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Sewage sludge is a residue of wastewater processing that is biologically active and consists of water,
organic matter, including dead and alive pathogens, as well as organic and inorganic contaminants such
as polycyclic aromatic hydrocarbons (PAHs) and heavy metals. Due to the nature of sewage sludge and its
possible influence on human health and wellbeing, it is a subject of various regulations. Currently,
sewage sludge is considered as biomass, according to the new Polish act on renewable energy sources of
February 20, 2015 and its novel version of July 19, 2019. This study presents a novel model, along with a
comparison with experimental results. The model could be used for sewage sludge gasification modelling
for accurate assessment of the performance of novel concepts bioenergy with carbon capture and storage
(BECCS) installations, using sewage sludge as a fuel. The composition of the dry produced gas, deter-
mined experimentally, yields: XCO ¼ 0.093, XCO2 ¼ 0.264, XCH4 ¼ 0.139, XCxHy ¼ 0.035, and XH2 ¼ 0.468.
Performed modifications to the original Deringer-with-Gumz-modification gasification model allowed to
obtain good agreement with the experimental results, reaching XCO ¼ 0.071, XCO2 ¼ 0.243, XCH4 ¼ 0.139,
XC3H8 ¼ 0.035, and XH2 ¼ 0.512. The main novelty in the formulas of the internal model was due to
propane inclusion, which was not found in the literature before. Additionally, sulphur dioxide was
applied in exchange for other sulphur components presented in the original model. Equilibrium con-
stants were adjusted to suit the experimental model. For ease of calculation, the own code was used to
iterate multiple temperatures. Included was the energy balance equation that is essential for verification.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the challenges, for mankind, in the upcoming decades will
be the joint effort in decreasing emissions of greenhouse gases (GHG)
in order to comply with the Paris Agreement, signed in multilaterally
by themajority of the countries all over theworld [1]. Achieving such
an ambitious goal requires a difficult transition towards decarbon-
isation and an increased share of renewables in the energy mix [2,3].
One of the established routes towards decarbonisation is the use of
. Zi�ołkowski), kamil.stasiak@

Ltd. This is an open access article u

dur, H. Pawlak- Kruczek et al
nt, Energy, https://doi.org/10
biomass, which is an important renewable energy source with sig-
nificant potential in Europe [4]. Biomass can come from various
sources, such as forestry [5e8], agriculture [9e13], or different types
of waste streams [14e17], including sewage sludge [18,19]. Sewage
sludge is a biologically active residue of the wastewater processing,
containing water and organic matter, including pathogens, organic
and inorganic contaminants, e.g. polycyclic aromatic hydrocarbons
(PAHs) and heavy metals [19e21]. Utilization methods, allowing
stabilization and safe recycling, gradually replace storage, landfilling
and land spreading due to increased environmental restrictions (e.g.
odour related regulations or EU Nitrate Directive) [22]. Thermal
routes of sewage sludge utilization are currently a subject of active
investigation due to increasingly common restrictions on landfilling
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[18]. Among thermal methods, incineration is well established,
mostly applying fluidized bed and grate furnaces [23,24]. Among
novel utilization routes, processes such as mechanical disintegration
[25e27], torrefaction [28e31], hydrothermal carbonization [32e34],
or pyrolysis [35]. Another way to decrease global CO2 emissions is
Carbon Capture and Storage (CCS), which is a recognized mitigation
technology within the UNFCCC and potentially can play an important
role in mitigating anthropogenic emissions of CO2 [36]. Much work is
still needed, regarding the development of novel CCS technologies,
taking into account efficiency, cost and water footprint [37]. Novel
solutions are currently being developed, including carbon seques-
tration using hydrates [38e41],membrane-based carbon capture and
storage [42,43] as well as pre-combustion CO2 capture [44]. Most of
the work has been done so far on post-combustion CCS. In this case,
proper integration of CCS with power plants is crucial [45,46], taking
into account the grid as well [47]. For post-combustion CO2 capture,
the biggest challenge is the dilution of CO2 among the flue gases,
which was the main driving factor for works on combustion with
different levels of oxygen dilution [48,49]. Concepts based on oxy-
combustion have been proven for natural gas [50], with suitability
for retro fitting in a GTCC CHP [51]. Furthermore, adding sewage
sludge gasification allows synergetic benefits in such cycles, by
turning them into bioenergy with carbon capture and storage
installation (BECCS). Recently such benefits have been proven for
such a cycle, using gasification of sewage sludge [52]. Gasification is a
process converting solid fuel into combustible gas, suitable for
various materials of biological origin, including sewage sludge
[53e56]. Gasification of sewage sludge has been investigated for
various types of gasifiers and process conditions [57,58]. The possi-
bility to use producer gas, from sewage sludge gasification, in a spark-
ignition engine has been proven [59]. However, the addition of 40% of
CH4 to the producer gas from sewage sludge, is needed for satisfac-
tory performance of a spark-ignition engine [60]. Laminar flame
speed increases with increasing hydrogen content, which makes
significant difference in terms of combustion of the gas [61]. Rela-
tively high hydrogen content, reaching 30%e40% has been reported
for sewage sludge gasification in fixed bed and fluidized bed gasifiers
[62,63]. However, relatively low temperature of gasification for
sewage sludge, may lead to high concentrations of tars, mainly
phenols and their derivatives [19]. It has been demonstrated that
reduction of tar content in producer gas could be achieved using
plasma [64]. Therefore, plasma gasification has been a source of
increased interest in the research community, as such gasification
system can provide relatively high temperatures [65]. Using producer
gas from sewage sludge in BECCS units requires use of gasification
agents not containing inert gases, in order to facilitate CO2 capture.
Steam could be used for this purpose. However, suitable models are
needed in order to produce reliable results of the composition of
producer gas from steam gasification, which could be used as an
input data for further optimisation of such BECCS installations. The
aim of this paper is calibration of the Deringer-Gumz-modification
model in order to give more accurate results for steam gasification
of sewage sludge. Such calibration, based on experiments, can be
implemented in practice by correction of rate coefficients and in-
clusion of additional reaction, that leads to creation of propane. Un-
corrected model tends to overestimate CO production, which could
lead to significant differences in terms of calculated and measured
composition, especially at lower temperatures of gasification.
2

