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(57) Abstract: A novel approach is proposed for applying external renewable energy in the form of high temperature geothermal
steam, hydro-electricity, and/or heat derived from nuclear reactors to carbon containing feedstock (for example biomass waste paper
or coal) in a large scale well insulated Fischer-Tropsch process to produce liquid fuels of high energy content, and by-products for
industrial production of e.g. gypsum or cement and combustion of tail gas in the gasitier to produce additional heat. A nuclear react-
or is employed to superheat steam up to temperatures above 2.500°C, at which H, and O, are separated and then directed to the gasi-
fier in the proportion required for the conversion of said syngas components into liquid fuels by the Fischer-Tropsch synthesis. The
heat is recycled wherever possible and thus maximum energy etficiency and maximum material utilization from the feedstock and
the geothermal steam are simultaneously achieved. Energy from high temperature steam is recycled in the form of electricity by a
generator to electrical heating elements and/or district heating. A system for performing the process is also provided.
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A METHOD AND A SYSTEM FOR SYNTHETIC LIQUID FUEL PRODUCTION BY
INDIRECT GASIFICATION

Description
FIELD OF THE INVENTION

The present invention concerns a process and a system for the production of liquid synthétic
fuels with high energy densities, and by-products such as cement, gypsum and glass by

allothermal gasification and Fischer-Tropsch process.

BACKGROUND TO THE INVENTION.

Gasification is traditionally a process in which either solid or liquid carbonaceous material,
containing mbstly chemically bound carbon, hydrogen, oxygen, and a variety of inorganic and
organic constituents, is reacted with air, oxygen, and/or steam. This reaction provides
sufficient exothermic energy to produce a primary gaseous product containjng mostly CO, H,,
CO,, CH;, H20, and light hydrocafbons mixed with volatile and.condens'able organic and
inorganic compounds. The general formula for the production of diesel fuel by the so called
Fischer-Tropsch (FT) process is: nCO + (2n+1)H, — nH,O + C,Hy,+;, whereas when CO, is
used the formula becomes nCO, + (3n+1)H> — 2nH,O + C,Hj.. The latter method thus

requires considerably more hydrogen to produce the same quantity of C,Hj,.

Numerous methods for producing synthesis gas are known. Present commercial techniques -
for synthesis gas production are based on steam-reforming of natural gas, particularly
methane, and industrial gasoline, autothermal-reforming of natural gas or heavier
hydrocarbons = (with .pai'tial oxidation and steam-reforming in a single .'.reactor); :
oxygen-reforming after steam-reforming (to produce ammonia), partial oxidation o‘f

hydrocarbons, coke or coal (with oxygen gasification), and reforming of carbon dioxide (Babu

2005).

It is known that energy to provide heat and power in gasification processes has conventionally
been produced by combustion. Thus it has not been possible to use a sustainable process with

a very high carbon utilization and high energy efficiency resulting in an overall negative
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carbon emission and complete conversion of most input materials into valuable products.

Past FT facilities based on the exothermal use of coal have suffered from poor energy
eff ciency (55%), poor carbon utilization (50%), considerable pollution mostly CO; and H,S
emissions, and have utlhzed the combustlon of locally avallable carbonaceous feedstock They
have also proved very capital intensive resultmg in hlgh unit produc‘uon costs. Techmcal

obstacles in feeding and gas cleaning have also been encountered (Babu 2005)

In contrast to fossilised materials such as coal, which is currently used in several commercial
gasification processes, renewable feedstock containing carbon can be processed into fuel
pellets that are more reactive and can thus be effectively gasified at lower temperatures than
fossilised matter and can therefore be considered a viable source of renewable energy. Waste
processors can classify high content carbonaceous materials, process them into pellets and
offer them on the open market. These pellets could then be transported in bulk by ship or train
and their procurement costs for a synthetic fuel processor thus lowered. MSW (Municipal
Solid Waste) pellets that can be economically transported in large quantities over long

distances is probably the cheapest available feedstock.

