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(54) METHOD FOR DETERMINING OPTIMAL PROCESS CONDITIONS FOR A PROCESS FOR 
SYNTHESIS GAS PRODUCTION BY GASIFICATION

(57) The present invention is directed to a method
for determining process conditions for a process for syn-
thesis gas production by gasification, in particular allo-
thermic gasification, such as plasma gasification, of car-
bon-containing material using a gasification agent,
wherein the composition of the gasification agent is de-
termined based on the atomic ratios O:C and H:C of at

least one operational composition, which is a mixture of
the carbon-containing material and the gasification
agent, and Furthermore, the invention is directed to the
use of said method for process control, process monitor-
ing, quality control, or process engineering of a process
for synthesis gas production by gasification.
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Description

[0001] The present invention is directed to a method for determining process conditions for a process for synthesis
gas production by gasification, in particular allothermic gasification, such as plasma gasification, of carbon-containing
material using a gasification agent, wherein the composition of the gasification agent is determined based on the atomic
ratios O:C and H:C of at least one operational composition, which is a mixture of the carbon-containing material and the
gasification agent, and wherein the method utilizes a non-stoichiometric equilibrium model for gasification, in particular
the non-stoichiometric equilibrium model is used for determining the synthesis gas product composition. Furthermore,
the invention is directed to the use of said method for process control, process monitoring, quality control, or process
engineering of a process for synthesis gas production by gasification.
[0002] Gasification is commonly defined as thermochemical conversion of solid or liquid carbon-containing materials
into a gaseous product, known as synthesis gas, which mainly consists of hydrogen (H2) and carbon monoxide (CO).
The conversion takes place at high temperatures with the use of a gasification agent in an oxygen starving environment.
Most commonly, air, pure oxygen, steam and combinations thereof are used as gasification agents in known gasification
processes. Generally, the use of air introduces nitrogen (N2) in the product gases, thus considerably reducing the caloric
value of the synthesis gas due to the dilution. Typically, the gasification process produces a gas phase and a solid
residue (also referred to as char or ashes).
[0003] Commonly known gasification reactor types are for example fixed-bed gasifiers (e.g. Lurgi gasifier), fluidized-
bed gasifiers (e.g. Winkler generator) and entrained-flow gasifiers (e.g. entrained-flow gasifier of Koppers und Totzek).
[0004] Gasification processes are typically differentiated in direct (or autothermic) and indirect (or allothermic) proc-
esses, wherein the energy required for the endothermic gasification process can be supplied directly in an autothermic
process or indirectly in an allothermic process.
[0005] Typically, in autothermic (direct) gasification a part of the carbon-containing raw material is combusted, e.g. in
the same reaction chamber of the gasifier, in order to provide the necessary energy. Hence, directly operated gasifiers
rely on the addition of oxygen or air and normally cannot work with pure carbon dioxide as gasification agent. Established
direct gasification technologies, such as air or oxygen blown fixed bed, fluidized bed or entrained flow gasifiers, are
typically operated in a range of about 800°C to 1400°C and use a gasification agent for conversion. Generally, the
operation at high temperatures requires a burner, fuel, pipes and other installations. Required preheating of common
gasifiers result in significant start-up times and are therefore only efficient when operated constantly over long-term period.
[0006] Allothermic (indirect) gasification means that the energy required for the gasification process is supplied indi-
rectly, for example via a heat exchanger or a circulating heat carrier. Another possibility is the gasification by means of
plasma, such as microwave plasma or arc torch plasmas, which may be generated by an external power source. Plasma,
as highly ionized gas, contains a significant number of electrically charged particles and is classified as the fourth state
of matter. As plasma contains an equal number of free positive and negative charges, it is electrically neutral. Plasma
processes may be largely classified into thermal and non-thermal hot plasma processes.
[0007] Plasma gasification of carbon-containing feedstock material using thermal plasma and arc torch plasmas are
for example described in WO 2012/39751 A2 and US 2010/0199557 A1. Further, the use of microwave plasma in
biomass gasification is described in WO 2018/187741.
[0008] Furthermore, so called power-to-X concepts (or also referred to as power-to-value), e.g. power-to-synthesis
gas, allows the use of renewably generated electricity and safe energy supply. Further, waste-to-energy (WtE) concepts
utilize the thermal energy of waste materials, e.g. by conversion as heat or convert the combustibles to electricity in a
power plant. So called waste to-X (WtX) (also referred to as waste-to-value) concepts allow the use of waste materials
as raw material for the production of chemicals, e.g. synthesis gas.
[0009] Common gasification technologies convert fossil raw materials, such as coal, to synthesis gas. However, with
regard to the global changing raw material situation, the interest in utilization of alternatives to fossil materials is increasing,
such as biomass, as CO2-neutral energy and raw material, as well as waste materials. For example typical carbon-
containing raw materials used as feedstock for gasification, for both power generation or production of chemicals, are
coal, biomass, and waste materials. Typically, known gasification technologies are dedicated to specific raw material
and narrow particle size distribution as well as low moisture content, increasing pretreatment costs and complexity.
[0010] Typically, the synthesis gas product of gasification processes is used for generating power or for producing
chemicals wherein the latter requires the production of chemical grade synthesis gas. For example downstream processes
for producing chemicals are catalytic synthesis reactions, such as methanol synthesis, mixed alcohol synthesis, Fischer-
Tropsch synthesis, oxo-synthesis or methanation. As a rule, synthesis gas for use in downstream catalytic synthesis
reactions (also referred to as chemical grade synthesis gas) requires a high ratio of H2 to CO of about 2:1. Therefore,
normally the ratio of H2 to CO is adjusted via so called water-gas shift reaction downstream the gasification reaction. In
the water-gas shift reaction the synthesis gas is brought in contact with steam, wherein the carbon monoxide reacts with
steam according to CO + H2O → CO2 + H2 (water-gas shift reaction, WGSR).
[0011] Often the synthesis gas product contains impurities besides carbon monoxide (CO) and hydrogen (H2), such



EP 3 878 927 A1

3

5

10

15

20

25

30

35

40

45

50

55

as tars, volatile or semi-volatile organic compounds, sulfur compounds, ammonia, nitrogen oxides, sulfur oxides, hydro-
gen chloride and ashes. Typically, the production of chemical grade synthesis gas for use in downstream catalytic
synthesis reactions requires the removal of such impurities and purification steps. High levels of impurities require cost-
intense synthesis gas clean-up for further processing.
[0012] Most of the gasification processes described in the state of the art, such as gasification processes for power
generation as well as for the production of chemicals, are operated directly and as a consequence require the addition
of pure oxygen or air.
[0013] A process for using biomass or waste to produce conversion products, such as synthesis gas for value-added
products, is still challenging because of the above mentioned draw-backs of gasification technologies and the variations
in bio-based raw material quality. Typically, the processes and plants are designed for a specific raw material.
[0014] Thus, there is a need to provide suitable or optimized process conditions for integrated synthesis gas production,
such as power-to-value or waste-to-value processes, that allows high process feedstock flexibility, so that the process
can be easily adapted in view of different carbon-containing starting materials. In particular high process feedstock
flexibility means that the process is efficient and flexible towards change in feedstock composition, feedstock quality,
feedstock quantity, particle size and moisture content. In particular the inventive method should allow determination of
process conditions for a gasification process that should allow the flexible allothermic conversion of waste materials into
synthesis gas.
[0015] In summary there is a need for simulation studies working also in the temperature regime relevant for plasma
gasification. Furthermore, in light of the waste-to-value concept it is of interest to study the resulting synthesis gas
composition, despite the caloric value. Here, minimal separation effort especially for tar and oil fractions as also a
synthesis gas ratio (H2/CO ratio) close to later applications (e.g. about 2 for Methanol and Fischer-Tropsch-Synthesis)
are aimed for. Furthermore, in view of process tolerance, it is of interest how feedstock pre-treatment and gasification
agent can be applied to react to feed composition changes.
[0016] One object of the present invention is to provide a method for determining suitable or preferably optimized
process conditions for gasification, in particular for plasma gasification, that meet the above mentioned need and over-
comes the drawbacks of the state of the art. In particular one object of the invention is to provide a gasification process,
that is easy to implement and that uses readily available apparatus.
[0017] It has been surprisingly found that the object as described above can be solved by the inventive method.
Particularly, it has been found that a thermodynamic equilibrium model can advantageously be used to study the capability
of plasma gasification, in particular in waste-to-value concepts and to optimize the achievable total amount of synthesis
gas and the synthesis gas ratio. It was found that optimal process conditions, such as temperature and gasification agent
composition, can be found based on thermodynamic equilibrium modelling, wherein it is possible to react on changes
in feedstock composition and to tune the product gas composition through the flexible use of gasification agent. Fur-
thermore, a way to visualize an operational window of the gasification process is presented. Therefore, constraints set
for the synthesis gas ratio and amount as well as the solid carbon content are added based on the equilibrium calculation
as borderlines to the O:C / H:C plot. Such O:C / H:C plots are commonly known and also referred to as van Krevelen
plot (van Krevelen, D.W., 1957. Coal science: aspects of coal constitution. Elsevier Publishing Company, Amsterdam).
[0018] In particular it has been found that desired process criteria can be reliably and easily adjusted for different
carbon-containing feedstock materials via the adjustment of the composition of the gasification agent, wherein the
gasification agent is preferably selected from carbon dioxide, steam, oxygen, hydrogen, methane, air and mixtures
thereof.