2. Materials and methods

2.1. Experimental setup

Gasification tests were performed using a laboratory-scale
allothermal batch gasifier (Fig. 1), heated by a mantle made of 3
band heaters, installed on the sidewalls of the reactor. The tem-
perature of the reactor was controlled by a PLC controller, with a K
type thermocouple installed inside of the ceramic refractory of one
of the band heaters. The temperature of the mantle was set to
900 �C for all the tests, which resulted in an average bed temper-
ature of approximately 760 �C. The temperature was measured
using a 1st class K type thermocouple and a digital thermometer. A
sample of 1000 g was placed on a heat resistant steel mesh inside of
a closed, hot reactor. It was anticipated that the layer of thematerial
would resemble a layer on a grate in case of a subsequent scaling up
of the gasifier. This was expected to give some indication of the
feasibility of the use of a travelling grate in the conceptual gasifier.
Gasification, in all of the cases, was performed using steam as a
gasifying agent. Steam was fed directly under the bottom mesh
(grate) of the sample basket. For both tests, the steam generator
was set in a way allowing the constant generation of 1000 g of live
steam per hour, with an outlet temperature of 96 �C.

A sample of the produced gas was taken from the top of the
reactor and went through a series of impinger bottles filled with
isopropanol. The first impinger bottle was installed, using a labo-
ratory grip, in the vicinity of the gas outlet, in order tominimize the
length of the PTFE hose, connecting the gas outlet of the gasifier
with the aforementioned impinger bottle (Fig. 1). A series of three
impinger bottles, connected to the outlet of the first impinger, was
immersed in a PLC controlled cooling bath SD 07R-20. The bath was
filled with ethylene glycol, and the temperature was set to
be �15 �C. After leaving the series of impinger bottles, dry, cold gas
went through the conditioner, with a built-in pump that helped to
overcome the pressure drop introduced by the series of impingers.
This allowed sampling of the gas with a sufficiently high volumetric
flow rate (at least 1.0 l/min required by the analyzer). The compo-
sition of permanent gases in dry producer gas was determined
online using a Gas 3100R analyzer. This analyzer uses NDIR (Non-
Dispersive Infra-Red) sensors for measurements of CO2, CO, CH4
and CxHy (light hydrocarbons, given as an equivalent of methane). A
TCD (Thermal Conductivity Detector) sensor is used to measure the
H2 content, whereas an electrochemical sensor is used for the
determination of the O2 content. The analyzer was calibrated using
nitrogen of the purity of 5.0 before each measurement. The
maximum permissible error, according to the data provided by the
supplier of the Gas 3100P analyzer (Atut Sp. Z o. o., Lublin, Poland),
is 2% of the measuring range for NDIR sensors for CO2, CO, CH4,
CxHy, measuring range in the case of the TCD sensor for H2, as well
as an electrochemical sensor for O2. The measuring ranges were as
follows: CO2, 40%; CO, 40%; CH4, 10%; CxHy, 5%; H2, 55%; and 25% in
the case of O2. Gas 3100R has a linearity drift of 1% of measuring
range per week, both for zero and for span. The uncertainty (with
p ¼ 95%) was calculated according to the following equation:

U¼ k,
MPEffiffiffi

3
p (1)

where:
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Fig. 1. Allothermal gasifier e diagram of the test rig (1 e steam generator; 2 e steam injection point; 3 e fixed bed of sewage sludge; 4 e heat-resistant steel mesh basket; 5 e band
heaters; 6 e K type thermocouple; 7 e digital thermometer; 8 e flare; 9 e producer gas sampling point; 10 e Dreschl type impinger bottle, filled with isopropanol; 11 e cooling
bath with Dreschl type impinger bottles, filled with isopropanol, immersed in ethylene glycol; 12 e glycol cooler; 13 e filter; 14 e needle valve for regulation of the gas flow through
analyzer; 15 e rotameter; 16 e gas analyzer detectors and measuring cells; 17 e pump; 18 e vent).

Table 2
Proximate and ultimate analysis of sewage sludge used.
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U e uncertainty of measurement of a gas compound,
k e coverage factor (assumed to be 2).
MPEemaximum permissible error for the compound present in

the gas.

The moisture content of the solid fuel sample was determined
using the moisture analyzer Radwag MA. X2.A, with a scale reso-
lution of 0.001 g and amaximum sample mass of 50 g. The program
of the moisture analyzer was set to increase the temperature to
105 �C and then maintain it until the equilibrium mass of the
sample was achieved. The mass of the sample was considered to be
in equilibrium when the first derivative of the mass (dm/dt) was
equal to or smaller than 1 mg/min. Volatile matter of all the dried
samples was performed using TGA/DTG Pyris Diamond from Per-
kinElmer by heating the sample in a nitrogen of 99.99% purity up to
900 �C with a heating rate of 200 �C/min and a hold period of
20 min. Ash content was determined, using the gravimetric
method, with ashing performed at 815 �C. The ultimate analysis
was performed using a PerkinElmer 2400 analyzer, according to the
procedure set in the standard EN ISO 16948:2015. HHV of both
feedstock and product was determined, according to the procedure
from EN 14918:2009, using IKA C2000 calorimeter. LHV (Lower
Heating Value) was calculated, based on HHV (Higher Heating
Value), moisture content after mechanical dewatering and
hydrogen content of the fuel, using the appropriate formula from
EN 14918:2009.

Table 1 presents gasification process data. The converter is
steam with no air.

After mechanical dewatering of sewage sludge and before
feeding it to the gasifier, it was additionally pre-dried to further
Table 1
Assumed gasification conditions.