In at at least two countries in the possible future EU, Iceland and Italy, and possibly in Greece
and Turkey as well there exist conditions for the utilisation of high temperature geothermal

steam. It has been estimated that 60.000.000 tonnes of non-recyclable waste paper will be

- processed at recycling facilities in the EU within 10 years. Several other possible locations for

economical production exist worldwide.

SUMMARY OF THE INVENTION

The present invention provides resolution of. the above mentioned probler'ns by -employing
indirect allothermal gasification technolOgy; renewable carbonaceous feedstock and moreover
utilizing renewable energy sources such as hydro-electricity, nuclear energy, high temperature
geothermal steam and possibly an inert gas, such as helium, heated by a nuclear reactor and
circulated within the gasifier in a closed circuit in tubes for heating the syngas to a
temperature exceeding 1200°C. At this temperature no tar components are present in the gas

and thus tar does not cause problems in the process. A combustor is employed to increase the

temperature of the syngas to about 1600°C.
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A novel approach is proposed for applying external renewable energy in the form of high

temperature geothermal steam, hydro-electricity, and/or heat derived from nuclear reactors to

‘ carbon containing feedstock (for example biomass waste paper or coal) ina large scale well -

insulated FT process to produce hquld fuels of hlgh energy content and by-products for

: 'mdustnal productlon of e.g. gypsum cement or. glass and combustlon of tatl gas in. the

gaSJﬁer to produce additional heat.

Heat is recycled wherever possible and thus maximum energy efficiency and maximum

material utilization from the feedstock and the geothermal steam are simultaneously achieved.

Energy from high temperature steam is recycled in the form of electricity by a generator to
electrical heating elements and/or district heating. Some of the tail gas may be combusted in

the gasifier to produce additional heat.

The embodiments of the present invention are described in greater detail in the characterizing

parts of the claims.
BRIEF DESCRIPTION OF THE DRAWING

A fuller understanding of the nature and objects of the present invention will become apparent
upon consideration of the following detailed description with reference to the accompanying
drawing. Figure 1 is a flow diagram of an indirectly heated (,,allothermal®) gasification
process based on the use of renewable carbonaceous feedstock, either biomass or
mechanically classified municipal solid waste (MSW) and renewable energy sources, such as

geothermal steam fed by a pipe, hydroelectricity or electricity generated by a nuclear reactor.

The gasiﬁcation system of the present invention is composed of an'inlet ..v(l), at least one
energy pellet grinding unit (2), feedstock hopper (3), heat exchanger system (4), geothermal
steam pipe (5), mixer (6), gasifier (7), electric heaters (8). combustor (9), syngas (CO/H,)
circulating unit (10), O, metering device (11), H; metering device (12), scrubber (13), FT
reactor unit (14), Rectisol® gas cleaning device (15), steam removal unit for electricity
generator, other industrial uses or district heating (16), CaO and SiO; removal units (17), COZ

removal unit (18), fly ash and gas cleaning unit (19), electrolysis unit or a nuclear reactor
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(20), high octane synthesis unit (21), and bypass for tail gas (22) and storage for final
product (23). - ' '

' DETAILED DESCRIPTION OF THE INVENTION

In the process of the present invention so]id‘energy pellets are comminuted in a shredder (2)- . _

and ground to a powder prior to introduction to the gasification process.

In the gasification a solid or a liquid carbonaceous material is reacted with air, oxygen, and/or
steam. This reaction provides sufficient exothermic energy to produce a primary gaseous
product containing mostly CO, H,, CO,, CH,s, H;O, and light hydrocarbons mixed with

volatile and condensable organic and inorganic compounds. Most of the inorganic

constituents in the feedstock are chemically altered and either discharged as bottom ash or

entrained with the raw product gas. If heated by a combustor where tailgas is combusted by
the infusion of oxygen to reach the high gasifier exit temperature of 1400 - 1600°C everything
is "atomized". All molecular impurities, e.g. organics like tars or other polycyclic compounds
will be destroyed completely. Same applies for halogeneous compounds. For instance, dioxins
do not cause any problems since a clean synthesis gas is produced that can be used in a variety
of energy conversion devices, including internal combustion engines, gas turbines, and fuel
cells. Biomass and the carbon containing components of the waste paper become volatile at

450°C, at which temperature a synthesis gas (“syngas”) rich in CO and H,, will be produced if

gasified with steam and/or oxygen.