The present invention

[0019] The present invention is directed to a method for determining process conditions, in particular suitable or
optimized process conditions, for a process for synthesis gas production by gasification, in particular plasma gasification,
of carbon-containing material using a gasification agent, which comprises at least one gas selected from carbon dioxide,
steam, oxygen, hydrogen, methane and air, wherein the composition of the gasification agent is determined based on
the atomic ratios O:C and H:C of at least one operational composition, which is a mixture of the carbon-containing
material and the gasification agent, and wherein the method utilizes a non-stoichiometric equilibrium model for gasifi-
cation.

Advantages of the inventive method

[0020] Generally, the inventive method allows easily adjusting relevant process parameters according to the given
feedstock material and depending on arbitrary desired process criteria, for example specifications in view of the yield of
synthesis gas, water content in synthesis gas, solid carbon content in the synthesis gas, etc.
[0021] In particular, the inventive method allows the use of different carbon-containing material, wherein the desired
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synthesis gas ratio and synthesis gas yield can be obtained by the adjustment of the composition of the gasification
agent. Thus, the process conditions for indirect (allothermic) gasification process can flexibly be used for different carbon-
containing raw materials without the need of changes in the technical equipment. Further different operating conditions,
such as the omission of oxygen, can be utilized in the gasification process.
[0022] Further, the inventive method allows to evaluate the suitability of a given carbon-containing feedstock material
for a gasification process, in particular a plasma gasification process, having defined process criteria.
[0023] Further, the inventive method allows controlling a process for the indirect (allothermic) gasification of a carbon-
containing feedstock material based on given process criteria.
[0024] In terms of the present invention synthesis gas means a gas mixture comprising (or preferably essentially
consisting of) hydrogen and carbon monoxide. In particular synthesis gas exhibits a molar ratio of hydrogen to carbon
monoxide in the range of 1:1 to 2.5:1. In term of the present invention the molar ratio of hydrogen to carbon monoxide
(H2/CO) is referred to as synthesis gas ratio.
[0025] In terms of the present invention an allothermic processes, in particular an allothermic gasification (or also
indirect gasification), means that the required energy for the endothermic gasification process is at least partly supplied
indirectly as external energy. In particular at least 10 % of the required energy is supplied via external energy.
[0026] In terms of the present invention steam means water in the gaseous state.

Steps of the method for determining process conditions

[0027] In particular the inventive method encompasses the definition of the composition of at least carbon-containing
material composition or a group of such compositions (also referred to as an starting window) defined by atomic O:C
and H:C ratios within the O:C / H:C plot (also known as van-Krevelen-plot).
[0028] In particular determining the composition of the gasification agent is carried out by the following step:

- defining the suitable combinations of carbon-containing material compositions within the starting window and oper-
ational compositions within the operational window, wherein the operational compositions are reached starting from
the carbon-containing material compositions by the addition of at least one gas selected from carbon dioxide, steam,
oxygen, hydrogen, methane, and air, within the O:C / H:C plot.

[0029] Optionally, preferred combinations as defined above may be selected based on the non-stoichiometric equi-
librium model for gasification.
[0030] In a preferred embodiment the method for determining process conditions for a process for synthesis gas
production comprises the following steps:

i) defining the composition of at least one carbon-containing material or a group of such compositions (starting
window) within the O:C / H:C plot;

ii) defining at least one operational composition or group of operational compositions (operational window) within
the O:C / H:C plot based on the non-stoichiometric equilibrium model for gasification, and preferably based on at
least one process criterion, selected from molar amount of synthesis gas, synthesis gas ratio, solid carbon content
in the synthesis gas, carbon dioxide emission, and water content in the synthesis gas product;

iii) defining at least one suitable combination of carbon-containing material composition (within the starting window)
and operational composition (within the operational window), wherein the operational composition is reached within
the O:C / H:C plot starting from the carbon-containing material compositions by the addition of at least one gas
selected from carbon dioxide, steam, oxygen, hydrogen, methane, and air;

iv) determining at least one suitable composition of the gasification agent based on the suitable combination(s)
obtained in step iii).

[0031] In a preferred embodiment the gasification is an allothermic gasification, wherein external energy obtained from
electric power, preferably from electric power generated by renewable energy, is supplied in the gasification step. More
preferably, the gasification is an arc-plasma gasification.
[0032] Preferably, the gasification includes supplying external energy obtained from electric power, wherein the external
energy causes the gasification reaction of the carbon-containing material, in the presence of the gasification agent.
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Process conditions

[0033] The present invention is directed to a method for determining process conditions, e.g. optimal process conditions,
for a process for synthesis gas production by gasification, wherein the composition of the gasification agent is determined
based on the atomic ratios O:C and H:C of at least one operational composition. In particular process conditions are
understood as being process parameters that are set using the inventive method in order to obtain optimal or desired
process results, such as one or more of the process criteria as described below. According to the present invention the
composition of the gasification agent is determined as one process condition.
[0034] Furthermore, it is possible to determining additional process conditions, in particular optimized process condi-
tions, for the synthesis gas production process via the inventive method, such as gasification temperature and water
content of the carbon-containing material.
[0035] Typically, the composition of the gasification agent is given by the molar fraction (given in mol%) for at least
one gas selected from carbon dioxide, steam, oxygen, hydrogen, methane and air, or ranges thereof.
[0036] It has been found that above 1400 K the temperature has only a minor influence on relevant process criteria
and a temperature invariant product composition can be achieved for a given feedstock. This allows for a stable and
tolerant operation regime, in which particular suitable synthesis gas ratios and low solid carbon contents can be obtained
within the ratio of O:C and H:C of the chosen operational window. Preferably, the method for determining process
conditions is directed to a process for synthesis gas production via plasma gasification which is carried out at a temperature
above 1400 K, preferably in range of 1,400 to 1,800 K, in the gasification step.

Synthesis gas

[0037] Typically, the synthesis gas (also referred to as syngas) produced via the gasification process comprises
hydrogen and carbon monoxide, wherein the sum of hydrogen and carbon monoxide in the produced synthesis gas is
from 80 to 100 mol%, typically 80 to 95 mol%, based on the total synthesis gas, and calculated without inert gases, such
as nitrogen.
[0038] Often the synthesis gas produced in the gasification of carbon-containing material may comprise further com-
ponents besides hydrogen and carbon monoxide, such as common impurities and/or inert components. Typically, such
further components may be present up to 1000 ppm. In particular the synthesis gas may comprise one or more further
components besides hydrogen (H2) and carbon monoxide (CO) selected from carbon dioxide (CO2), methane (CH4),
steam, nitrogen (N2), noble gases (e.g. argon), other nitrogen compounds, such as nitrogen oxides (NOx), ammonia
(NH3), and hydrogen cyanide (HCN); sulfur compounds, e.g. hydrogen sulfide (H2S), sulfur dioxide (SO2), carbonyl
sulfide (COS), carbon disulfide (CS2), methane thiol (CH3SH), thiophene, benzothiophene and/or halogen compounds,
such as hydrogen chloride (HCI). Typically, such gaseous impurities in the synthesis gas may be selected from nitrogen
(N2), ammonia (NH3), hydrogen cyanide (HCN), and hydrogen chloride (HCl).
[0039] Preferably, the content of solid carbon in the synthesis gas product is less than 1 % (mol%), preferably from
0.1 to 0.8 % (mol%).
[0040] In a preferred embodiment the method is directed to the production of chemical grade synthesis gas. In particular
chemical grade synthesis gas exhibits a composition and content of impurities in such way that it can be used for typical
downstream processes, such as methanol synthesis, mixed alcohol synthesis, Fischer-Tropsch synthesis, oxo-synthesis
(also referred to as hydroformylation), and methanation.
[0041] Preferably, the synthesis gas has a synthesis gas ratio in the range of 1:1 to 2.5:1, preferably in the range of
1.5:1 to 2.1:1. Preferably, the composition of the synthesis gas, e.g. the hydrogen to carbon monoxide ratio, may be
varied in view of the requirements of the specific downstream process. In particular the synthesis gas is used in a
methanol synthesis process and has synthesis gas ratio in the range of 2.0 : 1 to 2.5 : 1. In particular the synthesis gas
is used in a Fischer-Tropsch process and has synthesis gas ratio in the range 1.5 : 1 to 2.5 : 1, preferably 2.0 : 1 to 2.5 : 1.