Parameter Symbol Unit Value

Gasification temperature T K 1033.15
t �C 760

Gasification pressure p atm 1
Sewage Sludge inlet temperature tss �C 70
Converter inlet temperature tcon �C 96
Converter H2O mole fraction xH2O mol% 100

3

reduce the moisture content without impacting the organic
composition. Drying occurred at the temperature of 80 �C, which
ensured that the bacterial population of, e.g., E. Coli or Legionella
would decline [66,67]. Similarly to Akkache et al. [63], after drying
at about 80 �C, the pre-dried sewage sludge with assumed 2%
moisture content was introduced in the gasifier reactor at the
temperature of 70 �C.

Table 2 shows the sewage sludge data that was used in the
experiment, with mass fractions of elements like Carbon (C),
Hydrogen (H), Nitrogen (N), Sulphur (S), and other data on the dry
basis, while Oxygen (O) fraction is the difference between 100% and
mass fraction of elements.

Data from Tables 2 and 1 are also the input for the gasification
calculation in the next step.
2.2. Overview on modelling approaches

Identification of feasible ways of sewage sludge gasification can
be treated as an introduction to the design stage of a gasifying sys-
tem. Feasibility study of gasification process alongwith experimental
sewage sludge gasification requires certain estimations. In general,
simulation methods of gasification are based on mass, energy, and
momentum conservation. A distinction is made between the
following modelling approaches in particular: thermodynamic
equilibrium, kinetic, Computational Fluid Dynamics (CFD), and
Specification Unit Value

Fixed Carbon %dry 9.40
Volatile Matter %dry 58.10
Ash %dry 32.50
Moisture contenta %wb 2.00
HHV MJ/kg 15.70
C %dry 27.89
H %dry 6.67
N %dry 4.36
S %dry 0.29
Ob %dry 28.29

a e assumed value, after drying of sewage sludge.
b e determined by difference.
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Machine Learning (ML). Continuous development of diverse
methods does not impose one's own model selection. Therefore,
each approach, depending on the required accuracy of the results,
can be used for different purposes such as feasibility study, design or
optimisation [68e70]. Thermodynamic equilibriummodels basically
are zero-dimensional gasifying reactor models based on simplifying
assumptions such as steady-state, infinite residence time, and
neglect char or tar formation. Thismodelling approach can be further
identified as a stoichiometric model [71] that is based on the equi-
librium constants of chemical reactions or a non-stoichiometric
model that is based on the minimalization of the Gibbs free energy
[71,72]. Outcomes of equilibrium models reflect the potential of the
gasifying system, which is close to ideal conditions. Because of
nonequilibrium factors inside the gasifying reactor, the results of the
model are usually divergent from the experiment. In most cases,
equilibrium models underestimate CH4 and CO2 content while
overestimating CO and H2 in the syngas. For accurate prediction of
real conditions, the inclusion of empirical correction factors derived
from experiments is required. Modified equilibrium models can also
be extended into multi-dimensionality [69,73e81]. Kinetic models
are based on the kinetics of key reactions in the process. In contrary
to the equilibrium method, the process is computed for a fixed
amount of time that translates to accurate results, but this method is
complex. Kineticmodels are usuallymultidimensionalmodelswhich
are composed of computational stages, each representing a different
section of the gasifying unit, essentially useful for the design of a
gasifying system [68,79,82].

The machine learning (ML) methods used for the gasification
process are based on regression technique analysis. Analysis can be
conducted by sophisticated non-interpretable models, for example,
some types of ANN or Support Vector Machines, and interpretable
models, for example, Linear Regression or Decision Tree Regressors.
Since these models must be trained and validated with dedicated
experimental data from an already built gasifier, thus each devel-
oped ML model is treated as unique. To produce accurate results,
such amodel requires a large amount of data. Therefore, MLmodels
can be successfully used for optimisation tasks [68,83]. CFD is an
effective modelling tool to study the process of the gasifying
reactor. While the aforementioned methods focus on the gasifica-
tion process rather holistically, CFD methods produce fluid behav-
iour in greater detail. Gasifiers involve complex physical and
chemical phenomena, including fluid flow, heat and mass transfer,
and chemical reactions. Combinedwith data from existing pilot and
commercial-scale gasifiers, CFDmodels offer a powerful method for
understanding and improving gasification systems. CFD modelling
can provide insights into the flow field within the gasifier, which
can be used to enhance its design, analysis, and operation [68,84].

2.3. Model selection

For the feasibility study of sewage sludge gasification, the
modified thermodynamic equilibrium model was developed. This
quasi-equilibrium model is primarily based on the stoichiometric
thermodynamic equilibriummethod, namely, the Deringer method
with Gumz modification. The modification was made with the
4

inclusion of tuned equilibrium constants, which were empirically
determined, quasi-temperatures derived from energy balance
conservation, and the use of iterative algorithm code [78]. This
quasi-equilibrium model provides results for any given fuel
composition, converter composition, temperature, or pressure.
Applied code immediately iterates the range of specified parame-
ters one after another in a relatively short period of time.
2.3.1. Chemical reactions
The gasification process can be represented by the global reac-

tion formula as follows:

CaHbOcNdSeAshXðH2OÞMþf ðcon:Þ/t hCO2þ iH2þ jCOþkN2

þ lSO2þmC3H8þnCH4þoH2OþXAsh (2)

where:
a; b; c; d; e; X; M emolar masses of elements and components

per 1 kg of feedstock in [mol/kg],
f e required molar mass of converter components to gasify 1 kg

of feedstock in [mol/kg],
h; i; j; k; l; m; n; o e molar masses of syngas components after

gasification 1 kg of feedstock in [mol/kg],
t e gasification temperature in [⁰C].

Given is the feedstock composition a; b; c; d; e; X; M and gasi-
fication temperature t, while the unknowns are the amount of gasi-
fying agent f and the number of syngas ingredients h; i; j; k; l; m; n;
o. Char and tar formation is neglected. The following chemical re-
actions in gasification are taken into account, and their correspond-
ing equilibrium constants are determined to quantify the chemical
equilibria, where the right side of the reaction indicating its direction
is always in the counter of the equilibrium constant equation. For the
equilibrium equation of each reaction, only the gaseous phase
component mole fractions are taken into account [78,85,86]:

� Boudouard reaction:

Cþ CO2ðgÞ ¼ 2COðgÞ

Kð1Þ ¼
x2CO
xCO2

p
(3)

where:
p e pressure of the process in [atm],
xCO; xCO2 e molar fraction of CO, CO2 in [%mol].

