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OBJECTIVES 

In September 1993 Enviropower Inc. entered 
into a Cooperative Research and Development 
Agreement (CRADA) with the Department of 
Energy in order to develop and demonstrate the 
major components of an IGCC process such as 
hot gas cleanup systems. 

The objectives of the project are to develop 
and demonstrate 1) hydrogen sulfide removal 
using regenerable metal oxide sorbent in 
pressurized fluidized bed reactors, 2) recovery 
of elemental sulfur from the tail-gas of the 
sorbent regenerator and 3) hot gas particulate 
removal using ceramic candle filters. 

BACKGROUND INFORMATION 

Enviropower Inc. is a subsidiary of Tampella 
Power Inc. which is the parent company of the 
Tampella Power Corporation in the U.S.A. 
Enviropower Inc. is actively involved in the 
development of the Integrated Gasification 
Combined Cycle (IGCC) process. 
Enviropower's IGCC concept incorporates 
pressurized fluidized bed gasification of 
different solid fuels, applying air-blown 
gasification and hot gas clean-up. The IGCC 
process and the demonstration activities have 
been described in detail elsewhere /1,2/. 

Enviropower's pressurized fluidized bed 
gasification pilot plant has a maximum thermal 
input of 10 MW (35 mtpd) for coal and 15 MW 
(100 mtpd) for biomass. The gasifier is an air 
blown U-gas system, which Enviropower has 
developed further. The pilot plant includes a 
complete hot gas cleanup train which operates 
at up to 30 bar (435 psia) and temperatures at 
up to 650°C (1200°F). The components of the 
pilot-process are presented in Figure 1. 

Enviropower's IGCC hot gas cleanup concept 

is based on sulfur removal using different 
methods and particle filtration using ceramic 
candle filters. The bulk of fuel bound sulfur can 
be removed in the gasifier by means of a cal- 
cium based sorbent such as limestone or 
dolomite and the rest is removed externally in 
a fluidized bed system using a regenerable 
metal oxide sorbent such as zinc titanate. The 
sulfur removal options in Enviropower's IGCC 
process can be seen in Figure 2. Novel zinc 
titanate sorbents suitable for fluidized bed 
application have been tested and the plan is to 
use the regenerable sulfur removal system as 
the sole method of sulfur removal in the future. 
This will reduce the bulk of solid waste from 
the gasifier and improve the system perform- 
ance and economy. 

Cyclic sulfidation and regeneration tests with 
zinc titanate have been carried out in a 3-inch 
I.D. batch fluidized bed reactor which is 
located at the Institute of Gas Technology in 
Chicago. The reactor is capable of operating at 
temperatures up to 1000°C (1830°F) and pres- 
sures up to 30 bar (435 psia) with synthetic gas 
mixtures containing all the gaseous 
components for sulfidation and regeneration 
reactions. The 3-inch pressurized fluidized bed 
reactor assembly has been described in detail 
elsewhere /3/. The laboratory- and bench-scale 
test results have been reported earlier /3,4,5/. 

PROJECT DESCRIPTION 

The CRADA-project consists of the following 
subtasks: 

Pilot-plant testing of the metal oxide sorbents 
is carried out in Envirpower's pilot plant, using 
a pressurized fluidized-bed absorber and 
regenerator. The sulfur removal efficiency and 
long term durability of the sorbent are evalu- 
ated in these tests. Sorbent samples from the 
pilot-plant tests are analyzed by Enviropower, 
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IGT and METC. 

Laboratory-scale tests are conducted on the 
sorbents used at the pilot-plant for removal of 
hydrogen sulfide. These tests are performed in 
a 3 inch pressurized fluidized bed under condi- 
tions simulating the real situation with respect 
to temperature, pressure and gas composition. 
Sorbents are evaluated for their physical, 
chemical and mechanical durability. 