Syngas produced from waste paper by utilization of geothermal steam fed by a pipe (5) will
contain additional chemical constituents, both from the geothermal steam and the waste

paper, which will provide additional Hy; H,S, CO; gas, as well as CaCO; and SiO; in solid o
form. CaCOs is converted to CaO and CO, at 850°C. The gases can in turn be cat’aljti‘cally -

converted to produce high-value fuels and chemicals in a FT process.

Figure | shows the process layout of an embodiment of the invention suited for producing
good-quality synthesis gas from solid MSW feedstock in an indirectly heated (“allothermal®)
gasification system based on the use of renewable carbonaceous feedstock, either biomass or

technically classified municipal solid waste (MSW). The average chemical content of wood is
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51% carbon, 6% hydrogen, 38% oxygen, and 5% ash whereas the chemical content of
technically classified waste paper feedstock is approximately: 45% carbon, 30% oxygen, 20%
filler materlal (mainly CaCO; and some glass -8i0,) 4% hydrogen and 1% plastlc etc. -
Employed in the present mventlon are renewable energy sources, such as geothermal steam
%), hydroelectncxty or energy from hlgh temperature steam that will be recycled in the form '
of electricity by a generator to _electrlcal heating elements, other industrial uses or district
heating (16) or heat from a 'closed circnit filled with an inert gas (8) and generated by a
nuclear reac.tor (20). The gasification system comprises at least one gasification chamber (7)
comprising electric heaters and or heated tubes (8) and a combustor (9) where tailgas

composed mostly of naphtha and C1 — C4 gases is combusted.

In steam gasification, steam reacts with the raw material and the gaseous components formed
during gasification. Some of the gasification reactions can be described by the following
reaction formulas: C + H,0 — CO + H,, CO + H,0 - CO, + H,, CH, + H,0 — CO + 3H,
and CH, + 2H;0 — CO; + 4H;, C,H,, + 1/4 (4n-m) H,O — 1/8 (4n+m) CH, + 1/8 (4n-m)CO,.
The amount of reaction steam has a great effect on the degree of carbon conversion and the

eomposition of the product gas.

The fuel moisture content, the removal of oxygen by adding hydrogen (12) to the gas stream

and the amount of additional steam fed to the gasifier (7) determine the amount of steam in

the gasifier.

Since the envisaged feedstock (contaminated organic waste paper) contains neither sufficient -
0., nor H, to optimize carbon utilization for fuel production, carefully metered amounts of
these gases, produced either by electrolysis or by steam heated to temperatures above
2500°C from a nuclear reactor ,(.20), will be added (11, 12) to the system for reaction L

purposes, because care must be taken not to cause unwanted combustion.

Some of the tail gas (20 - 30%) cannot be converted into diesel fuel and may be either

combusted in the gasifier to produce additional heat (22) or converted into high octane

gasoline (21).
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CO; is produced by combusting the tail gas. It is also a constituent of the geothermal steam

and produced in the reaction CaCQ; — CaO + CO;. The CO, may be used as raw material for

methanol production.

In :.éddition to a partially purified and cooled synthesis gas, the gasifier may be adapted to
receive other gas streams, which are obtained from gas puriﬁcatic)‘nvunit_s situated downstream
of the gasifier. Such a gas stream can for instanée be carbon dioxfde (18) separated from the
synthesis gas which, in addition to the above processes, reacts with the raw material as
follows: C + CO, — 2CO. Other gas streams may for example include the non-reacted
portion of synthesis gas (so-called tail gas) from the synthesis step (22), steam and/or similar

side-streams, which may be removed by CO, removal units (18).