� Water-gas reaction:

Cþ H2OðgÞ ¼ COðgÞ þH2ðgÞ

Kð2Þ ¼
xCO,xH2

xH2O
p

(4)

where:
xH2

; xH2O e molar fraction of H2, H2O in [%mol].
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� Formation reaction for methane:

Cþ 2H2ðgÞ ¼ CH4ðgÞ

Kð3Þ ¼
xCH4

xH2
2,
1
p

(5)

where:
xCH4

e molar fraction of CH4 in [%mol].

� Water-gas shift reaction:

CO2ðgÞ þH2ðgÞ ¼ COðgÞ þ H2OðgÞ

Kð4Þ ¼
xCO,xH2O

xCO2
,xH2

(6)
� Formation reaction for propane:
Kð2Þ ¼10

�
0:8255488,10�6,T2þ14:515670,lgT�4825:986

T �5:671122,10�3,T�33:45778

�

Kð3Þ ¼10

�
4662:80

T �2:09594,10�3Tþ0:38620,10�6T2þ3:034338,lgT�13:06361

�

Kð4Þ ¼10

�
3672508�3994:704

T þ4:462408,10�3T�0:671814,10�6,T2�12:220277,lgT
�

3Cþ 4H2ðgÞ ¼ C3H8ðgÞ

Kð5Þ ¼
xC3H8

x4H2

,
1

p3
(7)

where:
xC3H8

e molar fraction of C3H8 in [%mol].
2.3.2. Equilibrium constants estimation
Equilibrium constants, namely Kð1Þ, Kð2Þ, Kð3Þ, Kð4Þ, Kð5Þ are un-

known. There are different models to calculate these equilibrium
constants ranging from very detailed to simplified methods and
those that were approximately tailored to resemble the real con-
ditions, for example [78,87]:

� Computational methods,
� Experimental methods,
� Ulich approximate method,
5

� Tymkin-Schwartzman method,
� Nernst approximate method,
� Approximated equations, e.g., Gumz approximations.

A model based on approximated equations is acceptable when
the data are fitted within the experimental error. For the gasifica-
tion model, the equilibrium constants approximation derived by
Gumz [87] will be used, except for the propane formation equi-
librium constant, which is obtained from Nernst approximate
method [78]. Approximations are based on the assumption that
equilibrium constants may be corrected by considering multipli-
cative factors to account for the actual distance of a real gasifier
from the ideal equilibrium state [87].

Kð1Þ¼10

�
3:26730�8820:690

T �1:208714,10�3Tþ0:153734,10�6,T2þ2:295483,lgT
�

For the propane formation, the Nernst approximatemethod was
adopted [78].

Kð5Þ ¼10

�
�2:96�14:143,lgTþ5427:7

T

�
(8)
2.3.3. Formulas to calculate mole amount of elements in fuel and
converter

In the next step, the mole number of elements per 1 kmol of
feedstock and per 1 kmol of gasifying agent (converter) is calcu-
lated. Feedstock ingredients such as carbon, hydrogen, oxygen, ni-
trogen, sulphur, moisture, and converter ingredients such as air,
steam, carbon dioxide, andmoisture are taken into account [78,87]:

http://mostwiedzy.pl


ðCÞfuel ¼
C
MC

,Mfuel

�
kmol C
kmol fuel

�

ðCÞcon ¼ gCO2

1þ bsteam þ gCO2

or ðCÞcon ¼ xconCO2

�
kmol C

kmol con:

�

ðHÞfuel ¼
�

H
MH2O

þ 2,
wfuel

MH2O

�
,Mfuel

�
kmol H
kmol fuel

�

ðHÞcon ¼
2,

�
bsteam þ 0:79,MN2

þ 0:21,MO2

MH2O
Xair

�
1þ bsteam þ gCO2

or ðHÞcon ¼ 2,xconH2O

�
kmol H

kmol con:

�

ðOÞfuel ¼
�

O
MO

þ wfuel

MH2O

�
,Mfuel

�
kmol O
kmol fuel

�

ðOÞcon ¼
2,

��
1� 0:79,MN2

þ 0:21,MO2

MH2O
Xair

�
,0:21þ gCO2

�
þ bsteam

1þ bsteam þ gCO2

�
kmol O

kmol con:

�

or ðOÞcon ¼ 2,
	
xconO2

þ xconCO2



þ xconH2O

�
kmol O

kmol con:

�

ðNÞfuel ¼
N
MN

,Mfuel

�
kmol N
kmol fuel

�

ðNÞcon ¼
2,

�
1� 0:79,MN2

þ 0:21,MO2

MH2O
Xair

�
,ð1� 0:21Þ

1þ bsteam þ gCO2

or ðNÞcon ¼ 2,xconN2

�
kmol N

kmol con:

�

ðSÞfuel ¼
S
MS

,Mfuel

�
kmol S

kmol fuel

�

ðSÞcon ¼ 0
�

kmol S
kmol con:

�

(9)
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 The molar mass of the feedstock fuel:

Mfuel ¼
�

C
MC

þ H
MH2

þ O
MO2

þ N
MN2

þ S
MS

þ wfuel

MH2O

��1� kg fuel
kmol fuel

�

And the molar mass of the converter:

Mcon ¼ xconCO2
,MCO2

þ xconH2O,MH2O þ xconO2
,MO2

þ xconN2
,MN2

�
kg con:

kmol con:

�
where:
C; H; O; N; S e mass fractions of elements in the feedstock.
MC ; MH2

; MH2O; MO2
; MN2

; MS e molar masses of particular
ingredients.