The tail gas from the regeneration contains 
sulfur dioxide which can be converted to usable 
elemental sulfur. A technology called the 
Direct Sulfur Recovery Process (DSRP) has 
been developed at Research Triangle Institute 
(RTI) /6/ to achieve this objective. A skid- 
mounted DSRP unit is under construction by 
METC. This unit will be shipped to the pilot 
plant in Finland for installation and testing with 
a slipstream of the U-gas process coal gas. 
Suitability of the DSRP process and sulfur con- 
version efficiency will be examined during 
testing. Design data will also be obtained for 
scale-up for commercial-sized systems. 

The collection efficiency and operability of 
ceramic candle filters for removing particles 
from the hot gas have been examined in full 
scale pilot plant tests. 

RESULTS AND FUTURE WORK 

Pilot-scale sulfur removal tests 

The sulfur removal pilot consists of high 
temperature and pressure (HTHP) fluidized-bed 
type sulfider and regenerator reactors and 
systems for fresh sorbent feeding, sorbent 
circulation between reactors and gas 
preheatinglcooling for regenerator. 

In 1994 two types of zinc titanate sorbents, 
designated as ZT-4-L and UCI-5, were tested 
at high pressure and temperature. ZT-4-L was 

manufactured by Contract Materials 
Processing, Inc. as a subcontractor to Research 
Triangle Institute (RTI) and UCI-5 was 
manufactured by United Catalysts Inc. The 
physical properties of the two sorbents, fresh 
and after reaction, are shown in Table 1. 

UCI-5 was tested in two coal gasification test 
runs with 5-6 days of continuous operation in 
each test. The sulfur removal efficiency after 
reaching steady operation can be seen in Figure 
3. Typical performance of sulfider and 
regenerator reactors in combined operation can 
be seen in Figures 4 and 5. Both reactors were 
operating at the same pressure level as the 
gasifier. As can be seen fiom Figure 4, 
satisfactorily high sulfur removal efficiency in 
the sulfider was achieved in combined 
operation. 

ZT-4-L was used in a test run in November 
1994. The sulfur removal efficiency in the 
beginning of the test (coke gasification start- 
up) can be seen in Figure 6. In comparison with 
Figure 3, the sulfur capture efficiency is higher 
than with UCI-5. This is most propably due to 
higher surface area, as shown in Table 1. The 
regenerator performance with ZT-4-L sorbent 
can be seen in Figure 7 with continuous 
production of SO,-containing off-gas. The 
start-up of regeneration with ZT-4-L was more 
difficult than with UCI-5, as can be seen from 
the long (2-hour) period of increasing the bed 
temperature fiom about 520°C to 700°C (970 - 
1300°F) (Figure 7). This may be partly due to a 
higher dependence of reaction rate on 
temperature. 

Nitrogen or steam was used to dilute the air in 
the regenerator inlet gas. UCI-5 was tested with 
both diluents and ZT-4-L with N2. According 
to the test data, steam was as effective as 
nitrogen, and did not show any detrimental 
effect on sorbent performance. 

.? 
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In the beginning of the test runs a small 
fraction of fines (5-10 pm) was created with 
both sorbents, which was then elutriated from 
the beds. This is partly due to the attritive effect 
of fluidization on fresh sorbent particles as 
already observed in bench-scale tests. The other 
reason might be a slight grinding effect of the 
screw feeder used in sorbent injection. This can 
be eliminated by using some other type of 
sorbent feeding. The tests also showed that the 
amount of fine dust at the sulfider exit 
increases during start-up after off-balance 
operation periods with used sorbent. However, 
during steady-state combined sulfider and 
regenerator operation periods, bed material 
attrition or elutriation was satisfactory. 

In order to fully determine the long-term 
durability of the process and sorbents tested 
with real coal gas, test runs of longer duration 
than a week are needed, which tests have not 

- been executed so far. 

time can be seen in Figure 9. The cycle time 
was decreased 25 % due to a slight increase in 
Ap-baseline at the beginning of the test period. 
After the change of the cycle time Ap-baseline 
decreased to about 9 Wa (0.13 psi) value and 
after that remained constant. 