Carbon-containing material

[0042] In particular the inventive method encompasses the definition of the composition of least one carbon-containing
material or a group of such compositions (also referred to as an starting window) defined by atomic O:C and H:C ratios
within the O:C / H:C plot (also known as van-Krevelen plot or Krevelen plot).
[0043] In particular the process for synthesis gas production by gasification comprises feeding a feedstock, comprising
at least one carbon-containing material, and a gasification agent into a gasifier. Typically, the feedstock (or also referred
to as feedstock material) consists of the one or more carbon-containing material(s) as described in the following.
[0044] In a preferred embodiment the carbon-containing material is a mixture of different carbon-containing materials
as described in the following, for example a mixture of different waste materials. In particular the composition of the
carbon-containing material based on the atomic ratios O:C and H:C, e.g. within the range of CH0.0-2.2O0.0-1.3, can be
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adjusted via mixing of different carbon-containing materials. In particular the starting window within the O:C / H:C plot
can be defined via the mixture of different carbon-containing materials.
[0045] Furthermore, it is possible to use an unknown carbon-containing material, wherein the composition of said
unknown carbon-containing material based on the atomic ratios O:C and H:C is determined via ultimate analysis and
said composition (e.g. ratios O:C and H:C) is used in the inventive method.
[0046] Furthermore, it is possible to use an unknown carbon-containing material, wherein the carbon-containing ma-
terial, e.g. a plastic waste material, is characterized by a known analysis method, e.g. ultimate analysis, infrared spec-
troscopy, and the composition of said unknown carbon-containing material is defined based on the results of the said
analysis method and the atomic ratios O:C and H:C commonly known and/or described in literature.
[0047] In particular the carbon-containing material used in the inventive method for determining process conditions
for a process for synthesis gas production are selected from materials comprising carbon, hydrocarbons or mixtures
thereof.
[0048] In a preferred embodiment the carbon-containing material is selected from coal, biomass (e.g. wood or straw),
cellulose-containing materials, lignin-containing materials, hydrocarbons, organic matter, waste material, such as mu-
nicipal waste (e.g. municipal solid waste MSW), plastic solid waste materials (PSW), non-recyclable waste materials
(e.g. thermographic paper), waste materials from chemical industry processes (e.g. solvents or residues) (referred to
as chemical process waste materials), sludges, rubbers, and mixtures thereof.
[0049] In a preferred embodiment the carbon-containing material is selected from coal, cellulose-containing materials,
and lignin-containing materials, more preferably from coal, lignin and cellulose.
[0050] In particular the carbon-containing material has a composition in the range defined by CH0.0-2.2O0.0-1.3.
[0051] Preferably, the carbon-containing material used in the inventive method for determining process conditions is
selected from coal, preferably having a composition CH0.0-0.9O0.0-01; lignin, preferably having a composition
CH0.6-1.6O0.0-0.9; and cellulose, preferably having a composition CH1.0-2.2O0.3-1.3. More preferably the carbon-containing
material can be selected from coal, having a composition CH0.6O0.02; lignin having a composition CH1.1O0.4; and cellulose,
having a composition CH1.65O0.8.
[0052] Preferably, the inventive method is directed to a process for synthesis gas production which is utilized as waste-
to-value (WtV) process, wherein the value is for example synthesis gas or a downstream product, e.g. methanol, Fischer-
Tropsch waxes, Fischer-Tropsch fuels, alcohols (from mixed alcohol synthesis), aldehydes (from hydroformylation) or
methane (from methanation). Thus, in a preferred embodiment the carbon-containing material is selected from waste
materials comprising hydrocarbons, in particular selected from agricultural waste, industrial organic waste, industrial
biogenic waste, and municipal waste.
[0053] In a preferred embodiment, the carbon-containing material is selected from one or more plastic solid waste
(PSW) materials. Preferably, the carbon-containing material is selected from non-recyclable waste materials (e.g. ther-
mographic paper).
[0054] In particular the inventive method is directed to a process of the allothermic gasification of plastic solid waste
(PSW). In particular the composition of the gasification agent can be adjusted in view of the used plastic solid waste
material and/or the desired synthesis gas ratio in the produced synthesis gas.
[0055] Plastic solid waste (PSW) is for example selected from automotive shredder residue (ASR), post-consumer
plastic waste, household plastic waste, commercial plastic waste.
[0056] Often plastic solid waste is a mixture of commonly used plastic materials. Preferably the plastic solid waste
comprises one or more plastic materials selected from styrene polymers (e.g. GPPS, HIPS), styrene copolymers (e.g.
ABS, ASA), polyesters (e.g. PBT, PET), polyvinylchloride (PVC), polyolefins (e.g. PE, PP, HDPE, LDPE, LLDPE),
polyether ether ketone (PEEK), polyvinylacetate (PVA), polyurethane (PU), polyamides (e.g. PA6), acrylate polymers
(e.g. PMMA), polyvinyl chloride (PVC), polyvinylidene fluoride (PVDF), polycarbonate (PC), polyoxomethylene (POM).
[0057] Preferably the plastic solid waste (PSW) comprises (preferably consists of) one or more plastic materials
selected from polystyrene (PS), general purpose polystyrene (GPPS), high impact polystyrene (HIPS), polybutylene
terephthalate (PBT), polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), polyether ether ketone
(PEEK), and polyvinyl acetate (PVA). More preferably the plastic solid waste (PSW) comprises (preferably consists of)
one or more plastic materials selected from polyethylene (PE), polypropylene (PP), polystyrene (PS) and polyether ether
ketone (PEEK).
[0058] In a preferred embodiment the carbon-containing material comprises only one of the above mentioned plastic
materials (single-sort recycled PSW). In another preferred embodiment the carbon-containing material comprises two
or more of the above mentioned plastic materials (mixed-sort recycled PSW).
[0059] In a preferred embodiment the carbon-containing material, in particular PSW, exhibits an atomic ratio of O:C
(oxygen to carbon) in the range of 0.0 to 0.7; preferably in the range of 0.0 to 0.1; and/or an atomic ratio H:C (hydrogen
to carbon) in the range of 0.4 to 2.2; preferably in the range of 1.8 to 2.2. Preferably, the carbon-containing material has
a composition CH0.4-2.2O0.0-0.7; more preferably a composition CH1.8-22O0.0-01. More preferably, the carbon-containing
material is at least one plastic solid waste having a composition in the range defined by CH0.4-2.2O0.0-0.7; more preferably
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CH1.8-2.2O0.0-01.
[0060] Typically, the carbon-containing material may be pretreated before fed into the gasifier. For example the feed-
stock comprising at least one carbon-containing material is dried before feeding into the gasifier. For example the
feedstock comprising at least one carbon-containing material may be reduced to small particles, e.g. by cutting, crushing,
grinding. Further, the pretreatment may encompasses separating and sorting of the feedstock material.
[0061] Typically, the carbon-containing material has a water content of up to 50 % by weight, preferably up to 30 %
by weight, preferably in the range of 0 to 50 % by weight, preferably 0.001 to 40 % by weight. Preferably, the carbon-
containing material is selected from plastic solid waste material and has a water content of up to 5 % by weight, preferably
up to 1 % by weight, more preferably in the range of about 0 to 1 % by weight.

Gasification agent

[0062] According to the inventive method, the gasification agent comprises at least one gas selected from carbon
dioxide, steam, oxygen, hydrogen, methane, and air, preferably selected from carbon dioxide, steam, oxygen, hydrogen
and methane; more preferably selected from carbon dioxide, steam, hydrogen, and methane, also preferably from
oxygen, carbon dioxide, and steam. Often the gasification agent is a mixture of two or more of the gases mentioned before.
[0063] In a preferred embodiment the gasification agent comprises (preferably consists of):

0 to 98 mol%, preferably 5 to 80 mol%, more preferably 10 to 60 mol%, of carbon dioxide;
1 to 98 mol%, preferably 5 to 80 mol%, more preferably 10 to 60 mol%, of steam;
1 to 98 mol%; preferably 5 to 80 mol%, more preferably 10 to 60 mol%, of oxygen;
0 to 97 mol%, preferably 0 to 85 mol%, more preferably 0 to 70 mol%, of hydrogen;
0 to 97 mol%, preferably 0 to 85 mol%, more preferably 0 to 70 mol%, of methane; and
0 to 5 mol%, preferably 0 to 2 mol%, more preferably 0 to 1 mol%, of further components, preferably further gaseous
components, e.g. selected from carbon monoxide and gaseous impurities, e.g. impurities comprising sulfur com-
pounds and/or nitrogen compounds.

