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Abstract
The paper takes up the topic of energetic utilization of alternative fuels produced from wastes,
particularly in case of solid recovered fuel gasification for cogeneration of heat and power in
piston engine. Process gas cleaning for its energetic and chemical utilization has been discussed.
Presented scope of research concerns technological designs for dry and wet gas cleaning methods
developed by Institute for Chemical Processing of Coal. Furthermore identified main operational
problems of both gas cleaning units have been presented. Description of the two types of gas
cleaning units has been provided together with obtained results from laboratory analysis of
moisture, tar and particle content measured in process gas generated from solid recovered fluid.
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1 Introduction

More than three decades of research on kinetic and thermodynamic aspects of
thermochemical conversion of solid fuels, have brought us to the point where high
technological maturity of developed designs of gasification reactors and their re-
spective fuel feeding systems operate on technology readiness level (TRL) of 9 and
higher [1]. While, the second most important block of gasification installations,
i.e., the highly efficient process gas cleaning technologies present relatively low
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level of development and availability. Furthermore proposed large scale, highly
efficient gas cleaning solutions often present an unacceptably high investment
and operating expenditures, which excludes possibility of their implementation
in small and medium scale energy systems. Available on the market technolo-
gies for gasification and pyrolysis (for all types and configurations of reactors,
process condition and gasification agents) stand today as first point on the way
towards development and quick implementation of technologies enabling utiliza-
tion of biomass or waste fuels for production of energy and chemicals (including
liquid and gaseous fuels) [2-4]. Second element of the puzzle is hidden in pro-
cess gas conditioning units, developed specifically for a given process gas/syngas
utilization method. Important issue that also needs to be emphasized here, is divi-
sion between gas cleaning methods (and their severity) for utilization of syngas as
a feedstock for chemical synthesis application (methanation, methanol-synthesis,
Fischer-Tropsch process, etc.) or for energetic purposes (combustion in a boiler,
piston engine, turbine as well as in fuel cells) [5,6]. Moreover, even though large
similarities exit between products from gasification and pyrolysis process, the de-
mands set by those two processes before their respective gas cleaning units differ
greatly. Common factor for all gas cleaning unit is the necessity for removal
of compounds containing sulfur, nitrogen, metals (also heavy metals), tars and
particles. The differentiating factor between demanded severity of gas cleaning
is dictated by chosen method of final gas application. Process gas cleanliness
guidelines and requirements (set separately for each kind of end use technologies)
have a deciding importance in the matter of selection and application of appro-
priate methods and apparatuses for process gas cleaning [6-8|. In literature often
a division of gas cleaning methods into two main directions is proposed, i.e., for
dry and wet gas cleaning methods. The former ones, are based on utilization of
sorption based methods (chemical and physical), often conducted at high tem-
perature, for removal of metals and compounds of sulfur, chlorine or nitrogen [9].
Consideration of the added value of process gas cleaning at elevated temperature
shows that there exist relevant advantages that advocate treatment of process gas
at high temperatures. Main may be found in avoidance of problems related to
tar condensation on apparatus and piping surfaces, usage of advantageous reac-
tion rate and equilibrium conditions of sorbent-contaminant interactions as well as
increase of the overall efficiency of installation due to lack of unnecessary gas cool-
ing. For example, the only necessary gas treatment that needs to be performed
before its direct combustion in a combustion chamber is removal of particles. In
case of utilization of additional hot gas treatment methods (i.a. dry scrubbing)
it is possible to significantly reduce emission of hazardous substances to environ-
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ment or enable utilization of process gas as a fuel for gas engines or gas turbines.
Dry and wet methods depending on applied thermochemical conversion may be
supported by catalytic reactors for reduction or even elimination of the problem
of tar generation, which belong to the most problematic aspects of biomass and
waste gasification. Additionally, catalytic treatment of flue gasses may prove use-
ful in reduction of concentration of environmentally hazardous compounds. The
principle of wet methods relies on process gas cooling and utilization of absorbers
(scrubbers) designed for removal of different kinds of contaminants contained in
process gas. A factor that decides if a given method is classified as a dry or wet
one, is the issue of generated additional (aside from the streams of process water
and organics coming directly from thermochemical conversion of fuel) stream of
waste waters, which may arise mainly from used absorbents — organic oils and
technological water (grey and black water).

