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The thermochemical gasification of ash-rich biogenic wastes is gaining increasing attention as an approach for
sustainable hydrogen production and reduction of waste streams. Staged gasification processes, such as the
newly by Fraunhofer UMSICHT developed Enhanced Carbon-To-X-Output (EXO) process, enable the conversion
of ash-rich, hard-to-gasify biogenic residues into hydrogen-rich syngas. The EXO process is a three-stage ther-
mochemical conversion process, based on a two-stage gasification comprising intermediate pyrolysis and fixed-
bed counter-current gasification, followed by an downstream catalytic reforming with activated carbon. The
experimental investigations in this study involve the conversion of sieve overflow from biowaste by the EXO
process. To study the effect of the temperature during the catalytic reforming step on gas composition and
hydrogen yield, the reforming temperature is stepwise increased from 500 °C to 900 °C. The pyrolysis tem-
perature of the pilot plant is set to 450 °C, and the gasification temperature is 850 °C. The results show a sig-
nificant influence of the reforming temperature on the gas composition, which is reflected in an increase in
hydrogen concentration from 26.3 vol% to 36.7 vol%. Furthermore, a significant effect on hydrogen yield, which
increases from 24.72 gpo/kgreed,wb t0 41.23 gHa/Kgreed,wb With rising temperature, is also observed. The optimal

reforming temperature of the EXO-process, based on the maximum hydrogen yield, is 900 °C.

1. Introduction

The International Energy Agency (IEA) predicts a rise in global
hydrogen demand to 150 million tons per year by 2030 [1]. Sustainably
produced hydrogen, generated from biogenic residues by thermo-
chemical processes, has the potential to replace fossil fuels or fossil
hydrogen due to the high global availability of biogenic residues [2]. In
thermochemical processes, such as gasification, the feedstock undergoes
a series of thermochemical reactions: drying, pyrolysis, oxidation, and
reduction [3-9]. The material gets converted into valuable products
such as syngas and hydrogen, which can serve as feedstocks for further
applications and products [3,6-12]. Conventional gasification technol-
ogies include fixed-bed reactors, fluidized-bed reactors, and entrained-
flow reactors [3-5,8,11,12]. Newly developed fixed-bed gasification
technologies are often multi-stage processes in which the disadvantages
of single-stage processes are compensated by technically complex, two-
stage process designs [4,9]. The results are product gases with lower tar
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content, more controllable gas properties, higher conversion effi-
ciencies, and consequently higher overall efficiencies [3,4,6].

Counter current fixed-bed gasifier can efficiently convert biomass
with an ash content of less than 2% [13]. However, the efficient gasi-
fication of feedstocks with high ash content, exceeding 10%, proves to
be highly challenging [13]. Because of the high ash content and the
associated increase in alkali metal and silicon fractions, such biomasses
are more prone to slag formation, and ash particles begin to agglom-
erate, leading to blockages in the reactor, which inhibit stable process
operation [9,13-16].

Reforming represents a process step that not only improves the
quality of the product gas but also enables an increase in the yield of
usable product gas as well as hydrogen [17,18]. Furthermore, it serves to
selectively adjust the composition of the product gas, particularly the
Hy/CO ratio [19], allowing better adaptation to subsequent applications
such as chemical syntheses or energy utilization [17]. During gasifica-
tion, a raw gas is initially produced, which, in addition to hydrogen and
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carbon monoxide, also contains higher hydrocarbon compounds (tars)
that degrade gas quality and may potentially damage downstream
process components [4,20]. Reforming is therefore applied as a down-
stream reaction step to thermally and catalytically convert tars and high-
molecular-weight hydrocarbons into smaller, short-chain molecules
[19,20].

Through reforming reactions such as steam reforming, CO, reform-
ing, or secondary thermal decomposition reactions, the composition of
the product gas can be selectively adjusted, and the proportion of
hydrogen and carbon monoxide in the product gas can be increased
[19]. A central challenge of reforming is the selection of suitable cata-
lysts, as most catalysts exhibit both advantages and disadvantages [20].
The literature reports the use of various catalysts for reforming, with
metallic catalysts being predominantly applied [18,19]. For example,
nickel-based catalysts show high activity but are easily deactivated by
coking and contaminants such as HyS [20,21]. Natural catalysts (e.g.,
dolomite, olivine) are cost-effective but exhibit lower catalytic activity
compared to synthetic catalysts [20]. Biomass char is frequently used as
a catalyst or catalyst support in the steam reforming of tars due to its low
cost, natural formation, and high reactive surface area [20,22].