[0064] Typically, the gasification agent may comprise impurities, in particular gaseous impurities, in the ppb or ppm
range, for example in the amount of 0.001 ppm to 100 ppm. Typically, such impurities are selected from sulfur compounds,
nitrogen compounds and halogen compounds as mentioned above in connection with the synthesis gas impurities.
[0065] Further, the gasification agent may comprise carbon monoxide in an amount of from 0 to 30 mol%, preferably
of from 0.0001 to 10 mol%.
[0066] In an embodiment the gasification agent comprises less than 1 mol%, preferably less than 0.1 mol%, of nitrogen.
[0067] Preferably, the gasification agent may comprise methane obtained from bio gas production.

Operational compositions

[0068] Typically, the inventive method encompasses the definition of at least one operational composition, which is a
mixture of the carbon-containing material and the gasification agent, based on the atomic ratios O:C and H:C within the
O:C / H:C plot (also known as van-Krevelen-plot). Preferably, the inventive method encompasses the definition of a
group of operational compositions (also referred to as an operational window) defined by atomic O:C and H:C ratios,
preferably represented as a box within the O:C / H:C plot.
[0069] In a preferred embodiment the operational composition or operational window is defined based on criteria set
for relevant process parameter (also referred to as process criteria in the following). Said process criteria described in
the following are for example synthesis gas ratio, yield of synthesis gas, carbon efficiency, and solid carbon content in
the synthesis gas.
[0070] Preferably, the operational composition or operational window is defined using the non-stoichiometric equilib-
rium model for gasification. It is also possible to use a simulation based on said non-stoichiometric equilibrium model
for gasification. In particular, the operational composition or operational window is defined based on said non-stoichio-
metric equilibrium model for gasification, wherein one or more process parameters as described below are set as
constraints on the synthesis gas composition (product gas composition) calculated by the non-stoichiometric equilibrium
model for gasification.
[0071] Preferably, the at least one operational composition, or preferably the operational window, is defined based on
the non-stoichiometric equilibrium model for gasification and is defined based on at least one process criterion, selected
from molar fraction of synthesis gas (yield of synthesis gas), synthesis gas ratio, solid carbon content in the synthesis
gas, carbon efficiency (yield of carbon monoxide), carbon dioxide emission, and water content in the synthesis gas
product.
[0072] In a preferred embodiment the operational composition is at least one composition selected from compositions
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having an atomic ratio of O:C in the range of 1.0 to 1.7; preferably in the range of 1.2 to 1.5; and/or an atomic ratio H:C
in the range of 2.0 to 4.0; preferably in the range of 3.0 to 3.4. Preferably, the operational composition is at least one
composition selected from the range defined by CH2.0-4.0O1.0-1.7; more preferably CH2.7-3.7O1.1-1.6, also preferably
CH3.0-3.4O1.2-1.5, most preferably the operational composition is CH3.2O1.4. Also preferably, the operational window has
an atomic ratio of O:C in the range of 1.0 to 1.7; preferably in the range of 1.2 to 1.5; and/or an atomic ratio H:C in the
range of 2.0 to 4.0; preferably in the range of 3.0 to 3.4. Preferably, the operational window is CH2.0-4.0O1.0-1.7; more
preferably CH2.7-3.7O1.1-1.6, also preferably CH3.0-3.4O1.2-1.5.
[0073] In another preferred embodiment the operational composition is at least one composition selected from com-
positions having an atomic ratio of O:C in the range of 1.1 to 1.4 and/or an atomic ratio H:C in the range of 2.0 to 4.0.
Preferably, the operational composition is at least one composition selected from CH2.0-4.0O1.1-1.4. Also preferably the
operational window has an atomic ratio of O:C in the range of 1.1 to 1.4 and/or an atomic ratio H:C in the range of 2.0
to 4.0. Preferably, the operational composition is at least one composition selected from CH2.0-4.0O1.1-1.4.
[0074] It has been found that these preferred operational compositions or operational windows can advantageously
be used in a gasification process (preferably plasma gasification process). Further, it has been found that these preferred
operational compositions or operational windows can advantageously be used in a gasification process (preferably
plasma gasification process) at a gasification temperature of above 1400 K.

Process criteria

[0075] The process criteria as described in the following may be used to define at least one suitable operational
composition or preferably an operational window (i.e. the group of suitable or preferred operational compositions) within
the O:C / H:C plot based on the non-stoichiometric equilibrium model for gasification.
[0076] Preferably, the process criterion used in the inventive method is one or more selected from molar amount of
synthesis gas (yield of synthesis gas), synthesis gas ratio, solid carbon content in the synthesis gas product, carbon
efficiency (yield of carbon monoxide), carbon dioxide emission, and water content in the synthesis gas product; more
preferably selected from molar fraction of synthesis gas (yield of synthesis gas) and synthesis gas ratio. Typically, two
or more, preferably 2-5, more preferably 2-3 process criteria are used in the inventive method in order to define the
operational composition(s) or the operational window.
[0077] In particular the molar fraction of synthesis gas (Y(syngas)) in % is given by: 

[0078] Typically, the molar amounts are given as molar flow in a continuous process. Preferably, the inventive method
is based on maximum molar amount of synthesis gas as relevant process criteria. Preferably, a molar amount of synthesis
gas of at least 70 %, preferably at least 80 %, preferably in the range of 70 to 100 %, more preferably 80 to 95 %, is
used as process criterion in the inventive method.
[0079] In particular the synthesis gas ratio (r(syngas)) is given by: 

[0080] Typically, the molar amounts are given as molar flow in a continuous process. Preferably, a synthesis gas ratio
in the range of 1:1 to 2.5:1, preferably 1.1:1 to 2.5:1, more preferably 1.5:1 to 2.5:1, more preferably 2:1 to 2.1:1, also
preferably 1:1 to 2:1, most preferably 2:1, is used as process criterion in the inventive method.
[0081] In particular the solid carbon content (SCC) in the synthesis gas is given in % by: 

[0082] Typically, the molar amounts are given as molar flow in a continuous process. Preferably, the inventive method
is based on minimum solid carbon content in the synthesis gas as one relevant process criteria. Preferably, solid carbon
content (SCC) of below 1 %, preferably in the range of 0 to 0.9 %, more preferably 0.1 to 0.8 %, is used as process
criterion in the inventive method.
[0083] In particular the carbon efficiency (yield of carbon monoxide, Y(CO)) in % is given by: 
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[0084] Typically, the molar amounts are given as molar flow in a continuous process. Preferably, the inventive method
is based on maximum carbon efficiency as relevant process criteria. Preferably, a carbon efficiency of at least 60 %,
preferably at least 80 %, preferably in the range of 60 to 100 %, more preferably 80 to 95 %, is used as process criterion
in the inventive method.

Non-stoichiometric equilibrium model for gasification

[0085] The invention method for determining process conditions for synthesis gas production by gasification utilizes
a non-stoichiometric equilibrium model for gasification. In particular the non-stoichiometric equilibrium model is utilized
for determining the synthesis gas product composition.
[0086] Typically, the utilization of the non-stoichiometric equilibrium model includes the solution of a system of equations
as described below, resulting from minimization of the total Gibbs free energy. In particular the non-stoichiometric
equilibrium model for gasification may be implemented in the inventive method via generally known computer programs
including the possibility for solving systems of nonlinear algebraic equations, e.g. Matlab, Mathematica and Microsoft
Excel Solver add-in.
[0087] Further, the inventive method can for example be based on a simulation which is based on said non-stoichio-
metric equilibrium model for gasification. Typically, suitable simulation methods are known in the art and are carried out
using commonly known computer programs, for example Aspen One® simulation software (from Aspen Technology,
Inc., US).
[0088] Generally, in the non-stoichiometric equilibrium model employed in the inventive method, the equilibrium com-
position of a system, comprising (preferably consisting of) the desired product species, is calculated by minimization of
the total Gibbs free energy of the system Gs, wherein the total Gibbs free energy of the system Gs is defined as: 

 where

ni is the amount of substance of considered product species i;
N is the number of considered product species; and
mi is the chemical potential of considered product species i.