All heated surfaces of the apparatus are insulated to save energy. Recycling of heat by the

circulating loop into either the feedstock or the gasification process is necessary to increase

energy efficiency.

The high temperature geothermal steam (5) would be at 20 bar at 250°C, containing H,, H,S
and H,0. H,S must be removed (15) because it would damage the catalysts employed in the
FT conversion (14). Therefore it is advantageously eliminated by the Rectisol® process (15)
and the CO, pollution is also reduced and additionally, ammonia is removed. The Rectisol®

process uses refrigerated methanol at high pressure for physical absorption (Koss and

Schlichting 2005).

According to an embodiment of the present invention, gasification can be carried out in a
gasifier (7) comprising simply a single heat-resistant .tube with a refractory liner and a

catalyst.

According to a preferred embodiment, the gasifier (7) comprises a tubular vessel, which is
either in a horizontal or a vertical position with a refractory liner and a monolith. Oxygen (11)
is injected to elevate the reaction temperature to a desired level. From the gasifier (7),
synthesis gas is subjected to gas treatment which includes heat treatment, recovery and further
purification of the gas (19) from fly ash, whereupon the gas is passed further to a C.Hans
circulatory system (10) and GTL (Gas to Liquid) synthesis (FT conversion (14)).
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In certain embodiments of the invention, the quality of the synthesis gas can be improved by

the use of a suitable catalyst in the gasifier (7) (WO/2004/072207) to bring.the reactions

therem closer to the chemrcal equilibrium or, alternatively, oxygen m_|ectron ¢ 1) can be used

- to elevate the gas temperature until tar components are practrcally nonexrstent Wrth the help_' -

of the elevated temperature and monolith, the pyrolysrs gases produced by the pyrolyser can.
be ref ned into feedstock components i.e. hydrogen and carbon oxrdes that may be used as |
further feedstock in FT processes. Since the envisaged feedstock contains neither sufficient
O,, nor H; needed to optimize carbon utilization for fuel production, these gases (11, 12) will

be carefully dosed by a dosing device built into the system for reaction purposes.

There is a further embodiment to the invention whereby the gaseous and liquid product, waste
streams of a liquid fuel production plant, and steam produced by the chemical reaction and
heating are circulated to bring additional energy to the generation of synthesis gas. Thus, the
product and waste streams can be utilised to import additional energy to the gasification stage
where the gasifier is provided with a facility for combusting supplementary fuel for start-up
and interference situations. The product/waste streams (22) are passed to the combustion cell

of the gasifier unit (9). The circulation of non-reacted synthesis gas substantially reduces the

need for import of external energy.

The invention furthermore includes an embodiment in which gas streams from the process

stages situated downstream of the gasifier (9) can be circulated to a combination

pyrolyser-gasifier.

In conventional indirect steam gasification, the bed material and fuel are transported to the
upper portron of the gasifier with the help of steam flow. Herein, the mmlmum mass flow rate
-of the steam is determrned by the transport ability of the steam flow, the bed materral and the

raw materral. Hence, the amount of additional steam cannot be freely used as a control

variable.

Tar cleaning processes have proven their technical viability. Besides tar, other significant raw
gas contaminants include alkalis, ammonia, chlorides, sulphides and particulates. Sulphur,
CaO and SiO, must, however, be removed from the syngas in order to clean it because

sulphur damages the catalysts employed in the FT conversion. Operating procedures with
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stepwise gradual gas cooling have proved successful in removing alkalis and chlorides along
with particulate matter as they are being separated using for example cyclones, barrier filters
and electrostatic precipitators. Both ceramic and sintered metal barrier filters have been
' déVeloped_ and successfully derhdnstrat_ed for removing particu_laté matter from raw gases; in

Ca0 and SiO; removal units (17) (WO/2004/072207).