A promising alternative to conventional catalysts for reforming
gasification product gases is activated carbon. The catalytic activity of
activated carbon increases with rising temperature, enabling cracking
reactions on its porous surface [21]. However, some studies indicate a
high deactivation rate when processing tar-rich product gases, primarily
due to coking reactions [23,24]. This deactivation can, however, be
mitigated by increasing the steam or CO; concentration [21].

The Enhanced Carbon-To-X-Output process (EXO) is a three-stage
thermochemical conversion process that enables the efficient utiliza-
tion of ash-rich residual materials [9]. The aim of this study is to produce
hydrogen-rich syngas from oversize sieve material from biowaste using
the EXO process and to systematically investigate the effect of temper-
ature during the catalytic reforming step on gas composition and
hydrogen and syngas yield.

2. Materials and methods
2.1. Feedstock

In this study, pelletized oversize sieve material from commercial and
municipal biowaste is used as feedstock for the experimental series

(Fig. 1). Oversize sieve material from biowaste is generated during
coarse and fine processing in biowaste treatment plants [25,26]. In

Fig. 1. Pelletized oversize sieve material from biowaste.
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addition to a predominant share of woody material, the oversize sieve
fraction contains contaminants such as glass, textiles, bones, waste
wood, and especially plastic films and rigid plastics [27]. The oversize
sieve fraction is thermally utilized for energy recovery [25,27]. The
pellets have a very crumbly structure and exhibit low strength. Due to
the various components and the fluctuating composition, the feedstock
shows strong inhomogeneity. In the following sections, the feedstock
“oversize sieve material from biowaste” is simplified and referred to as
“sieve overflow”.

2.2. Experimental setup

The EXO pilot plant has a feedstock throughput of approximately 10
kg/h (Fig. 2). The staged plant concept consists of a combination of a
multi-stage gasification process and a downstream reforming unit. A
schematic process layout of the EXO pilot plant is provided in figure 3.
Compared to conventional gasification processes, the multi-stage pro-
cess design offers the advantage of precisely adjusting the parameters of
each individual process step according to the specific physico-chemical
properties of the feedstock.[9].

The pilot plant consists of six main components (Fig. 3) [9]:

(1) Pneumatic feed system with a double-chamber sluice system

(2) Horizontal screw reactor (roaster)

(3) Fixed-bed counter current gasifier

(4) Ash discharge unit

(5) Catalytic reforming reactor (reformer)

(6) Gas conditioning system, including a cooling-unit and an elec-
trostatic precipitator (ESP)

The material is fed into the EXO plant via the pneumatic feed system
and a subsequent rotary valve. In the first stage of the EXO-process, the
feedstock undergoes intermediate pyrolysis in an electrically heated
screw reactor with a temperature of approx. 450 °C. The average solid
residence time is approx. 15 to 20 min. The char produced during py-
rolysis is gasified under sub-stoichiometric conditions with an oxidizing
agent mixture of air and steam at approx. 850 °C. A water-cooled
discharge screw cyclically transfers the resulting gasification ash to an
ash container. The pyrolysis vapours and gasification gases are mixed in
the transition zone between the roaster and the gasifier before being
passed through an electrically heated activated carbon bed in the third
process stage for reforming. The reformed gas stream is then cooled,
fully condensed, and cleaned of aerosols and dust by an ESP. The
condensate generated in the cooler and ESP is collected in a reservoir.
The purified syngas passes through a volumetric flow measurement
before being burned in an external combustion chamber. For precise gas
composition analysis, a sampling point for gas sampling bags is installed
downstream of the flow sensor. [9].