As a part of research on development of a technology for cogeneration of heat
and power in piston engine from gasification of solid recovered fuel (SRF), Insti-
tute for Chemical Processing of Coal has developed and validated a concept for
dry and wet process gas cleaning system.

2 Description of the installation

Installations for process gas cleaning, presented in this article, belong to research
infrastructure of Institute for Chemical Processing of Coal (IChPW) that allow
conducting full cycle of process development and scientific research on cleaning
of process gasses from thermochemical conversion of solid fuels (i.a. biomass and
wastes). One of the mentioned pilot research installations is an experimental in-
stallation for gasification of solid fuels (biomass and wastes) in fixed bed GazEla
gas generator [10]. This reactor is an innovative construction of fixed bed reactor
of 60 kW; power input, dedicated for production of process gas for the sake of
cogeneration of heat and power in piston engine. Construction of the reactor as
well as its operational process parameters have been broadly described in previ-
ously published domestic and foreign publications [11-13].

Combined heat and power production in piston engine is realized by generation
of process gas in a gasification reactor and subsequent process gas cleaning. The
process gas cleaning research has been conducted in both of the developed dry and
wet gas cleaning installations. The results from early phases of research conducted
on dry cleaning of process gas from gasification of SRF has been presented in [14].
During realization of the project the installation has been retrofitted in order to
increase its overall efficiency of contaminants removal as well as to increase the
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reliability.

Dry process gas cleaning system, presented in Fig. 1, comprises of: inertial
deduster, high temperature filter, two stage gas cooler, fixed bed coke adsorbed
and fabric filter.

Process gas generated in the reactor, at temperature of 500-700°C and pres-
sure of about 10 kPa, when directed to the dry gas cleaning system is firstly put
to inertial deduster and a high temperature ceramic filter for complete removal
of particulates entrained in its stream. Developed inertial deduster allows redi-
recting large particulates of entrained char back into the reactor for increased
overall efficiency of the gasification process. Due to utilization of particle inertion
phenomena, the apparatus is essential to obtain high degree of fuel conversion in
GazEla fixed bed reactor. Next, process gas is directed towards high temperature
filter in which concentration of solid particles is reduced to max. 15 mg/m3. The
filter is designed to have separate dirty and clean zones. These two zones are
separated by a fixed plate in which filtration elements are set.

Inertial High-temperature  Two stage Secondasyak /. NF-----—=-=---=- . Chimney
deduster filter heat exchanger blower \ -
, Pilot burner ¥
! |
4§. Primary air n p
. A Y .g' blower v "
HRF Y f
HE:

Flue gas

-

[ > i)Q: Combustion [
. chamber [T
A

[ [
o’ H “ o %‘ %‘
Process gas
B B - Dual-fuel [
piston engine -“-®
> 4

0

1 Dust :

v Adsorber Set of : '
fabric filters Air Diesel

Figure 1: Schematic diagram of the installation for dry process gas cleaning.

During realization of the research, high parameters of process gas cleaning efficien-
cies and stable characteristic of process gas dedusting with use of both ceramic
and metallic filter elements have been established. Due to lower price, satisfactory
separation efficiency as well as high resistance to process atmosphere, the ceramic
filter materials from sintered filaments based on aluminium and silicon have been
selected for the main subject of further development of the technology. Oper-
ational parameters and physicochemical properties of applied high temperature
filter elements have been presented in Tab. 1.
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Table 1: Operational parameters of investigated ceramic candle filter elements.