In certain embodiments the solids are effectively and completely separated from the syngas in
a separator upstream of the FT conversion (14) by CaO and SiO, removal units (17). For
some applications flexible ceramic bag filters, which now receive much attention, will offer
an attractive alternative to the fragile barrier filters (W0/2004/072207). The solids separator
is a cyclone assembly comprising one or more cyclones connected with each other in parallel
or in series. It is moreover of advantage to include at least one multi-port cyclone in the
cyclone assembly. During the separation of fine materials, some of the particles from an air or
gas flow which are really light-weight, are difficult to separate in a single-port cyclone,
whereas a multi-port cyclone, or a fly ash removal unit (19) employing e.g. electrostatic

precipitators can accomplish this task. Gas clean-up systems may have to be designed to suit

site-specific applications.

These methods are capable of effective separation of ash and other solids from the syngas. In

an embodiment in which the solids are removed, the gasifier conditions are favourable for the

catalyst used at the gasification stage (W0O/2004/072207).

The main products of the invention are liquid fuels with high energy densities (i.e. diesel and
gasoline fuels and perhaps fuel additives), but the secondary products: S, CaO, SiO; and tail
gas, have potential industrial applications. Carbon utilization and energy efficiency are thus
much highef ‘than' ¢an ‘be achieved with 'existihg technology. The synergies with parallel

industries can be substantial and result in lower unit production costs.

In an alternative embodiment of the invention, the import of external energy to the
gasification stage is effected indirectly by using direct oxygen injection into the gas stream. In
an yet another alternative embodiment increased energy efficiency by insulation of all outside

heated surfaces will be achieved.
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The syngas is heated in an entrained gasifier to a temperature reaching 1200°C and in a
combustor where the temperature could reach 1600°C, and cleaned by electrical precipitation.

At this stage it is mainly composed of cleaned CO and H, delivered from the gasifier to a

CO/H; circulating unit.

The invention also includes an e_mbodirnent,. in which gas treatment includes heat recovery,
filtration, scrubbing (13) and removal of undesired components such as sulphur compounds
and carbon dioxide. This embodiment may also involve compression of the synthesis gas, if

the pressure levels of the gasification and FT process stages are different.

Another important aspect of gas conditioning is the recovery of heat from raw product gases
employing heat exchangers and steam recovery. These heat exchangers should be constructed
from corrosion resistant materials to prevent fuel gas and air leakage. The heat exchangers
should be designed so that the particulate matter entrained within the raw gas passes through
and does not lead to blockages. In this regard, it is equally important to select tested and
evaluated robust tar decomposition additives or catalysts, which do not contribute to dust
entrainment within the product gas. It is also imp‘erative tn follow a .gas handling proéedure
that minimises re-absorption of CO, by additives and absorbents that may lead to
agglomeration of entrained dust and blockage of heat exchanger tubes and gas transfer pipes
and the low-ash fusion temperature of certain biomass, particularly under reducing conditions,

may require special care in the design and operation of type of gasifier considered

(WO0/2004/072207).

One of the main characteristics of FT processes is that the economics of scale apply in such a
manner that increases in capacity are very effective up to an input of approximately 400 MW
corresponding to 1.000.000 tonnes of feedstock, - but ‘is negligible for larger facilities

(Tijmensen et al. 2002). The facility cost is by far the largest component of the total .

processing costs.

The second largest cost component is the procurement of suitable feedstock. Therefore the
utilization of large installations, cheap energy and the availability of large cheap feedstock
quantities (each facility processing 1.000.000 tonnes of energy pellets/year) are necessary

prerequisites for an economical operation (Tijmensen et al. 2002).
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A method for the production of liquid synthetic fuels from carbon containing

' feedstpck,__for example biomass, waste paper or coal, which is :all()thcrmall_y'g'ésiﬁed‘ :

in a 'g’asiﬁer' (7) to produce syngas components by application of external énetgy_ ,S;UCh'

as:

i) high temperature geothermal steam (5), hydro-electricity, and/or heat derived

from nuclear reactors (20),
it) recycled heat from a syngas product (10),
iii) optionally additional heat produced by combustion of tail gas (22) in a

combustor (9) of said gasifier (7), and
iv) optionally recycled energy in the form of electricity (16), generated by high

temperature steam generated by the process, applied to electrical heating

elements,

characterized in that

a nuclear reactor (20) is employed to superheat steam up to temperatures above
2.500°C, at which H, (12) and O, (11) are separated and then directed to the
gasifier (7) in the proportion required for the conversion of said syngas

components into liquid fuels by Fischer-Trobsch synthesis.