In the conducted investigations, the reforming temperature is step-
wise increased from 500 °C to 900 °C. The parameters of the pyrolysis
reactor and gasifier don’t get changed during the experiments (Table 1).
Previous studies have shown that this temperature range leads to sig-
nificant changes in gas composition and yields [9]. Temperatures above
900 °C are not feasible with the current setup due to the limitations of
the electrical resistance heating. As the temperature increases, espe-
cially beyond 900 °C, the ceramic material of the heating elements be-
comes electrically conductive, resulting in a leakage current that
exceeds the limit specified for safety reasons. The experiments of the test
series are carried out only once due to economic reasons and the high
experimental effort involved. Therefore, no statistical validation is
available, and the results are primarily qualitative in nature. Data like
gas composition and yields, elemental composition of the gasifier ash are
collected, the mass and energy balance are established.
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Fig. 2. Enhanced Carbon-To-X-Output pilot plant.

Fig. 3. Process schematic of the EXO pilot plant.

2.3. Analytical methods and Measurements

Samples of the resulting products of the experiment were collected
and analysed. The analyses of the syngas, feedstocks and gasification
ashes were performed externally at the environmental analytics labo-
ratory of Eurofins Ost GmbH. The analyses of the activated carbon were
carried out internally at the Fraunhofer UMSICHT analytics laboratory.
The analytical methods have been described in previous publications
and are shown further detailed in the following section. [9].

The elemental analysis (CHNO and S) of the feedstock was conducted
according to DIN EN ISO 16948:2015-09, 16994:2016-12, and
16993:2016-11. The ash content (550 °C) was measured based on DIN

EN ISO 18122:2016-03. The total moisture content was determined
according to DIN EN ISO 18134-2:2017-05, and the calorific value was
calculated according to DIN EN ISO 18125:2017-08. Volatile matter was
measured according to DIN EN ISO 18123:2016-03, and the fixed car-
bon was determined based on DIN 51734:2008-12.

The elemental analysis (CHNO and S) of the gasification ashes was
performed according to DIN EN ISO 51732:2014-07, 51724-3:2012-07,
and 51733:2016-04. The ash content (815 °C) was measured based on
DIN EN ISO 51719:1997-07. The total moisture content of the samples
was determined according to DIN EN ISO 51718:2002-06, and the
calorific value was calculated according to DIN EN ISO 51900:2023-12.
Volatile matter was measured according to DIN EN ISO 51720:2001-03,
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Table 1
EXO plant operation conditions.

Parameter Sieve overflow
Duration [h] 4 4 4 4 4 4

Roaster temperature [°C] 450 450 450 450 450 450
Gasifier temperature [°C] 850 850 850 850 850 850

Reformer temperature 500 600 700 800 850 900
[°C]

Equivalence Ratio (ER) 0.1 0.1 0.1 0.1 0.1 0.1

Feedstock throughput 11.50 11.77 1240 13.16 124 12.68
[kgwb/h]

Air supply [Nm®/h] 5.10 5.10 5.11 5.04 511 5.06

Steam supply [Bm®/h, at 4.06 4.00 4.04 4.00 4.00 4.03
135 °C and 1,14825
barps]

Nitrogen supply [Nm>/h] 0.31 0.28 0.28 0.29 0.29 0.26

and fixed carbon was determined based on DIN 51734:2008-12.

The elemental analysis (CHNS) of the activated carbon was per-
formed internally in the analytics laboratory using the Elementar vario
macro cube, based on the standards DIN EN ISO 16948, DIN 51724-3,
and DIN 51732. The oxygen content was subsequently determined by
difference. The moisture content of the samples was determined in a
drying oven from Nabertherm at 105 °C, based on the standard DIN
51718. The ash content of the activated carbon was determined in a
muffle furnace from Nabertherm at 815 °C, following the standard DIN
51719. The calorific value was measured using an IKA C2000 bomb
calorimeter according to DIN 51900, and the heating value was calcu-
lated based on DIN 51900.

During steady-state operation, a 1-liter gas sample was collected and
quantitative analysed using gas chromatography. Permanent gases were
measured according to DIN 51872-5:1996-08. The calorific value of the
product gas was calculated based on DIN 51857:1997-03.

The weight of the resulting condensate was determined using a Kern
DE 60K10DL platform scale. The weight of the feedstock, gasification
ash, and activated carbon was measured using a Kern HCD 300 K-1 crane
scale. The produced gas volume during steady-state operation was
measured with a diaphragm gas meter from Pietro Fiorentini (RS/2001).

To determine the mass balance, the input and output masses of the
EXO system were compared over the four-hour experiment (Equation
(1). The reformer was filled once with 30 kg of activated carbon, oper-
ating as a batch reactor during the experiment. It should be noted that
the water present in the activated carbon prior to the experiment was
evaporating during the heating process of the plant, causing 27.49 kg
relevant weight of the activated carbon for the mass balance.