Structure Homogenous
Density, kg/m? ~350
Max. operational temperature, °C 900
Filtration area, m? /el 0.18
Max. back-pulse pressure, MPay 1

Principle of high temperature filter operation relies on membrane separation
of solid particles (dispersed phase) from the stream of flowing medium (continu-
ous phase). Structure of filter elements consists of support backbone structure,
on which the filter cake is produced. Generated filtration cake serves as a main
filtration medium and in fact parameters of the cake determine boundary pressure
loss on the filter, max. filtration velocity, separation efficiency as well as filtration
stability. All the above mentioned parameters create a group of process variables,
which determine operation of the high temperature filter. To keep pressure losses
on the filter within set limits, (max. 5 kPa for an atmospheric installation), and
thus stable separation process, common filter surface regeneration techniques have
been adapted to high temperature filtration processes. For high temperature ap-
plications generally back-pulsing methods have found widest application. Such
regeneration mechanisms rely on generation of a short pressure weave on clean
side of filter element, which when passing through filter media up to dirty side of
element, causes detachment and removal of agglomerated filter cake. For gasifi-
cation and pyrolysis processes, nitrogen or recycled process gas under 3-10 MPa,
pressure are the common choices of back-pulse gases.

Subject filter has been developed for application in installations for thermo-
chemical processing of biomass and wastes, which explains why during its devel-
opment, impact put on high efficiency and small investment and operational costs
has been high.

Dedusted gas in temperature above condensation point of the heaviest organic
compounds (i.e., 350-400°C depending on composition of tars contained in pro-
cess gas), after leaving the high temperature filter is directed towards cooling
and condensation in heat exchanger. Two stage shell and tube heat exchanger
allows process gas cooling down to temperature of 30-40°C, which is one of pis-
ton engine manufacturer’ prerequisites. First stage of the heat exchanger is used
for heating up the gasification agent, while second stage (cooled with water) is
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used for recovery of useful heat from gas. During process gas cooling, inside tube
bundle a phase change of organic compounds and water takes place. Obtained
stream of condensate, called a water-tar condensate, besides ash from gas genera-
tor and high temperature filter, constitutes as a main stream of process waste. At
exit from the heat exchanger, stream of process gas transports generated water-
tar aerosols. These aerosols are then separated physically on coke adsorber bed,
which acts not only as a demister but mainly serves the purpose of adsorbent for
removal of sulfur and chlorine compounds. Last element of the dry gas cleaning
system is a set of fabric filters serving as a protection for engine in case of failure
of any prior element of the gas cleaning unit.

Obtained operational experience from conducted research of dry process gas
cleaning allowed determination of process parameters for development of an instal-
lation for research on wet process gas cleaning methods. Figure 2 shows schematic
diagram of the developed wet gas cleaning installation. First two elements of dry
and wet gas cleaning units, i.e., inertial deduster and high temperature filter, as
well as the fabric filter are common elements for both units. In this way it can
be considered that oil scrubber with its gas cooler in wet method replaces heat
exchanger and coke adsorber in the dry gas cleaning system.
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Figure 2: Schematic diagram of the installation for wet process gas cleaning.

In wet gas cleaning system, hot and dedusted process gas with temperature of
ca. 400 °C comes into oil scrubber. As an absorption medium, the scrubber may
be fed with a range of high boiling heating oils, in which physical dissolution and
separation of tar compounds is attainable. Most often used absorbent for the
process of gas cleaning are diesel oil and biodiesel. Construction of the scrubber
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consists of bottom oil tank, two separated randomly structured beds of packing
(Raschig rings) and a demister. Temperature of process gas at the exit from
absorption column ranges from 30-150°C. In order to extract (condense) left in
process gas fractions of light organic compounds and water vapour a dedicated
process gas heat exchanger, of shell and tube type, with internal circulation of
water has been designed. Developed solution of keeping a thin film of technological
water on surface of the heat exchanger allows keeping high efficiency of heat
exchange without the risk of its clogging with tarry substances. In the wet method,
the dedusted, cleaned and cooled process gas is also fed to the additional fabric
filters and later on to piston engine.