The method according to claim 1, characterized by the use of the excess heat of

the heat exchangers and the gasification unit (7) for heating of the feedstock (4) and

__for production of electricity (16) for the electric heaters.

The method according to claims | and 2, characterized in that the said fcé‘dst'(‘)ck :
is preheated and transported to said gasifier (7) by the said high temperature
geothermal steam (5) that is imported through heat exchanger (4) and mixer (6).

The method according to claims 1 to 3, characterized in that the said high
temperature geothermal steam (5) is imported to the said gasifier (7) along with a

stream of carbon dioxide and/or tail gas.

11



10

15

20

25

30

WO 2012/117423

PCT/1S2011/000002

The method according to any one of the preceding claims, characterized in that
the said high temperature geothermal steam (5) is imported to an apparatus where

refrigerated methanol at high pressure is used for physical absorption and selective_

'separatlon of HZS and Hz from the steam (15) and the latter then utlllZCd for methanol_

- productnon by reactlon W1th the COz contamed in the geothermal steam or produced by -

combustlon in the e_ombustor.

The method according to any one of the preceding claims, further characterized
in that the steam, heated to above 850°C in the gasifier (7), is diverted from the

gasifier (7) to an electric generator, other industrial uses or direct heating (16).

The method according to any one of the preceding claims, further characterized in
that a cyclone assembly with barrier filters and electrostatic precipitators is used for

removing from the gas stream in the gasification chamber the CaO and SiO, that may

have entered the stream from the feedstock (3).

System for performing the ‘method according to any one claims | to 7 in order to
produce liquid synthetic fuels of high energy content, other forms of energy and
by-products for industrial production of e.g. gypsum or cement or from carbon

containing feedstock, for example biomass, waste paper or coal, comprising:

a) a subsystem for preparation of raw material consisting of an inlet for raw
material (1), at least one unit for grinding (2), a hopper (3) for collecting the
material, heat exchanger system (4) where geothermal steam (5) is introduced

with heat from recirculated syngas (10), a mixer (6) where the said steam (5) and .

the said raw material is thoroughly blended

b) a subsystem for degrading chemically the said raw material, received from the
said mixer (6), consisting of a gasifier (7) where the said material is further heated
with electric heaters (8) and enriched with O, (11) and/or H, (12), produced by
exposing water to a temperature above 2500°C in a nuclear reactor (20), to
produce syngas for further transport to a combustor (9) where tar and other
remaining material is combusted/pyrolyzed with the optional aid of heat

12
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generated from combustion of tail gas (22) from a Fischer-Tropsch reactor ( 14)

to produce CO; gas that is removed.

c)a subsystem for recn‘culanon of energy consnstmg of the sa1d cxrculatxon of

syngas (10) the said bummg of tall gas- (22) steam recelved from the saxd

“combustor (9) for productl_or_l of electr1c1t_y (16) used in heating of said ga31f ter (7)

and/or used in the electrolytic production of O, (11) and H; (12) used in the
gasification and/or the combustion process or distributed to the community and

heat optionally obtained from CO; (I8) and other gases reintroduced to the

process;

d) a subsystem for cleaning consisting of a unit for the removal of sulphur (15), a
unit for the removal of CO, (18), optionally re-introduced to the process or used
in the synthesis of methanol, a unit for the removal of fly ash (19), a unit for the
removal of CaO and SiO, (17) for the optional production of e.g. cemerit, and a

scrubber (13) for the cleanup of the said syngas;

e) a subsystem for steam removal for the production of energy in the form of
electricity for use in the process (8, 20) or for outside distribution and/or for

district heating and/or other industrial uses (16) or for providing energy to the

process from the same (16).

13
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