Mfeed + Mitrogen + Mair + Msteam ~+ Mactivecarbon.y

= Mash + Mcondensate 1 msyngas ~+ Mactivecarbon.n (1)
The mass of the syngas is determined by difference.
Myyngas = Minput — Mash — Mcondensate — (maca'vecarban.n - mactivecurbon.v) (2)

Equations 3-6 describe the calculation of the feedstock-related mass
fractions relevant to the mass balance.

Mgsh
Wash = 3)

mfeed

mcnndensatefeed
Weondensate = T (4)
lfeed
(mactivecarbon.n - mactivecarbon.v)
Wactivecarbon = m %)
Lfeed
Misyngas feed

Weyngas = — *—— (6)
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To calculate the feedstock-related mass balance, the amount of nitrogen
and air is subtracted from the syngas mass as a simplification (Equation
(7). The added amount of steam is subtracted from the produced
condensate mass (Equation (8).

Msyngas feed = Msyngas — Mhuitrogen — Mair (7)

Meond feed = M, — Miteam (8)

The cold gas efficiency is calculated as the ratio of the energy content of
the product gas after gasification to that of the feedstock based on the
lower heating value [28].

Heating value of product gas (LHV)

Heating value of feed (LHV) ©)

Cold gas efficiency %] =

3. Results and Discussion
3.1. Feedstock Characterization

Table 2 presents the results of the feedstock analyses. The displayed
values refer to the dry matter of the sample (dry base, db).

Due to the variable composition of contaminants and the resulting
inhomogeneity, sieve overflow from biowaste exhibits a high variability
in elemental composition and ash content. The carbon content of the
batch used is 44.5 wt%. The ash content of the oversize sieve material is
18.2 wt%. Other biomasses, such as woody materials, have significantly
lower ash contents, ranging from 0.4 to 4.1 wt% [29-32]. The high ash
content of the oversize sieve material can be attributed to its composi-
tion, which includes various contaminants. The volatile matter content
is 67.0 wt%, placing it between that of sewage sludge [29,33] and wood
pellets [29,31]. Despite the increased ash content, the higher heating
value (HHV) of 18.2 MJ/kg is comparable to that of woody material,
which has a higher HHV ranging from 17.8 to 19.6 MJ/kg [29-32]. This
can be attributed to the presence of plastic films and rigid plastics in the
feedstock. Vakalis et al. reported a HHV of 18.35 MJ/kg for household
biowaste in their investigations [34].

3.2. Gasifier ash Characterization

The sieve overflow ash exhibits a fine structure and a grey colour
after the gasification process (Fig. 4). The results of the gasification ash
analyses are presented in Table 3 and refer to the dry matter of the
sample.

The gasification ashes exhibit a characteristically low carbon content
of 12.2 to 15.2 wt% and have a calorific value between 4.46 to 5.64 MJ/
kg, indicating that approximately 30% of the energy contained in the
feedstock remains in the ash. The carbon conversion rate is approxi-
mately 87.4% — 90.1%, calculated based on the carbon content of the
feedstock and the carbon content of the gasification ashes. Zhang et al.
reported a comparable conversion rate in their investigations using a
counter-current fixed-bed gasifier [35]. Consequently, the ash content

Table 2
Analysis of feedstock sieve overflow.

Parameter Sieve overflow
Water content [wt.%, wb] 3.8

C [wt.%, db] 44.5
H [wt.%, db] 5.4
N [wt.%, db] 1.63
S [wt.%, db] 0.169
0? [w.t%, db] 30.2
Ash content (550 °C) [wt.%, db] 18.2
Volatile components [wt.%, db] 67.0
Fixed carbon [wt.%, db] 14.9
Higher Heating Value (HHV) [MJ/kgab] 18.2
Lower Heating Value (LHV) [MJ/kggp] 17.1

a) Determined by difference




W. Gebhard et al.

Fig. 4. EXO sieve overflow gasifier ash.

Table 3
Elemental composition, ash content and heating value of sieve overflow gasifier
ash.