MH; MO; MN e molar masses of elements in the feedstock in
[kg/kmol],

wfuel e moisture mass fraction in the feedstock.
Xair e moisture mass content related to dry air.
bsteam e steam to dry air mole factor in the converter.
gCO2

e CO2 to dry air mole factor in the converter.
xconCO2

; xconH2O
; xconO2

; xconN2
e molar fractions of gasifying agent in-

gredients in [%mol].
2.3.4. Deringer-Gumz equilibrium method
Deringer with Gumz modification equilibrium method for
6

syngas calculation during gasification is presented below. This
method was initially destined for coal feedstock composed of only
carbon elements, but the Gumz modification allows analysing fuels
with various compositions, including sulphur compounds in the
producer gas. The source of the presented formulas is the books by
Kozaczka [78], where over a dozen of equilibrium methods were
elaborated. Equations of Deringer-Gumz, as well as other equilib-
rium methods, are solved by iterative techniques. The number of
formulas for the Deringer-Gumz description is much shortened in
comparison to Kozaczka [78] or Gumz [87], which was achieved by
applying the code written in Microsoft Visual Basic for iterative
calculations instead of manual calculations. Deringer with Gumz
modification method does not include the inlet temperature of the
converter and the inlet temperature of the feedstock. Therefore, the
energy balance, including these temperatures, has to be solved in
the additional step. The scheme showing the calculation process is
shown in Fig. 2 [78,87]. The method is based on the balanced
equation of syngas components which follows the Dalton law:

xCO þ xCO2
þ xH2

þ xH2O þ xCH4
þ xN2

þ xC3H8
þ xSO2

¼ 1 (10)

Calculations required in the procedure shown in Fig. 2 are as
follows:

� Iterative estimation of a ratio
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Fig. 2. Diagram for calculating gasification process by the Deringer method with the Gumz modification with included energy balance equation that is essential for the verification
purpose.
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a¼ xH2

xCO
(11)
xCO2
¼
ðA2 � C1Þ,

0
@B1 � A1,B2

A2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
B1 � A1,B2

A2

�2

þ 4,
�
C1 � A1,C2

A2

�s 1
A

2,A1,C2
A2

� C2
½%mol� xCO ¼1� B1,xCO2

� C1,x2CO2

A1
½%mol� (16)
� Assignation of b; c; d auxiliary ratios. Ratio d is a new modifi-
cation to the original model and is related to propane formation

b¼ a2,Kð1Þ,Kð3Þ c ¼ a,Kð4Þ d ¼ a4,Kð5Þ,K2
ð1Þ,p (12)
� Reduced balance of particular elements, to include elements of
sulphur dioxide in the model, which is treated as an inert
compound, the same as nitrogen. The inclusion of sulphur di-
oxide is a new modification to the original model

ðOSÞcon ¼ðOÞcon � 2,ðSÞcon
�

kmol
kmol con:

�

ðNSÞcon ¼ ðNÞcon þ ðSÞcon
�

kmol
kmol con:

�

ðOSÞfuel ¼ ðOÞfuel � 2,ðSÞfuel
�

kmol
kmol fuel

�

ðNSÞfuel ¼ ðNÞfuel þ ðSÞfuel
�

kmol
kmol fuel

�
(13)
k1 ¼ 1
2
ðOSÞcon,ðNSÞfuel � ðOSÞfuel,ðNSÞcon
ðCÞfuel,ðOSÞcon � ðCÞcon,ðOSÞfuel

k2 ¼ 1
2
ðCÞfuel,ðNSÞcon � ðCSÞcon,ðNSÞfuel
ðCÞfuel,ðOSÞcon � ðCÞcon,ðOSÞfuel

k3 ¼ ðCÞcon,ðHÞfuel � ðCÞfuel,ðHÞcon
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

k4 ¼ ðOSÞfuel,ðHÞcon � ðOSÞcon,ðHÞfuel
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

(14)
� Evaluation of A1; B1; C1; A2; B2; C2 equations, where C1; C2 are
new to the original model related to the inclusion of propane
formation.
A1 ¼ 1þ aþ k1 þ k2 B1 ¼ 1þ bþ cþ ð1þ bÞ,k1 þ ð2þ cÞ,k2 C1 ¼ dþ 3,k1,d A2 ¼ k3 þ k4 � 2,a
B2 ¼ ð2þ cÞ,k3 þ ð1þ bÞ,k4 � 4,b� 2,c C2 ¼ 3,k4,d� 8,d

(15)
8

� Determination of CO and CO2 molar fractions of syngas. These
equations are modified in comparison to the Deringer model,
and they are a result of the Dalton law.
� Calculating criterial parameter kð1Þ derived from iterations of a
ratio, which must be almost equal to the target equilibrium
constant Kð1Þ

kð1Þ ¼
xCO
xCO2

(17)
� thus, the program is set to achieve accurate results after
completing iterations when the following condition is met

���kð1Þ �Kð1Þ
���< dk (18)

where:
� Evaluation of k1; k2; k3; k4 relations, including reduced
balances.

dk e permissible error.1
2.3.5. Formulas to obtain results from the model
� Required mole amount of feedstock fuel and converter per
1 kmol of syngas
1 Assumed permissible error dk ¼ 0.0001.
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nfuel ¼
ðCÞcon � ðOSÞcon

ðCÞcon,ðOSÞfuel � ðCSÞfuel,ðOSÞcon
,xCO þ ð2þ cÞ,ðCÞcon � ð1þ bÞ,ðOSÞcon

ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon
,xCO2

� 3,d,ðOSÞcon
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

,x2CO2

�
kmol fuel
kmol gas

�

ncon ¼ ðOSÞfuel � ðCÞfuel
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

,xCO þ ð1þ bÞ,ðOSÞfuel � ð2þ cÞ,ðCÞfuel
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

,xCO2
þ 3,d,ðOSÞfuel
ðCÞcon,ðOSÞfuel � ðCÞfuel,ðOSÞcon

,x2CO2

�
kmol con:
kmol gas

�
(19)

xH2
¼ a,xCO ½%mol� xCH4

¼ b,xCO2
½%mol� xC3H8

¼ d,x2CO2
½%mol� xH2O ¼ c,xCO2

½%mol� xSO2
¼ nfuel,ðSÞfuel þ ncon,ðSÞcon½%mol�

xN2
¼ ðk1 þ k2Þ,xCO þ ðð1þ bÞ,k1 þ ð2þ cÞ,k2Þ,xCO2

þ 3,d,k1,x
2
CO2

� xSO2

2
½%mol�

(20)
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� Calculation of other syngas components mole fractions obtained
from computational gasification