[0089] Preferably, the chemical potential mi of species i, which are considered as ideal gases, is given by: 

where

ΔG°f,i is the standard Gibbs free energy of formation of the species i;
R is the ideal gas constant;
T is the temperature of the species or of the system;
ni is the amount of substance of product species i; and
ntotal is the total amount of substance of all N product species considered.

[0090] Preferably, two or more, preferably all, product species, selected from solid carbon (C (s)), gaseous carbon
monoxide (CO (g)), gaseous carbon dioxide (CO2(g)), gaseous methane (CH4 (g)), gaseous hydrogen (H2 (g)), and
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gaseous water (steam, H2O (g)) are considered.
[0091] Preferably, the non-stoichiometric equilibrium model of the inventive method includes the calculation of the
equilibrium composition of a system, comprising the considered product species, by minimization of the total Gibbs free
energy of the system Gs, wherein the objective function of the minimization problem (minimization of Gs) is given by
formula (3): 

wherein the symbols are as defined above.
[0092] Preferably, the inventive method may include the calculation of the equilibrium composition as described for
different temperatures T within a given range, more preferably for a temperature range of from 800 to 1,800 K.
[0093] Preferably, the is the standard Gibbs free energies of formation of the considered species (ΔG°f,i) and their
temperature dependence are determined based on standard databases, e.g. NIST-JANAF database. Typically, the
standard Gibbs free energies of formation of the considered species (ΔG°f,i) at the given temperature can be approximated
by polynomial functions given in said standard data bases.
[0094] Preferably, said minimization problem, preferably the minimization problem given by formula (3), is solved using
the constraint represented by the mass balance of each element (in particular C, H, O) according to formula (4): 

with j = 1,2,3, ...
wherein

Aj is the total number of atoms of the j-th element (in particular C, H, O), present in the reaction mixture,
ai,j is the number of atoms of element j in product species i;
ni is the amount of substance of product species i, and
N is the number of considered product species.

[0095] Preferably, the mass balances according to formula (4) of the elements C (carbon), H (hydrogen) and O (oxygen)
are considered as constraints for the calculation of the synthesis gas product composition by the non-stoichiometric
equilibrium model.
[0096] Typically, the input species needs to be specified in order to determine available atoms Aj for the non-stoichi-
ometric equilibrium model. In particular, the input of feedstock (carbon-containing material), feedstock moisture and
gasification agents are considered in the model, e.g. in the mass balances of formula (4).
[0097] Typically, the gasification agents considered in the non-stoichiometric equilibrium model for gasification are as
described above. In particular at least oxygen, steam and carbon dioxide are considered.
[0098] Typically, the feedstock (carbon-containing material) is given in form of a carbon-normalized composition
CHxOy . For example such normalized composition CHxOy is calculated according to the following formulas (5) and (6): 
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where

Wdry is the weight fractions on dry basis; and
M is the molar mass.

Process steps of gasification

[0099] Typically, the production of synthesis gas by gasification encompasses process steps including the gasification
reaction carried out in a gasifier, and typically additional pretreatment steps and/or subsequent steps of purification or
the so called water gas shift.
[0100] Preferably, the method for determining process conditions is directed to a process for synthesis gas production
by gasification comprising the steps:

a) feeding a feedstock, comprising at least one carbon-containing material, and a gasification agent, comprising at
least one gas, selected from carbon dioxide, steam, oxygen, hydrogen, methane and air, as feed stream into a
gasifier, wherein a product stream comprising raw synthesis gas is generated;

b) removing the raw synthesis gas as product stream from the gasifier and optionally cooling the product stream;

c) separating the solid ingredients from the gaseous ingredients in the raw synthesis gas product stream;

d) feeding the product stream obtained in step c) into a water-gas shift reactor, wherein a part of the carbon monoxide
of the synthesis gas is transformed together with steam into hydrogen and carbon dioxide and wherein a modified
synthesis gas product stream is obtained;

e) optionally removing sulfur compounds from the modified product stream in a desulfurizing step;

f) removing and separating carbon dioxide at least partially from the modified product stream obtained in step d) or
e), wherein an exhaust gas comprising carbon dioxide and a separated synthesis gas product stream are obtained;

g) optionally further purification of the separated synthesis gas product stream obtained in step f).