Parameter Trials

Reformer temperature [°C] 500 600 700 800 850 900
Water content [wt.%, wb] 0.3 0.5 0.4 0.4 1.4 0.5
C [wt.%, db] 12.2 13.8 12.3 13.1 16.8 15.2
H [wt.%, db] 0.6 0.6 0.4 0.4 0.3 0.6
N [wt.%, db] 0.11 0.14 0.36 0.34 0.37 0.17
S [wt.%, db] 0.21 0.2 0.16 0.16 0.20 0.18
0% [wt.%, db] 3.8 4.0 5.3 6.0 1.0 6.7
Ash content (550 °C) [wt.%, db] 83.0 81.2 81.5 80.0 81.2 77.2
Ash softening temperature [°C] 1090 — - - - -
Ash sintering temperature [°C] 1170 - — - — —
Ash fluid temperature [°C] 1230 - - - - -

Volatile components [wt.%, db] 7.3 7.2 7.2 7.1 7.7 7.6

Fixed carbon [wt.%, db] 9.7 11.6 11.4 12.9 111 15.2

Higher Heating Value (HHV) 4.59 5.02 461 455 536 577
[MJ/kgab]

Lower Heating Value (LHV) 4.46 489 451 446 529 564
[MJ/kgqp]

a) Determined by difference

increases from 18.2 wt% in the feedstock to about 80 wt% in the gasi-
fication ashes during the gasification process. The values for carbon and
ash content show a trend of increasing carbon content and decreasing
ash content with rising reforming temperatures. However, this trend
should not be overinterpreted, as variations in reforming temperature
have no influence on the composition of the gasification ash. Deviations
and fluctuations are attributed to the heterogeneity of the feedstock and
the resulting process fluctuations, which fall within the range of the
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natural variability of the sample and are, in this case, coincidentally
depicted chronologically. The ash softening temperature of the gasifier
ash from the experiment conducted at a reformer temperature of 500 °C
is 1,090 °C. This value is representative for all experimental series, as
variations in the reformer temperature showed no influence on the
properties of the gasifier ash. The ash softening temperature, the ash
sintering temperature and the ash fluid temperature is significantly
lower than that of woody biomass. The softening temperature of woody
biomass is approximately at 1,192 °C, the sintering temperature at
1,262 °C and the ash fluid temperature at approximately 1,351 [36].

3.3. Active carbon Characterization

Table 4 presents the elemental composition, the ash content and the
heating value of the activated carbon after the experiments, which refers
to the dry state of the sample.

The activated carbon has a carbon content of 90.42 wt% before the
experiments. After the experiments, the carbon content increases to
91.47-92.1 wt%. This increase can be explained by cracking reactions of
long-chain hydrocarbons as well as the associated adsorption and coking
reactions on the porous surface of the activated carbon [9,37-39],
leading to the deposition of long-chain hydrocarbons in the pores of the
activated carbon [40]. The heterogeneous water-gas reaction and the
Boudouard reaction result in the conversion of carbon from the activated
carbon [4,9]. Kaltschmitt et al. explain that the equilibrium of the het-
erogeneous water—gas reaction shifts toward the product side at tem-
peratures above 550 °C [4]. Hosokai et al. report a balance between
coking reactions and steam gasification, which shifts in favour of the
coking reactions [24], explaining the slight increase in carbon content
after the experiments. The nitrogen concentrations of the activated
carbon increases after the experiments, which can be attributed to the
adsorption of N on the porous surface of the activated carbon [41-43].
These effects have also been reported in prior studies involving varia-
tions in the reforming temperature [9].

3.4. Product gas Characterization

The product gas primarily consists of hydrogen (Hz), carbon mon-
oxide (CO), carbon dioxide (CO3), methane (CH,4), and nitrogen (Ny).
Table 5 shows the product gas composition, the gas production and
yield, the hydrogen production and yield, the lower heating value and
the Hy/CO ratio, whereby long-chain hydrocarbons and the water con-
tained in the syngas are listed as “rest”.