Molar fractions of normalized components for dry, clean gas
(xH2O ¼ 0; xSO2

¼ 0; xN2
¼ 0):
xðdÞCO ¼ xCO
1� xH2O � xSO2

� xN2

½%mol� xðdÞCO2
¼ xCO2

1� xH2O � xSO2
� xN2

½%mol� xðdÞH2
¼ xH2

1� xH2O � xSO2
� xN2

½%mol�

xðdÞCH4
¼ xCH4

1� xH2O � xSO2
� xN2

½%mol� xðdÞC3H8
¼ xC3H8

1� xH2O � xSO2
� xN2

½%mol�
(21)
The molar mass of dry and cleaned gas with normalized
components:

MðdÞ
gas ¼ xðdÞCO,MCO þ xðdÞCO2

,MCO2
þ xðdÞH2

,MH2
þ xðdÞCH4

,MCH4

þ xðdÞC3H8
,MC3H8

�
kg dry gas

kmol dry gas

�
(22)

Dry gas mass fractions

YðdÞ
CO ¼ xðdÞCO,MCO

MðdÞ
gas

YðdÞ
CO2

¼
xðdÞCO2

,MCO2

MðdÞ
gas

YðdÞ
H2

¼
xðdÞH2

,MH2

MðdÞ
gas

YðdÞ
CH4

¼
xðdÞCH4

,MCH4

MðdÞ
gas

YðdÞ
C3H8

¼
xðdÞC3H8

,MC3H8

MðdÞ
gas

(23)

� Mass of dry and cleaned gas derived from 1 kmol of total
product gas (xH2O ¼ 0; xSO2

¼ 0; xN2
¼ 0):

bðdÞgas
gas

¼ xCO,MCO þ xCO2
,MCO2

þ xH2
,MH2

þ xCH4
,MCH4

þ xC3H8
,MC3H8

�
kg dry gas
kmol gas

�
(24)
9

� Mass of dry and cleaned gas obtained from 1 kg of feedstock
gasification, formula including CO2 from the gasifying agent is
the following
bðdÞgas
fuel

¼
bðdÞgas

gas	
xCO2

þ xCO þ xCH4
þ 3,xC3H8

� ncon,xconCO2


, C
MC

�
kg gas
kg fuel

�

or

bðdÞgas
fuel

¼
bðdÞgas

gas

Mfuel,nfuel

�
kg gas
kg fuel

�
(25)
� Mass of dry and cleaned gas obtained from 1 kg of gasifying
agent

bðdÞgas
con

¼
bðdÞgas

gas

Mcon,ncon

�
kg gas
kg con:

�
(26)
� Required mass of the converter per 1 kg of the fuel feedstock
during gasification

bcon
fuel

¼Mcon,ncon
Mfuel,nfuel

�
kg con:
kg fuel

�
(27)
� Required converter mass per 1 kg of dry and cleaned gas
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bðdÞcon
gas

¼ bðdÞgas
con

�1
�
kg con:
kg gas

�
(28)
� Required fuel feedstock mass per 1 kg of dry and cleaned gas

bðdÞfuel
gas

¼ bðdÞgas
fuel

�1
�
kg fuel
kg gas

�
(29)
� Calculating LHV and HHV at 25 �C
CaHbOc þ ða þ ¼b � ½cÞ,O2/ a,CO2ðgÞ þ ½b,H2OðlÞ þ HHV

HHVðCaHbOcÞ ¼ �a,DH0
f ðCO2; gÞ � ½b ,DH0

f ðH2O; lÞ þ DH0
f ,ðCaHbOcÞ þ ða þ ¼b � ½cÞ, DH0

f ðO2; gÞ
LHVðCaHbOcÞ ¼ �a,DH0

f ðCO2; gÞ � ½b ,DH0
f ðH2O; gÞ þ DH0

f ,ðCaHbOcÞ þ ða þ ¼b � ½cÞ, DH0
f ðO2; gÞ

LHVgas ¼ HHVCO þ LHVH2
þ LHVCH4

þ LHVC3H8

HHVgas ¼ HHVCO þ HHVH2
þ HHVCH4

þ HHVC3H8

(30)
where DH0
f is the enthalpy of formation for a given substance at

standard conditions (25 �C, 1 bar).

q¼ LHVgas

LHVfuel
(31)

� Cold gas yield
2.3.6. Energy balance equation
Energy balance (for checking purposes) [78]:

LS¼RS nfuel ,HHVfuel þ T ,
	
nfuel , cfuelp þncon , cconp



¼HHVgasþ igas þ QV

(32)

where:
nfuel e fuel amount in [kmol fuel/kmol gas],
ncon e gasifying agent amount in [kmol con/kmol gas],
igas e specific enthalpy of gas in [kJ/kmol gas],

cfuelp e specific heat of fuel in [kJ/kmol gas K],
cconp e specific heat of gasifying agent in [kJ/kmol gas K],
HHVfuel e specific higher heating value of fuel in [kJ/kmol gas],
HHVgas e specific higher heating value of gas in [kJ/kmol gas],
QV e specific energy losses, including ash in [kJ/kmol gas].