Dust loadings below 5 ppmw in product gas 
and vapour-phase alkali (Na+K) concentrations 
below 0.05 ppmw were measured after 
filtration. These values are below the levels 
generally required by gas turbine manufacturers 
and well below the environmental standards. 
During operation the filter pressure drop has 
generally stayed low and the filter permeance 
constant. It should be noted, however, that long 
gasification periods are needed to completely 
verify the long term development of the filter 
permeability and filtration reliability. 

More information on the ceramic filter 
behavior during biomass gasification is 
presented in /2/. 

Pilot Tests with Ceramic Filter 
Laboratory-scale work 

During coal gasification test runs in 1994 the 
major emphasis in the development of hot gas 
cleanup was directed towards testing of the 
sulfur removal system. The ceramic filter 
testing was already in the category of routine 
operation. A schematic diagram of the filter 
unit is shown in Figure 8. The filter unit is 
completely intergrated with the control system 
of the pilot plant. The filter cleaning strategy 
was mainly based on a constant cycle time 
using on-line pulsing with pressurized nitrogen. 

The test runs were carried out with two- 
layered, Sic-based, round shaped ceramic 
candle elements. The filter unit was operated at 

. the temperature range of 450-600°C (840- 
11 10"F), which will be used in the simplified 
IGCC applications. Figures 9, 10 and 11 show 
the typical filter operation and performance 
values. An example of the effect of the cycle 

The physical properties of the used ZT-4-L 
and UCI-5 sulfider and regenerator bed 
material samples (taken during pilot-tests) are 
shown in Table 1. It can be seen that for the 
used sorbents the particle density increases and 
porosity decreases. For ZT-4-L the surface area 
surprisingly increases, which was also observed 
in the laboratory tests. Figure 12 shows the 
sulfidation breakthrough curves for fresh and 
used UCI-5 samples obtained fiom the 3" batch 
fluidized bed. The most important observation 
is that the physical properties of the pilot- 
samples change the same way as in the bench- 
scale tests. The same goes for sulfidation and 
regeneration reactivity. This indicates that the 
conctact with real coal gas for 5-6 days has no 
detrimental effect on sorbent physical or 
chemical properties. 
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Table 1 also shows the sulfate sulfur analysis 
for the sorbents taken fiom the regenerator. 
These analyses as well as the pilot-test results 
indicate that undesirable zinc sulfate is not 
accumulated into the sorbent (if formed at all), 
when operating the fluidized-bed regenerator at 
temperatures of 600-750°C (1 1 10-138OoF), 2-4 
vol-% of O2 and steam or nitrogen as diluent. 

Modelling efforts 

A steady-state kinetic model for hot gas 
desulfurization system has been developed 
based on laboratory- and bench-scale tests with 
zinc titanate sorbents. The model was used in 
the dimensioning of the pilot and commercial- 
scale sulfur removal systems. The results fiom 
the test runs in 1994 show that the model 
predictions are in good agreement with the test 
results. The pseudo first-order sulfidation 
reaction rate constants determined fiom pilot 
results indicate that the reactivity, as well as 
sulfur capacity of ZT-4-L is 1.5-2 times higher 
than of UCI-5. However, the sulfidation and 
regeneration performance of UCI-5 at the 
operating conditions tested was satisfactory for 
a real-scale unit. 

used to adjust the control system of the process. 
The response of the regenerator dynamic model 
is shown in Figure 13, which should be 
compared with Figure 5. In the future the 
dynamic model will be added as a module into 
Enviropowerk existing IGCC-plant dynamic 
simulator for design and training purposes. 

DSRP pilot design 

The DSRP skid-mounted pilot-unit is under 
construction by METC. The skid will be 
shipped to Finland by the end of September. 
The commissioning of the unit in connection 
with pilot-gasifier and sulfur removal unit will 
be performed towards the end of 1995. 