The hydrogen yield, based on the feedstock, increases significantly
with the rise in reforming step temperature from 24.72 gy2/kgreed,wb t0
41.23 gna/kgreed,wb (Table 5). Neumann et al. described a similar effect
when varying the reformer temperature [44]. The syngas yield increases
with rising reformer temperature from 0.98 ng/kgpeed,wb to 1.20 Nm®/
Kkgreed,wb (Table 5). Several published studies also confirm an increase in
the amount of syngas produced as a function of the reforming temper-
ature [44-47]. When considering the C2-C7 hydrocarbons, it is

Table 4

Elemental composition, ash content and heating value of the active carbon used.
Parameter Trials
Reformer temperature [°C] Before trial 500 600 700 800 850 900
Water content [wt.%, wb] 8.37 0 0.08 0.13 0.05 0.06 0
C [wt.%, db] 90.423 91.753 92.098 91.723 91.473 91.778 91.579
H [wt.%, db] 0.450 0.820 0.550 0.370 0.347 0.323 0.280
N [wt.%, db] 0.423 0.820 0.887 0.850 0.650 0.537 0.487
S [wt.%, db] 0.230 0.177 0.210 0.230 0.260 0.213 0.227
0% [wt.%, db] 1.514 0.200 0.005 0.207 0.480 0.309 0.207
Ash content (815 °C) [wt.%, db] 6.96 6.23 6.25 6.62 6.79 6.84 7.22
Higher Heating Value (HHV) [MJ/kgap] 28.59 28.92 28.79 27.74 27.53 27.69 27.77
Lower Heating Value (LHV) [MJ/kgqp] 28.50 28.91 28.68 27.67 27.46 27.63 27.72

a) Determined by difference
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Table 5

Product gas composition, —production and hydrogen yield.
Parameter Trials
Reformer temperature [°C] 500 600 700 800 850 900
Methane [vol.%, wb] 4.40 4.60 5.20 6.00 5.80 5.70
Carbon monoxide [vol.%, wb] 12.30 12.30 12.20 15.80 20.00 21.50
Carbon dioxide [vol.%, wb] 20.60 19.40 19.30 18.60 15.70 14.90
Nitrogen [vol.%, wb] 32.80 30.90 32.40 24.80 20.70 17.80
Hydrogen [vol.%, wb] 26.30 26.40 26.30 31.20 33.60 36.70
Hydrogen sulfide [vol.%, wb] 0.042 0.094 0.072 0.091 0.058 0.055
Rest [vol.%, wb] 0.6465 4.3984 2.1543 1.1116 1.67999 1.7999
Ethan [vol.-%, wb] 0.876 0.744 0.397 0.282 0.326 0.244
Ethen [vol.-%, wb] 0.315 0.432 1.31 1.53 1.71 0.978
Propan [vol.-%, wb] 0.349 0.211 0.0631 0.0264 0.027 0.0262
Propen [vol.-%, wb] 0.32 0.381 0.5609 0.327 0.371 0.279
n-Butan [vol.-%, wb] 0.119 0.0506 0.0095 0.002 0.0021 0.0025
n-Pentan [vol.-%, wb] 0.886 0.0522 0.0029 0.002 0.00051 0.0006
n-Hexan [vol.-%, wb] 0.0458 0.036 0.0299 0.228 0.0254 0.0148
n-Heptan [vol.-%, wb] 0.0007 0.0008 0.0004 0 0 0
Gas production [Nm®/h] 11.27 11.93 12.57 14.10 14.32 15.27
Gas yield [Nm>/KgFeed,wb] 0.98 1.01 1.01 1.07 1.15 1.20
Hydrogen production [gy2/h] 284.32 301.00 306.92 404.88 429.65 522.81
Hydrogen yield [g2/kgreed,wb] 24.72 25.60 24.75 30.76 34.65 41.23
H,/CO ratio 2.14 2.15 2,16 1.98 1.68 1.71
Lower Heating Value (LHV) [MJ/ma,b] 5.97 6.05 8.68 9.57 10.46 10.18

noticeable that the proportion of hydrocarbon compounds with higher
carbon numbers decreases at higher reforming temperatures. Several
authors report that elevated temperatures lead to a reduction in long-
chain hydrocarbons, which is attributed to secondary gas-phase re-
actions as well as decomposition reactions of the hydrocarbons
[4,47,48]. In particular, at 900 °C, the share of C2-C7 hydrocarbons is
low. At the same time, a trend is observed that suggests an increasing
methane content in the product gas with rising temperatures (Table 5,
Fig. 5). This observation contradicts other studies and publications,
which describe a reduction in methane concentration at higher tem-
peratures, based on the endothermic steam reforming of methane
[4,46,49,50]. These two findings suggest that the gas residence time in
the reformer is too short for the thermal cracking of long-chain hydro-
carbons and the steam reforming of methane. With increasing temper-
ature, the syngas yield is enhanced. However, this increase
simultaneously leads to a reduction in the gas residence time in the
reformer, which promotes a trend toward higher methane contents in

the product gas. This effect has also been reported in prior studies
involving variations in the reforming temperature [9].