[0101] For example, the synthesis gas product stream obtained in step f) or g) can be used in a downstream synthesis
process, wherein at least one downstream synthesis product and an exhaust gas comprising carbon dioxide is obtained.
[0102] Typically, the at least one carbon-containing material used as feedstock may be in solid and/or liquid form. In
a preferred embodiment the carbon-containing material used as feedstock in the gasification process of the inventive
method is in solid form.
[0103] In a preferred embodiment the gasification is carried out as an allothermic gasification, wherein external energy
is supplied in the gasification step a), preferably external energy obtained from electric power, more preferably external
energy obtained from electric power generated by renewable energy. For example the renewable energy for generating
the electric power is based on biomass, hydroelectricity, wind power, geothermal energy, or solar energy (e.g. photovoltaic
electricity, solar thermal power, concentrated solar power).
[0104] In a preferred embodiment the external energy is supplied in the gasifier in step a) in form of a plasma, preferably
an arc plasma. In this preferred embodiment the inventive method is directed to the production of synthesis gas by
plasma gasification of carbon-containing material. The utilization of plasma as external power source can be advanta-
geous due to higher flexibility as the external power source can be adapted depending on the carbon containing raw
material and the process conditions.
[0105] Generally, a plasma is defined as an ionized gas, which contains a significant number of electrically charged
particles (ions and electrons) and is classified as the fourth state of matter. Typically, a plasma is electrically conductive
and it is electrically neutral, as plasma contains an equal number of free positive and negative charges. The degree of
ionization can typically be less than 1 % or up to 100 %. Typically, a plasma can be generated by suppling external
energy, e.g. in form of thermal energy, strong electro-magnetic fields, into a gas in the ground state.
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[0106] Generally, the plasma used in gasification step a) may be a non-thermal plasma or a thermal plasma. Typically,
a non-thermal plasma or also referred to as non-equilibrium plasma is a plasma that is not in a thermodynamic equilibrium
due to the different temperature of the different particle species (electrons and heavy species, i.e. neutrals, ions). Gen-
erally, a thermal plasma or also referred to as equilibrium plasma is a plasma that is in a thermodynamic equilibrium
due to the same temperature of the different particle species.
[0107] More preferably the gasification is carried out in step a) using a plasma as external energy and at a temperature
in the range of 1,400 K to 1,800 K.
[0108] Preferably, the plasma used the gasification of the inventive method may be generated by using various com-
monly known methods, such as by using an arc plasma torch, gliding arc discharge, a plasma pencil, a plasma needle,
a plasma jet, a dielectric barrier discharge, a resistive barrier discharge, a piezoelectric direct discharge, a glow discharge
or a microwave plasma generation.
[0109] In a preferred embodiment the external energy is supplied in form of an arc plasma in the gasification step a).
Arc plasma (electrical arc plasma) is defined as a plasma generated in an electrical arc, via electrical discharge and
ionization of a gas.
[0110] In a preferred embodiment the external energy is supplied in form of an arc plasma in the gasification step a).
Arc plasma (electrical arc plasma) is defined as a plasma generated in an electrical arc, via electrical discharge and
ionization of a gas. Generally, plasma torches for arc plasma generation are commonly known by a skilled person (e.g.
from Westinghouse Plasma Corporation). For example the external energy is supplied in the gasifier in step a) in form
of plasma, preferably an arc plasma generated by a plasma torch operated in the power range of 80 to 4000 kW,
preferably 300 to 3000 kW.
[0111] Preferably the gasification in step a) is carried out at a temperature in the range of 500 K to 2,000 K, preferably
from 500 to 1,800 K, more preferably from 700 to 1,600 K (operational temperature).
[0112] In a preferred embodiment the gasification is carried out at a temperature in the range of 1,200 K to 2,000 K,
preferably of 1,300 K to 1,800 K, wherein the external energy is supplied in the gasifier in step a) in form of a plasma,
preferably an arc plasma. It has been found that the plasma gasification process is less temperature sensitive at a
gasification temperature at 1400 K or above, resulting in improved process tolerance. In a preferred embodiment the
gasification is carried out at a temperature above 1,400 K, preferably in the range of 1,400 to 1,800 K, wherein the
external energy is supplied in the gasifier in step a) in form of a plasma, preferably an arc plasma.
[0113] The temperature given above for the gasification in step a) is directed to the gas temperature of the product
stream leaving the gasifier in step a) said temperature can also be referred to as operational temperature in gasification
step a). Typically, the core temperature of the plasma can be more than 2,000 K, for example the core temperature of
the plasma can be in the range of 5,000 to 50,000 K in an arc plasma.
[0114] For example the gasification reaction in step a) can be carried out using commonly known types of gasifiers,
for examples fluidized-bed gasifiers, fixed-bed gasifiers or entrained-flow gasifiers or combinations thereof.
[0115] In a preferred embodiment the raw synthesis gas obtained in the gasification step a) exhibits a synthesis gas
ratio (molar H2/CO) in the range of 1 : 1 to 2.1 : 1, preferably 1 : 1 to 1.5 : 1.
[0116] Suitable subsequent steps are commonly known and described in the state of the art, such as separation of
the solid ingredients in the raw synthesis gas product stream which is removed from the gasifier from the gaseous
ingredients, e.g. by means of cyclones, filters (e.g. moving bed filters, ceramic filter candles), electrostatic filters (ESP),
and (solvent) scrubbers.
[0117] Typically, raw synthesis gas obtained in the gasification step is fed into a water-gas shift reactor, optionally
together with steam, wherein a part of the carbon monoxide of the synthesis gas is transformed together with steam into
hydrogen and carbon dioxide according to the water-gas shift reaction according to CO + H2O → CO2 + H2, and wherein
a modified synthesis gas product stream is obtained.
[0118] Generally, the process of water-gas shift reaction and apparatus therefore are commonly known and described
in the state of the art, e.g. Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, 2011, Vol. 16, p. 483-493, Gas
Production, 3. Gas Treating, Boll et al.
[0119] Typically, sulfur compounds, such as hydrogen sulfide (H2S) and/or carbonyl sulfide (COS), are removed at
least partially from the modified synthesis gas product stream. Typically, other impurities, such as HCI and CO2, may
be removed at least partially in such desulfurizing step as well. Typically, such desulfurizing step can be carried out
using known wet and/or dry processes as known in the state of the art.
[0120] Generally, such adsorption and adsorption processes are known by a skilled person and described in the state
of the art, e.g. Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, 2011, Vol. 16, p. 498-535, Gas Production,
3. Gas Treating, Boll et al.
[0121] Typically, the gasification process encompasses removing and separating the carbon dioxide at least partially
from the modified synthesis gas product stream, wherein an exhaust gas comprising carbon dioxide may be obtained.
Typically, carbon dioxide can be removed from the synthesis gas product stream by chemical and physical absorption
with at least one liquid solvent or by adsorption with at least one solid adsorbent. Suitable processes are described in
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the state of the art, such as Thermal Swing Adsorption (TSA) or Pressure Swing Adsorption (PSA).
[0122] Often, further purification of the synthesis gas product stream may be necessary to fulfill the requirements for
chemical grade synthesis gas that can be used in a downstream synthesis reaction, in particular a catalytic downstream
synthesis reaction. Typically, such further purification includes the removal or reduction of contaminants, such as chlorine
compounds (e.g. hydrogen chloride HCI), nitrogen compounds (e.g. NH3, HCN), sulfur compounds (e.g. H2S, COS,
SOx), water, alkali and earth alkali compounds. For example such purification may be carried out by wet scrubbing or
by dry adsorption processes, e.g. by adsorption to a solid adsorbent, in particular zinc oxide (ZnO) or iron oxid (FeO).
[0123] Typically, the synthesis gas can be used as an intermediate product in a downstream synthesis process for
the production of downstream products (i.e. secondary products of synthesis gas), such as methanol, Fischer-Tropsch
waxes, Fischer-Tropsch fuels, alcohols (from mixed alcohol synthesis), aldehydes (from hydroformylation) or methane
(from methanation), preferably methanol.
[0124] Generally, such downstream synthesis process using synthesis gas are commonly known and described in
the state of the art, such as the relevant chapters in Ullmann’s Encyclopedia of Industrial Chemistry (for example Ullmann’s
Encyclopedia of Industrial Chemistry, Wiley VCH, 2011, Vol. 6 Bierhals, Carbon Monoxide, p. 679-693, e.g. p. 689,
https://doi.org/10.1002/14356007.a05_203). In particular the synthesis of methanol by using synthesis gas is for example
described in Ullmann’s Encyclopedia of Industrial Chemistry, Wiley VCH, 2012, Ott et al., Methanol, p. 1-27, ht-
tps://doi.org/10.1002/14356007.a16_465.pub3). For example the synthesis of carbon hydrogens via Fischer-Tropsch
synthesis is described in Ullmann’s Encyclopedia of Industrial Chemistry, Wiley VCH, 2011, Chapter 4, de Klerk, Fischer-
Tropsch Synthesis, https://doi.org/10.1002/9783527635603.ch4). For example the production of aldehydes from alkenes
using synthesis gas via oxo synthesis (also known as oxo process or hydroformylation) is described in Ullmann’s En-
cyclopedia of Industrial Chemistry, Wiley VCH, 2013, Bahrmann et al., Oxo Synthesis, p. 1-8, ht-
tps://doi.org/10.1002/14356007.a18_321.pub2).

Use of the inventive method

[0125] Furthermore, the invention is directed to the use of the method for determining process condition as described
above for process control for synthesis gas production by gasification, process monitoring of a process for synthesis
gas production by gasification, quality control of a process for synthesis gas production by gasification, evaluation of
carbon-containing material for a process for synthesis gas production by gasification, adaption of process conditions for
a process for synthesis gas production by gasification depending on variation of carbon-containing material (feedstock
material), process engineering for a process for synthesis gas production by gasification.
[0126] Generally, the inventive method can be used for adjusting the composition of the gasification agent, based on
a given feedstock material (carbon-containing material). Further, inventive method can be used for adjusting the com-
position of the gasification agent depending on arbitrary desired process criteria, for example specifications in view of
the yield of synthesis gas, water content in synthesis gas, solid carbon content in the synthesis gas, etc. The use of the
inventive method can for example be directed to process monitoring, quality control of the synthesis gas product, and
process engineering.
[0127] In particular, the inventive method allows to evaluate the suitability of a given carbon-containing feedstock
material for a gasification process (in particular a plasma gasification process), for example based on defined process
criteria.
[0128] The inventive method can also be used for unknown carbon-containing material based on results of ultimate
analysis or for mixtures of different carbon containing materials.
[0129] Preferably, the inventive method allows controlling and/or engineering a process for the indirect (allothermic)
gasification of a carbon-containing feedstock material based on given process criteria.