� Specific heat of feedstock

For the case of the heat capacity, the cp value of the sewage
sludge is missing. It could be calculated using two methods. Using
10
the formula obtained experimentally for the sewage sludge by
Arlabosse et al. [88] or the formula for inorganic substances, based
on Appendix in Kozaczka reference [78], using dry and ash-free
data. Combining both of these formulas will complement each
other, as the first formula is focused on sewage sludge in general
(including ash), and the second one focuses only on chemical ele-
ments without ash but is dedicated to inorganic compounds, while
the introduced sewage sludge sample has 58,1%db of Volatile Matter
(56,94%wb) is a rough estimation of the organic fraction. Further
exploration of the sewage sludge heat capacity and its ash sepa-
rately, including the ash composition, is recommended. High di-
versity of ash content between various samples is to be expected.

a. Version 1, dry basis [88]:
cfuelp ¼ð1434þ3:29 , TÞ,Mdry fuel (33)
b. Version 2, dry ash-free [78]:

cfuelp ¼ C,cp;CðgÞðTÞ þ H,cp;HðgÞðTÞ þ O,cp;OðgÞðTÞ þ N,cp;NgðgÞðTÞ
þ S,cp;SðgÞðTÞ

(34)
3. Results and discussion

To prove that the results obtained from the presented model
based on the Deringer-Gumz-modification method were calculated
properly, the original model produced very similar results to ex-
amples solved by a dozen other equilibrium methods described in
Kozaczka [78], such as the “Traustel Newtonian approximation”
method or “Deringer with Traustel extension” method.

Newmodel results were adjusted to the experimental results for
the temperature of 760 �C by tuning the Kð1Þ; Kð3Þ; Kð4Þ; Kð5Þ
equilibrium constants using an approximation approach by
kð1Þ; kð3Þ; kð4Þ; kð5Þ coefficients multiplication, where kð1Þ is equal
to 0.00224, kð3Þ equal to 19.3, kð4Þ equal to 1.031, and kð5Þ equal to
8.97*1027. The results for other temperatures were extrapolated.
Future experimental gasification with plasma will be done at the
temperature of 1300 �C, thus extrapolated results for this temper-
ature are additionally presented. According to formula (2), the
conversion of 1 kg sewage sludge to syngas at the temperature of
760 �C and 1300 �C (extrapolation) is the following:

The inputs for the calculation were the values presented in
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C22:7H64:8O17:3N3:1S0:1AshXðH2OÞ1:1 þ 1 H2O��������!7600C

0:29 COþ 0:99CO2 þ 2:09 H2 þ 0:15 N2 þ 0:01 SO2 þ 0:14 C3H8 þ 0:57 CH4 þ 6:1 H2Oþ XAsh

C22:7H64:8O17:3N3:1S0:1AshXðH2OÞ1:1 þ 1 H2O���������������������������������!extrapolation 13000C

2:1 COþ 0:1 CO2 þ 3:68 H2 þ 0:15 N2 þ 0:01 SO2 þ 0:001 C3H8 þ 0:07 CH4 þ 0:54 H2Oþ XAsh

Fig. 3. Comparison of syngas mole composition for our model and literature experi-
mental data [62].
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Tables 1 and 2, which were used for the experimental setup. As the
gasification agent, steam was used. Composition and other data of
the calculated syngas fuels for 760 �C and 1300 �C are presented in
Table 3. The results of the original model show no agreement with
experimental data. However, one may observe a reasonable
agreement of the modified model with experimental measure-
ments for the temperature of 760 �C. As regards the mole fraction
analysis, for CH4 and C3H8, the agreement is equal to 100%. For CO2
and H2, the agreement is equal to 92%, whereas, for CO, it is equal to
76%. As for the LHV of syngas, the level of agreement was equal to
91%. The results prove the credibility and reliability of the approach
when estimating the syngas composition after the gasification
process. It is also evident that the major %mol component is H2,
with a share of 51.2%. The second major gas component is CO2, with
a share of 24.3%. In order to further assess the credibility of the
incorporated approach, the model results for the temperature of
760 �C have been compared with the experimental results of
Schweitzer et al. [62], who studied fluidized bed steam gasification
of sewage sludge under the temperature of 800 �C. Judging by Fig. 3,
one can observe a reasonable agreement of the modified authors’
model with the experimental measurements of Schweitzer et al.
[62], proving the validity of the former. The differences between the
Table 3
Composition of dry and cleaned syngas.

Component Symbol Unit Orig
760

CO fraction xðdÞCO
%mol 33.8

YðdÞ
CO

%mass 76.6

CO2 fraction xðdÞCO2

%mol 2.9

YðdÞ
CO2

%mass 10.4

CH4 fraction xðdÞCH4

%mol 2.4

YðdÞ
CH4

%mass 3.1

C3H8 fraction xðdÞC3H8

%mol e

YðdÞ
C3H8

%mass e

H2 fraction xðdÞH2

%mol 60.8

YðdÞ
H2

%mass 9.9

Lower Heating Value LHVgas MJ/kg 21.2
Cold gas yield q % 158
Mass of dry syngas per 1 kg of sewage sludge bðdÞgas

fuel

kg 0.72

Mass of dry syngas per 1 kg of gasifying agent bðdÞgas
con

kg 5.59

Required converter mass per 1 kg of fuel bcon
fuel

kg 0.13

Required converter mass to produce 1 kg of dry syngas bðdÞcon
gas

kg 0.18

Required fuel mass to produce 1 kg of dry syngas bðdÞfuel
gas

kg 1.39

Left side of energy equation LS MJ/kmol gas 301
Right side of energy equation RS MJ/kmol gas 306

11
results come from slightly different gasification operating condi-
tions and sewage sludge composition.

After the model extrapolation to 1300 �C, one may notice a
substantial increase in the share of CO but also H2, which contribute
inal model
�C

Model 760 �C Experimental 760 �C Model extrapolation 1300 �C

7.1 9.3 35.3

11.4 13.7 82.0

24.3 26.4 1.7

61.1 61.3 6.1

13.9 13.9 1.2

12.8 11.8 1.6

3.5 3.5 <0.1

8.8 8.1 <0.1

51.2 46.8 61.8

5.9 5.1 10.3

18.7 17.0 21.4
139 e 160
0.71 e 0.72

0.61 e 3.95

1.18 e 0.18

1.65 e 0.25

1.40 e 1.39

192 e 330
189 e 313
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to the overall syngas share of 97.1%. At the same time, the share of
CO2 has diminished from 24.3% to 1.7%. Such an outcome can be
explained, for instance, by the strong effect of temperature on the
gasification reactions. Furthermore, at 1300 �C, there is an
increased value of the LHV of syngas equal to 21.4 MJ/kg with
respect to 760 �C, where it was equal to 18.7 MJ/kg. Fig. 4 and Fig. 5
are the visualization of Table 3 with respect to the final syngas mass
and molar composition, respectively.