CONCLUSIONS 

During coal gasification test runs in 1994 the 
major emphasis in development of hot gas 
cleanup was focused on testing of the sulfur 
removal system. The ceramic filter unit testing 
was already in the category of routine 
operation. The operating temperature was 450- 
600°C (840-1 110°F) at gasifier pressures. 
These conditions will be used in commercial- 
scale simplified IGCC applications. 

By assuming that the regeneration reaction 
rate is first-order with respect to reactants 
(oxygen and zinc sulfide), it was possible to 
determine the activation energy of the reaction 
rate constant fiom the pilot-test data. The value 
of activation energy obtained for ZT-4-L was 
higher than for UCI-5, which means higher 
sensitivity of the rate of regeneration towards 
regenerator temperature. 

A dynamic model for the pilot and commer- 
cial-scale post-bed sulfur removal system is 
under development. The objective is to use it 
for predicting the effects of the changes in 
regenerator inlet gases, sorbent transport 
velocity, fluidization velocities, etc., on the 
overall performance. This information can be 

Three test runs with two types of zinc titanate 
sorbent was accomplished with the sulfur 
removal pilot; each of them with 5-6 days of 
continuous operaration. The results showed that 
high sulfidation efficiency as well as 
continuous production of SO,-containing 
regenerator off-gas at design temperatures and 
pressures could be achieved. The observed 
difference in sulfidation reactivity between the 
two sorbents was related to the sorbent physical 
properties, like surface area. Regeneration 
reactivity was about the same for both sorbents 
and the formation of undesirable sulfate sulfur 
in regenerator could be avoided with steam or 
nitrogen as inlet diluent gases. 
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The change of sorbent properties when in 
contact with real coal gas was the same as 
observed in laboratory- and bench-scale tests 
with simulated gases after continuous 
sulfidation-regeneration cycling. 

In the test with ceramic filter, the dust 
loadings below 5 ppmw solids in the product 
gas and vapour-phase alkali (Na+K) 
concentrations below 0.05 ppmw after the filter 
unit have been measured. These values are 
below the levels generally required by gas 
turbine manufacturers and well below the 
environmental standards. During operation the 
filter pressure drop has generally stayed low 
and the filter permeance constant. ’ 

Steady-state and dynamic models to predict 
and simulate the operation of sulfider and 
regenerator reactors have been developed. The 
results of pilot-scale tests are in good 
agreement with modelling results. 

A pilot-scale process for the recovery of 
elemental sulfur, called DSRP, is under 
construction, It will be tested in combined 
operation with the sulfur removal pilot under 
the present CRADA project. 
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Table 1. The Physical Properties of the Fresh and Used Zinc Titanate Sorbents. 

UCI-5, 
Sulfider 
sample 
*) 

UCI-5, Re- 
generator 
sample 
*) 

Fresh 
ZT-4-L 

ZT-4-L 
Sulfider 
sample 
*) 

Fresh 
UCI-5 

ZT-4-L 
Regenera- 
tor 
sample *) 

2.38 2.26 2.5 1 2.44 2.14 2.46 

~~ 

0.26 0.128 0.172 0.22 0.17 Pore 
volume 
[cm3kl 

0.12 

1.4 4.3 1.2 3.5 11.1 5.5 Surface 
Area 
[m2/gl 

5000 2700 1600 2200 Median 
pore 
diam. 

~~ 

0.019 9.3 1 0.29 0.01 10.3 S-sulfide I/ [W-”/”l 

3.86 

S-sulfate I1 [w’”/”l 
0.057 0.1 1 0.14 0.03 0.1 1 0.03 8 

287 239 223 237 267 285 

*) Samples were taken in the end of each test run. 
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Figure 5. Regenerator Performance with UCI-5- Sorbent. 
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