Description of the figures

[0130] Figure 1 shows the O:C / H:C plot including compositions of suitable carbon-containing feedstock materials
and illustrates the change by addition of gasification agent, i.e. CH4, H2O, O2, CO2. The carbon-containing feedstock
materials are dry-ash-free coal ("Coal, daf"); dry-ash-free lignin ("Lignin, daf"); dry-ash-free cellulose ("Cellulose, daf");
and ash-free lignin ("Lignin, af"). Typically, said plot shows the variety of feedstock compositions and illustrates the shift
in the O:C / H:C plot by adding different gasification agent.
[0131] Figure 2 shows the results of the parametric study for the gasification of coal (CH0.6O0.02) for different temper-
atures (from 800 K to 1800 K). Figure 2a) shows the molar amount of synthesis gas in dependency of the addition of
oxygen. Figure 2b) shows the synthesis gas ratio in dependency of the amount of oxygen. Figures 2c) and 2d) show
the molar amount of synthesis gas and the synthesis gas ratio respectively for different amounts of water as gasification
agent. In figures 2e) and 2f) the influence of the addition of hydrogen is shown for the molar amount of synthesis gas
and the synthesis gas ratio are shown.
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[0132] Figure 3 shows the results of the parametric study for the gasification of lignin (CH1.1O0.4) for different temper-
atures (from 800 K to 1800 K). Figure 3a) shows the molar amount of synthesis gas in dependency of the addition of
oxygen. Figure 3b) shows the synthesis gas ratio in dependency of the amount of oxygen. Figures 3c) and 3d) show
the molar amount of synthesis gas and the synthesis gas ratio for different amounts of water as gasification agent
respectively. In figures 3e) and 3f) the influence of the addition of hydrogen is shown for the molar amount of synthesis
gas and the synthesis gas ratio are shown.
[0133] Figure 4 shows the results of the parametric study for the gasification of cellulose (CH1.65O0.8) for different
temperatures (from 800 K to 1800 K). Figure 4a) shows the molar amount of synthesis gas in dependency of the addition
of oxygen. Figure 4b) shows the synthesis gas ratio in dependency of the amount of oxygen. Figures 4c) and 4d) show
the molar amount of synthesis gas and the synthesis gas ratio for different amounts of water as gasification agent
respectively. In figures 4e) and 4f) the influence of the addition of hydrogen is shown for the molar amount of synthesis
gas and the synthesis gas ratio are shown.
[0134] Figures 5 show the molar amount of synthesis gas for gasification of coal (CH0.6O0.02), lignin (CH1.1O0.4) and
cellulose (CH1.65O0.8) at 1400 K. Figure 5a) shows the molar amount of synthesis gas in dependency of the added
oxygen amount. Figure 5b) represents the synthesis gas amount versus the O:C-ratio of the operational composition.
In figure 5c) the molar amount of synthesis gas is shown for different H:C-ratios at a constant O:C-ratio of 1.8. It is
demonstrated that desired process criteria, i.e. the molar amount of synthesis gas, can be illustrated independent from
the carbon-containing material (feedstock) using the plots in relation of O:C and H:C ratios.
[0135] Figure 6 illustrates the determination of the borderlines in the O:C / H:C plot based on the process criteria and
utilizing the non-stoichiometric equilibrium model. Figure 6a shows the borderlines resulting for molar amount of synthesis
gas (>0.94; >0.80 and >0.70, corresponding to >94 %,>80 %; >70 %). Figure 6b shows the borderlines resulting for
synthesis gas ratio (4.0, 3.0, 2.0 and 1.0). Figure 6c shows the borderlines resulting for solid carbon content (<0.1, <0.01;
<0.001; corresponding to <10 %, <1 %; <0.1 %).
[0136] Figure 7 illustrates the determination of the operational window in the O:C / H:C plot based on the process
criteria: molar amount of synthesis gas, synthesis gas ratio, and solid carbon content in synthesis gas. The process
criteria applied are molar amount of synthesis gas of at least 70 % (>0.70), synthesis gas ratio from 1 to 2, and solid
carbon content of equal or less than 1 % (<0.01). The operational window is the area denoted with +.
[0137] Figure 8 illustrates the addition of water/steam (H2O), oxygen (O2) or carbon dioxide (CO2) starting from ash
free (af) lignin in order to reach the operational window.
[0138] Figure 9 shows the results of the validation of the inventive method for conventional gasification. The results
for the composition of the synthesis gas product (raw synthesis gas after gasification) described in literature (x-axis
"Experiment") were compared with the results obtained via the non-stoichiometric equilibrium model for gasification (y-

axis "Simulation"). The amounts of CO (j), CO2(d), H2(m) and CH4( ) (given in vol.-% based on dry gases) in the
raw synthesis gas are indicated.
[0139] Figure 10 shows the results of the validation of the inventive method for plasma gasification. The results for
the composition of the synthesis gas product (raw synthesis gas after gasification described in literature (x-axis "Exper-
iment") were compared with the results obtained via the non-stoichiometric equilibrium model for gasification (y-axis
"Simulation"). The amounts of CO(j), CO2(d), H2(m) and N2(w) (given in vol.-% based on dry gases) in the raw synthesis
gas product are indicated.
[0140] The following examples are intended to illustrate the subject matter of the invention without restricting it thereto.

Examples

Example I - Determining process conditions for different feedstock materials

a. General set-up of the method for determining process conditions

[0141] The following carbon containing materials were used in order to set the range of atomic ratio H:C and O:C:

- coal represented by the model composition CH0.6O0.02
- lignin represented by the model composition of CH1.1O0.4
- cellulose represented by the model composition of CH1.65O0.8

[0142] The gasification agent was defined as being a oxygen, steam and/or carbon dioxide.
[0143] The following compounds were considered in the non-stoichiometric equilibrium model for gasification as prod-
uct species obtained in the gasification step (main products and by-products):
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- Carbon, C(s)
- Carbon monoxide, CO (g)
- Carbon dioxide, CO2 (g)
- Methane, CH4 (g)
- Hydrogen, H2 (g)
- Steam, H2O (g)

[0144] The following process criteria were used as constrains for defining the operational window:

- molar amount of synthesis gas of at least 70 %
- synthesis gas ratio in the range of 1:1 to 2:1
- solid carbon content (SCC) in the synthesis gas below 1 %

[0145] Combining the constrains resulting from all these three process criteria in one single O:C / H:C plot (see Figure
3) revealed an operational window, where all of these requisites are fulfilled, as roughly defined as:

- H:C-ratio from 2 to 4 and O:C-ratio from 1.2 to 1.5

[0146] Several process conditions, such as composition of gasification agent and gasification temperature were eval-
uated based on the O:C / H:C plot and the non-stoichiometric equilibrium model for gasification as described in the
following.
[0147] The defined minimization problem consisting of the objective function (3)

with its variables ni and the constraints (7) to (9) 

was solved by using the Microsoft Excel Solver add-in. By varying ni the solver function estimated the equilibrium
composition, which minimizes Gs within given constrains and at temperature T.
[0148] The definition of k, I, p, x, y and m was given as follows:

[0149] The symbols of formulas (1), and (7) to (9) have the following meaning:

Symbol Unit
Addition in gasification agent O2 k mol(O2)/mol(feedstock)

H2O l mol(H2O)/mol(feedstock)
CO2 p mol(CO2)/mol(feedstock)

Addition in feedstock C mol/mol(C in feedstock)
H x mol(H)/mol(C in feedstock)
O y mol(O)/mol(C in feedstock)

Feedstock moisture H2O m mol(H2O)/mol(feedstock)
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A: Total number of atoms of one element, e.g. Ac is the total number of carbon atoms
Gs: Total Gibbs free energy of the system in J
ΔG°f,i: Standard Gibbs free Energy of formation of the i-th molecule in J/mol
n: Amount of substance in mol
R: Ideal gas constant in J/(mol·K)
T: Temperature in Kelvin

[0150] The values of the standard Gibbs free energy of formation of product species and their temperature dependence
were taken from the NIST-JANAF database. The pressure was constant at 0.1 MPa in all simulations. For the calculation
of ΔG°f,i at a desired temperature T, the thermodynamic data of the NIST-JANAF database was approximated by poly-
nomial functions.
[0151] The following thermodynamic data for water, carbon monoxide and carbon dioxide as given in tables S1 and
S2 were used in the equilibrium model. The Gibbs free energy of formation for the elements was zero at all temperatures
of interest. The pressure for all data was 0.1 MP.

[0152] Table S2: Coefficients for fit of the thermodynamic data shown in table S1. The used equation is 

b. Results of the method using non-stoichiometric equilibrium model for gasification of coal, lignin and cellulose

[0153] The influence of temperature, O2 addition, H2O addition and H2 addition in the gasification of coal, lignin and
cellulose (as described under Ia.) in view of molar amount of synthesis gas, synthesis gas ratio, and solid carbon content
were determined based on the non-stoichiometric equilibrium model for gasification as described above.
[0154] The results are represented in the figures 2, 3 and 4. The influences on the molar amount of synthesis gas and
on the synthesis gas ratio are shown for different gasification temperatures.
[0155] It was found, that above 1,400 K the temperature has only a minor influence and a temperature invariant product
composition can be achieved for a given feedstock. Thus, a gasification process above 1,400 K allows for a stable and
tolerant operation regime and gives rise to high process tolerance. Within this regime suitable process criteria, such as
synthesis gas ratio and low solid carbon contents, can be combined if the proper ratio of O:C and H:C is chosen. The
stable regime at high temperatures corroborated the possible advantage of plasma gasification, where higher temper-
atures, above 1,400 K, were accessible.
[0156] Figure 5a compares the obtainable molar amount of syngas for the three carbon-containing materials (feed-
stocks), i.e. coal, lignin, cellulose, and different amounts of oxygen added as gasification agent. For all feedstocks a
maximum was observed, which shifted for the more functionalized feeds towards lower oxygen addition. This was caused
by the different oxygen amount required to reach a stoichiometric O:C-ratio. The plot (see Figure 5b) of the molar amount
of synthesis gas versus the oxygen to carbon ratio of the operational composition (feedstock plus the gasification agent)
provided a better comparison. It was found that the maximum was always at an O:C-ratio of one while the resulting
curves showed similar characteristics. The observed slight differences at lower and higher O:C-ratios seemed to be