Syngas mass chemical composition depending on the gasifica-
tion temperature is indicated in Fig. 6. One may observe that the
mass fractions of CH4, C3H8 and CO2 have the highest values at
lower temperatures. In addition, although the mass fraction of CH4,
CO2, and C3H8 is faced with a decreasing trend in rising tempera-
tures of gasification, increasing the gasification temperature results
in the increasing mass fraction of H2 and CO. One may draw a
conclusion that the reactions Cþ2H2 ¼ CH4 and 3Cþ4H2 ¼ C3H8
Fig. 4. Comparison of syngas mass composi

Fig. 5. Comparison of syngas mole composi

12
have a stronger influence at lower temperatures, whereas at higher
temperatures, their impact diminishes, and the effect of
Cþ CO2¼ 2CO and CþH2O¼ COþH2 gasification reactions is even
more substantial. Syngas mole chemical composition depending on
the gasification temperature is indicated in Fig. 7. From 637 �C,
there was a downward trend in the mole fraction of H2, CH4, C3H8
and CO2, and it reached a constant value at about 1000 �C. Then,
from 637 �C, the mole fraction of CO was faced with an upward
trend, and after that, its value remained approximately 30%.
Although increasing the temperature causes themass fraction of CO
and H2 to rise, the decreasing of the mass fraction of CH4, CO2, and
C3H8 results from the rising temperature between 637 �C and
1357 �C.

Fig. 8 depicts the required stack amount of converter and
sewage sludge to produce 1 kg of syngas. One may observe that the
higher the temperature, the lower amount of the required
tion for model and experiment results.

tion for model and experiment results.
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Fig. 8. Model generated required amount of converter and sewage sludge feedstock to produce 1 kg of syngas, produced amount of syngas per 1 kg of sewage sludge fuel feedstock
and syngas LHV.

Fig. 6. Model generated syngas mass composition depending on the gasification temperature.

Fig. 7. Model generated syngas mole composition depending on the gasification temperature.
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converter/gasifying agent to produce 1 kg of syngas. The higher
demand for the converter at lower temperatures results from the
direction of temperature-dependent chemical reactions. At lower
temperatures, there is more H2O than H2 in the wet gas. For 760 �C,
there is over 59%mol of H2O, whereas, for 1300 �C, there is only 8%
mol of H2O. One of the most important issues is the actual technical
possibility of achieving high gasification temperatures. Auto-
thermal gasification reactors cannot use steam as the only gasifi-
cation agent. Sepe et al. [89] reported different configurations of
simulations of the steam gasification process, including auto-
thermal reactor (AR) operating at the equivalence ratio (ER) of 0.25
with low-temperature steam (300 K) and steam to carbon ratio
equal to 0.125 [89]. The same work investigated high-temperature
air gasification (HTAG) using a mixture of air and steam pre-heated
to 1500 K (approx.1127 �C) and high-temperature steam gasifica-
tion (HTSG) using steam at 1400 K (approx.1027 �C) [89]. HTSG
resulted in the average temperature of the gasification bed reaching
1050 K (approx. 777 �C) [89]. Lee et al. [90] reported achieving
superheated steam at the temperature of 1000 �C, using additional
superheaters in electric furnaces [90]. Such a hot gasification agent
was used for the gasification of plastics, automobile tire rubber,
municipal solid waste (MSW), and woody biomass [90]. The study
reported H2 content varying between 50%vol and 60%vol, depending
on the feedstock [90]. Nipattummakul et al. [91] performed high-
temperature gasification of sewage sludge at the temperature of
900 �C, generating hot steam by stoichiometric combustion of
hydrogen, using oxygen [91]. Gasification was performed at labo-
ratory scale, using steam to carbon ratios ranging between 3.05 and
7.38 (mole/mole), resulting in hydrogen contents ranging between
50% vol and 54% vol [91]. However, such ways do give temperatures
sufficiently high for vitrification of inorganic fraction of sewage
sludge [92]. Vitrification gives a possibility to utilise inorganic
residues as a construction material (aggregate) [92], which gives a
practical route for achieving end-of-waste status for residues left
after thermal treatment of sewage sludge. The use of plasma is a
viable way of achieving sufficiently high temperatures due to high
energy concentration [65,93]. Diaz et al. [94] performed steam
plasma gasification of various types of biomass, achieving a tem-
perature of 3000 �C at the discharge orifice of plasma torch [94].

4. Conclusions

The present paper focused mainly on the in-depth analysis of
the modified by authors Deringer-with-Gumz-modification gasifi-
cation model. It was further compared with the experimental re-
sults from allothermal steam gasification. The modification
considered above all:

� Gasification reaction for propane which was not found in the
literature before

� Equilibrium constants were empirically adjusted
� Sulphur dioxide was applied instead of other sulphur compo-
nents presented in the original model

� Energy balance equations were introduced
� Reduced amount of equations due to the use of iterative algo-
rithm code.

The proposed model managed to yield highly accurate results in
terms of the %mass, and %molar gas composition, and LHV of syngas
with respect to the experimental data for the temperature of
760 �C. The results have also been extrapolated to the temperature
of 1300 �C. The increase in temperature resulted in a substantial
increase in CO and H2 gas share.

The modification of the model allowed estimation of the con-
centrations of hydrocarbons with a molar mass higher than
14
methane. Such compounds, usually denoted as CxHy, are significant
in terms of the influence on the heating value of a producer gas
from gasification of various types of biomass. Increased accuracy of
prediction of CxHy concentration, thanks to the introduction of the
reactions responsible for the generation of propane during gasifi-
cation, allowed better prediction of heating value. This is essential
for the assessment of the performance of BECSS installations based
on gasification of sewage sludge since the release of chemical en-
ergy during combustion in oxygen is crucial in terms of combustors’
temperatures, thus having a high impact on the technical feasibility
of particular designs. Further research on plasma gasification is
recommended for future validation of the model at high gasifica-
tion temperatures, which could be achieved, e.g. in plasma
gasification.
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