar. No CO, removal or high-pressure final
methanation were applied. The “raw SNG” produced contained (on dry basis) about
52% CO,, 39% CH,4, 2% H,, some N,, plus Ar and Ne which were added for process
control, and trace amounts (~100 ppm) of CO and C,Hs. The gas composition remained
nearly constant, despite considerable changes in producer gas composition.

Catalyst degradation was not observed or near the detection limit. Unfortunately,
changes in producer gas composition and flow did affect the performance and made it
difficult to recognize small signs of catalyst degradation. There were some signs of
reduced catalytic activity in the top of the HDS reactor, but post-test inspection showed
that the bed height had changed, which might explain the observed effect.

Although the HDS catalyst changed from oxidised to partly sulphided state over the first
200 hours of operation, no change of performance was observed. From about 300
hours of operation, the HDS catalyst produced COS and left H,S unaffected. Hence, the
downstream sulphur removal should be able to remove not only H,S but COS too. Other
sulphur compounds were removed down to the detection limit of the measurement
techniques applied. However, post-test analysis of the prereformer catalyst showed a
small amount of sulphur in the sample from the top of the catalyst bed.

Post-test inspection of the catalysts showed increased amounts of carbon in the top of
the HDS and methanation reactors. In case of the prereformer and first methanation
reactor, catalyst weights before and after the test were determined. Weight changes
were small and related to changes in nickel oxidation rather than carbon deposition. In
case of the HDS catalyst, weight change has not yet been determined.

The absence of notable catalyst degradation provides confidence for the next stage of
development, where catalysts should remain active long enough to allow one or more



years of operation before reactivation or replacement. Further research will be directed
towards exploration of the operating limits, in order to enhance efficiency, increase
througput or improve catalyst lifetime.
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Appendix A. Gas
composition
over the ESME

Table 9: Comparison of the average gas composition along the ESME system during the first and the

last week of the test

Micro-GC data except for H,, which is measured by gas monitor.
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" Below detection limits.
*1n week 4, 130 ppmv dry CO was detected by GC-FID analysis.
* Determined by molar balance with neon as tracer gas.

¥ From gravimetric measurement of condensate in the gas analysis system.

N.D. Not determined.
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