3 Results of experimental research

Experimental research on development of dry process gas cleaning have been
mainly concentrated on development of the concept and perfecting the applied
technological and structural solutions of high temperature filter. Experimental
tests in first stage of research included actions aimed at increasing the efficiency
of filter regeneration system through variation of gas nozzle geometry. Avail-
able commercial back-pulse systems operate on the principle of nozzles directing
stream of compressed nitrogen through a Venturi nozzle into the clean side of filter
elements. Schematic representation of such system operation has been presented
in Fig. 3. The goal of utilizing Venturi nozzles in such back-pulsing methods is
creation of a low pressure zone on the clean gas part of the filter, which induces
suction of an additional volume of process gas into the filter element during back-
pulse. During experiments performed in IChPW, low efficiency of commercial
back-pulsing systems has been noticed (lack of possibility for keeping stable fil-
tration due to low regeneration efficiency) and thus due to the above mentioned,
a research on development of a new concept for high temperature filter regenera-
tion method has been conducted.

As a subject of optimization tasks dealing with development of a new regen-
eration system, such elements as: nitrogen tank, gas collector, piping and nozzle
design as well as geometrical parameters describing relation between construction
and location of nozzles and exit from the filter elements have been conducted.
Designed arrangements provide multiple times better regeneration efficiency in
comparison to commercial systems, and thus it allowed conducting long-term
tests of high temperature filter operation (24 h tests, filtration of process gas
from biomass gasification).
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Figure 3: Schematic representation of filter element under operation and regeneration.

During next stage of research, a problem with lack of necessary reliability of fil-
ter element mounting and sealing has been identified. Original solution consisted
of a plate clamp that counterbalanced the differential pressure across header plate
of the filter. Drawback of this solution has been registered in brief loss of seal of
the connection due to mechanical vibration of the installation as well as due to
thermal stresses induced into filter’s body during regeneration cycles. The prob-
lem has been solved through development of a concept of threaded connection,
capable of stable operation in aggressive atmosphere of process gas at temperature
higher than 500 °C. Due to the unfavourable operating condition of the threated
connection, it was necessary to choose appropriate high-grade steels, allowing for
avoidance of sintering and deformation of the connection. Through selection of
appropriate materials and manufacturing regime of the fastener and threaded rod,
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obtained design solution has proven to give positive results. Due to spaced out
force of clamp put onto many elements, a possibility to fasten the filter elements
with very low torques (512 Nm) has been achieved. Thanks to that the obtained
fastening solution operates under lower mechanical tensions and thus does not
present high propensity for thread deformation. Presented below Tab. 2 gives
operational parameters of the high temperature filter under steady operation of
gasifier.

Table 2: High temperature filter operation — filtration under steady state conditions.

Property, units ‘ Test 1 ‘ Test 2 ‘ Test 3 ‘
Filtration temperature, °C 590 410 442
Filtration pressure, kPa 2.5 4.6 5.1
Pulse-back system pressure, MPa, 0.6 0.6 0.6
Pressure drop on the filter, kPa 1.8 3 4.3
Filtration velocity, m/s 1.7 1.7 1.6

During conducted long term research on high temperature filtration substan-
tial influence of filtration temperature on stability of filter operation has been
noticed. Particular importance had recognition of a set of process conditions at
which in short time a severe loss of filter operational stability occurred, defined
as steady pressure drop values between back-pulses at set time intervals. Due to
complexity of this matter and multitude of aspects having influence of filtration
process stability, a dedicated analysis of the above mentioned phenomena will be
presented in a separate article.