Table S1: Thermodynamic data for water, carbon monoxide and carbon dioxide

ΔG°f [kJ/ mol]
T [K] 800 1000 1200 1400 1600 1800

H2O -203.496 -192.59 -181.425 -170.089 -158.639 -147.111

CO -182.497 -200.275 -217.819 -235.149 -252.284 -269.242

CO2 -395.586 -395.886 -396.098 -396.24 -396.323 -396.353

a b c d e R2

H2O 6.1907E-14 -9.1034E-10 4.9466E-06 0.047100 -243.570000 0.9999963

CO2 6.0815E-15 -7.6509E-11 -1.0401E-06 -0.003221 -393.570000 0.9999277

CO 1.3312E-14 -2.6969E-10 3.2782E-06 -0.093932 -109.340000 0.9999999
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caused due to the different hydrogen to carbon ratio of the different feedstocks, as illustrated in Figure 5c. A further
addition of hydrogen as gasification agent could fully compensate the H:C feedstock difference. In total, this demonstrated
how a similar product spectrum can result through the flexible use of gasification agents, despite employing different
feedstock compositions. Thus, it was possible to determine the process tolerance towards feed variations.

c. Defining the operational window

[0157] The inventive method provides a way to visualize an operational window of the gasification process. Therefore,
desired process criteria set for the amount of synthesis gas (see figure 6a), synthesis gas ratio (see figure 6b), and as
well as the solid carbon content (see figure 6c), were added as borderlines to the van Krevelen plot based on the
equilibrium calculation. The area defined by all overlaying borderlines, defined the operational windows of the process
(see figure 7). The O:C- and H:C-ratio of the operational composition needed to be within this area. Depending on the
O:C- and H:C-ratio of the feedstock the proper use of gasification agents, drying or pre-wetting to achieve this operational
composition can also be identified within the van Krevelen plot. It was demonstrated that the method provides the
possibility to react on changes in feedstock composition and to tune the product gas composition through the flexible
use of gasification agent.
[0158] The process criteria were set as follows: molar amount of synthesis gas of at least 70 % (see borderlines in
Figure 6a), synthesis gas ratio from 1 to 2 (see borderlines in figure 6b), and solid carbon content of equal or less than
1 % (see borderlines in figure 6c).
[0159] Figure 7, which can be regarded as a combination of figures 6a-6c, illustrates the determination of the operational
window in the O:C / H:C plot based on the process criteria: molar amount of synthesis gas, synthesis gas ratio, and solid
carbon content in synthesis gas. The three target variables (process criteria), molar amount of synthesis gas, synthesis
gas ratio, and solid carbon content are illustrated as lines in the O:C / H:C plot in dependency of the operational com-
position. The operational window is denoted with +. It is revealed by requirements of a synthesis gas ratio greater than
1, a molar amount of synthesis gas of at least 70 % (indicated with lines > 0.70 in Figure and less than 1 % solid carbon.
[0160] Figure 8 illustrates the addition of water/steam (H2O), oxygen (O2) or carbon dioxide (CO2) starting from ash
free (af) lignin in order to reach the operational window. It is shown that it is possible to shift an operational composition
(lignin, af) into the operational window in order to meet the defined requirements. The requirements reflected by the
operational window are synthesis gas ratio greater than 1, a molar amount of synthesis gas of at least 70 % and a solid
carbon content lower than 1 %. Lignin (af) is the moist, ash-free feedstock composition. The arrows represent possible
shifts by adding the labelled gasification agent.
[0161] This approach of plotting borderlines for the process criteria within the van Krevelen diagram allows identifing
excluding combinations very fast. For instance, a synthesis gas sum of at least 80 % and a carbon content of less than
1 % exclude a synthesis gas ratio of 2 and above as shown in Figure 7.

Example II - Validation of the inventive method

[0162] The results of the inventive method for determining process conditions for different carbon-containing materials
were compared with experimental results obtained from literature:
[0163] The results for the composition of the synthesis gas product described in literature for conventional gasification
("Experiment") were compared with the results obtained via the non-stoichiometric equilibrium model for gasification
("Simulation"). The amounts of CO, CO2, H2 and CH4 (given in vol.-% based on dry gases) in the raw synthesis gas
product stream were compared. Figure 9 shows the results of the validation of the inventive method for conventional
gasification.
[0164] The results for the composition of the synthesis gas product described in literature for plasma gasification
("Experiment") were compared with the results obtained via the non-stoichiometric equilibrium model for gasification
("Simulation"). The amounts of CO, CO2, H2 and N2 (given in vol.-% based on dry gases) in the raw synthesis gas
product stream were compared. Figure 10 shows the results of the validation of the inventive method for plasma gasi-
fication. Most of the values are within the deviation of 6 20 % from the line y=x.

Claims

1. Method for determining process conditions for a process for synthesis gas production by gasification of carbon-
containing material using a gasification agent, which comprises at least one gas selected from carbon dioxide,
steam, oxygen, hydrogen, methane and air, wherein the composition of the gasification agent is determined based
on the atomic ratios O:C and H:C of at least one operational composition, which is a mixture of the carbon-containing
material and the gasification agent, and wherein the method utilizes a non-stoichiometric equilibrium model for
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gasification.

2. Method for determining process conditions according to claim 1, wherein the method comprises the following steps:

i) defining the composition of at least one carbon-containing material or a group of such compositions (starting
window) within the O:C / H:C plot;
ii) defining at least one operational composition or group of operational compositions (operational window) within
the O:C / H:C plot based on the non-stoichiometric equilibrium model for gasification;
iii) defining at least one suitable combination of carbon-containing material composition and operational com-
position, wherein the operational composition is reached within the O:C / H:C plot starting from the carbon-
containing material composition by the addition of at least one gas selected from carbon dioxide, steam, oxygen,
hydrogen, methane, and air;
iv) determining at least one suitable composition of the gasification agent based on the suitable combination(s)
obtained in step iii).

3. Method for determining process conditions according to claim 1 or 2, wherein the at least one operational composition
is defined based on the non-stoichiometric equilibrium model for gasification and is defined based on at least one
process criterion, selected from molar fraction of synthesis gas, synthesis gas ratio, solid carbon content in the
synthesis gas, carbon efficiency, carbon dioxide emission, and water content in the synthesis gas product.

4. Method for determining process conditions according to claim 3, wherein a molar amount of synthesis gas of at
least 70 % is used as process criterion.

5. Method for determining process conditions according to claim 3 or 4, wherein a synthesis gas ratio in the range of
1.1:1 to 2.5:1 is used as process criterion.

6. Method for determining process conditions according to any of claims 1 to 5, wherein the gasification is an allothermic
gasification, wherein external energy obtained from electric power is supplied in the gasification step.

7. Method for determining process conditions according to any of claims 1 to 6, wherein the gasification is an arc-
plasma gasification.

8. Method for determining process conditions according to any of claims 1 to 7, wherein the carbon-containing material
has a composition in the range defined by CH0.0-2.2O0.0-1.3.

9. Method for determining process conditions according to any of claims 1 to 8, wherein the carbon-containing material
is at least one plastic solid waste having a composition in the range defined by CH0.4-2.2O0.0-0.7.

10. Method for determining process conditions according to any of claims 1 to 9, wherein the composition of the carbon-
containing material based on the atomic ratios O:C and H:C is adjusted via mixing of different carbon-containing
materials.

11. Method for determining process conditions according to any of claims 1 to 10, wherein the operational composition
is at least one composition selected from the range defined by CH2.0-4.0O1.0-1.7.

12. Method for determining process conditions according to any of claims 1 to 11, wherein the method is directed to a
process for synthesis gas production via plasma gasification, which is carried out at a temperature above 1400 K
in the gasification step.

13. Method for determining process conditions according to any of claims 1 to 12, wherein the gasification agent com-
prises at least one gas selected from carbon dioxide steam, hydrogen and methane.

14. Method for determining process conditions according to any of claims 1 to 13, wherein the non-stoichiometric
equilibrium model of the inventive method includes the calculation of the equilibrium composition of a system,
comprising the considered product species, by minimization of the total Gibbs free energy of the system Gs, wherein
the objective function of the minimization problem is given by formula (3): 
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where

ΔG°f,i is the standard Gibbs free energy of formation of the species i;
R is the ideal gas constant;
T is the temperature of the system;
ni is amount of substance of product species i; and
ntotal is the total amount of substance of moles of all N product species considered.

15. Use of a method for determining process condition according to any of claim 1 to 14 for process control for synthesis
gas production by gasification, process monitoring of a process for synthesis gas production by gasification, quality
control of a process for synthesis gas production by gasification, evaluation of carbon-containing material for a
process for synthesis gas production by gasification, adaption of process conditions for a process for synthesis gas
production by gasification depending on variation of carbon-containing material, process engineering for a process
for synthesis gas production by gasification.
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