During the research on efficiency of tar compounds removal in dry system,
it has been noticed that maximal reduction attainable in the proposed system
arrangement reached 75-85%, which relates to tar content in process gas at the
outlet from the gas cleaning unit at the level of about 1 700 mg/m3. Such value
allows for combustion of process gas in power generating set integrated with the
pilot research installation. On the other hand, in case of a commercial power gen-
erating set based on highly efficient gas engine, such high level of tar content would
severely contribute to an excessive use of engine’s mechanical parts. Summarizing
the effects of conducted research on highly efficient removal of solid particles from
process gas, increased the overall availability and removed the problem clogging
of the dry gas cleaning unit.
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Obtained results of research on removal of solid particles, led to the start of
an experimental task concerning development of a highly-efficient method, for
removal organic contaminants in wet process gas cleaning unit. This research
mainly concentrated on optimization of oil scrubber operational parameters for
increased efficiency of the apparatus in removal of tars. This goal has been mainly
realized by a change of hydraulic parameters of the column. Diesel oil regulated
under polish standards PN-EN590:2013 has been used as the tested absorbent.
Optimization research provided necessary means for preparation of a sensitivity
analysis of such parameters as change of oil flow rate directed to top of the column
and to a nozzle used for direct gas quenching, as well as for oil temperature on
efficiency of tar removal. Performed analysis allowed for assignation of a range
of operational parameters of the absorption column as well as identification of
areas in which it is necessary to perform some constructional modifications. The
biggest problem encountered during performed research has been incorrect design
of wire mesh demister installed at top of the column. Too large flux of oil led
to flooding of the demister and its subsequent loss of efficiency for oil separation.
Solution of the above mentioned problem has been found in application of a sep-
arate demister at the outlet of gas cooling column. Even though this solution
produced satisfactory results it cannot be considered as permanent option.

Finally, conducted full scale technological research on wet process gas cleaning
in high temperature filter and oil scrubber generated increase in overall efficiency
in removal of particles, water and tar content of process gas from gasification
of SRF. Concentrations of volatile organic carbon (VOC), water, tars and solid
particles in process gas have finally all been brought down to levels satisfactory
for gas engine producers (Tab. 3).

4 Summary

Developing market of European alternative fuels demand a constant search of
novel technological designs capable of utilization of this feedstock. Especially in-
terest should be paid towards methods that are able to meet demands given by
the consumer market. Thus, one of interesting directions for utilization of alter-
native fuels may be gasification, which enables cogeneration of heat and power in
small scale applications. Due to lack of availability of matured technologies for
generation of energy in small and medium energy systems, Institute for Chemical
Processing of Coal has developed a solid recovered fuel gasification technology
based on GazEla gas generator, which is dedicated to distributed energy systems
based on gasification of waste feedstocks.
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Table 3: Obtained results of wet process gas cleaning unit.

Measurement After After high After the

point, units gasifier temperature | absorption
filter column

Volatile Organic 20.38 18.02 7.82

Carbon, VOC,

g/m;,

Water, vol.% 6.3 6.3 1.7

Tar content, 5.4 5.3 0.3

g/ms,

Solid particles, 1.0 <0.015 <0.005

g/m;,

The process of implementation of novel technologies based on waste fuels such
as solid recovered fuel is conditioned by, i.a., development of technologically and
construction wise matured solutions of process gas cleaning units. These units
should be characterized by small degree of complication and rational investment
and operational costs.

Presented results of research as well as all the above mentioned issues, point
out that both of the developed methods of gas cleaning, dry and wet, concur to
development of small and medium scale alternative fuel gasification systems.

Presented final configuration of researched gas cleaning unit enables reduction
of solids below the level of 5 mg/m? with simultaneous reduction of tar content to
the level of 100 mg/m3.

Cleaned and cooled process gas compiles to regulations of fuel quality stan-
dards set by gas engine manufacturers as well as allows for start of research on
application of syngas in chemical synthesis for production of liquid fuels.
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