The temperature-dependent progression of the gas composition
(Fig. 5) shows stagnating values at temperatures below 700 °C and
significant changes in the gas composition at temperatures above
700 °C. These changes can be explained by the temperature-induced
shift of the equilibrium reactions occurring in the reformer. The signif-
icant decrease in carbon dioxide from 20.6 vol% to 14.9 vol% in the
syngas with increasing reformer temperature results from the Bou-
douard reaction and the homogeneous water-gas reaction, whose
equilibrium shifts toward CO and HpO with increasing temperature
[4,9,51]. The increase in carbon monoxide concentration from 12.3 vol
% to 21.5 vol% and hydrogen from 26.3 vol% to 36.7 vol% in the
product gas is due to the heterogeneous water—gas reaction [4,9,47,51]
and the steam reforming of methane, whose equilibrium shifts toward
Hj and CO at higher temperatures [9,49-51]. Furthermore, during the
reforming step, particularly at high temperatures, secondary gas-phase

Fig. 5. Gas composition (vol.%, wb) of EXO syngas at different reforming temperatures.
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reactions of long-chain hydrocarbons occur, leading to their decompo-
sition into shorter hydrocarbon chains, CO and Hg [4,9,47,48]. The
product gas has a characteristically high nitrogen content for air gasi-
fication (Table 5). Compared to other gasification processes, the EXO
syngas has a high hydrogen content and calorific value. Puig-Arnavat
et al. report a hydrogen concentration in the product gas of 12-20 vol
% and an LHV of 5-5.9 MJ/m? for commercial downdraft gasifiers using
wood [52]. The EXO syngas shows a high Hy/CO-ratio of approximately
1.7 to 2.1, depending on the reforming temperatures (Table 5). This
makes the EXO-syngas suitable for synthesis like methanol-synthesis,
which has a stoichiometric Hy/CO-ratio of 2 to 2.2, or the Fischer-
Tropsch-synthesis, which has a stoichiometric Hy:CO-ratio of 0.85 to 3
[4]. The Hp/CO ratio decreases with higher reforming temperatures
because of the rising carbon monoxide concentration in the syngas,
which results from the Boudouard reaction. Parthasarathy et al. docu-
ment a gas composition dependent on the oxidizing agent, and conse-
quently, an Hy/CO ratio that varies with the type of gasification [53]. In
conventional gasification processes, this ratio is approximately 0.75
when air is used, around 1 when oxygen is used, and around 1 when
steam is used for oxidizing agent [53]. Other authors report that in
traditional updraft gasifiers using woody feedstocks and air as oxidizing
agent, the Hy/CO ratio ranges from approximately 0.3 to 0.6 [12,54].
Ahmad et al. demonstrate that the use of an additional catalyst, such as
calcined dolomite, can increase the Hy/CO ratio to values between
approximately 2 and 3 [55].

3.5. Mass balance

Fig. 6 shows the product distribution based on the water-based
feedstock. The depicted proportion of syngas was calculated by differ-
ence. The mass fraction of gasification ash is approximately 32 to 35 wt
% in each experiment, which can be attributed to the high ash content in
the feedstock. This must remain constant across the respective experi-
ments, as the variation in reforming temperature does not affect the two
upstream process steps, pyrolysis and gasification. Minor deviations and
fluctuations in the ash balance are due to the heterogeneity of the
feedstock and the resulting process fluctuations. Increasing the reformer
temperature significantly promotes the conversion of pyrolysis vapours
and gasifier gases from the feedstock into the product gas form, pri-
marily consisting of permanent gases. The syngas fraction increases from
35.80 wt% to 51.95 wt%. Several authors have reported an increase in
syngas yield in their studies [44,46,56]. The condensate fraction de-
creases from 19.59 wt% to 6.05 wt% with rising reformer temperature.
The condensate fraction primarily consists of process water with mini-
mal impurities of dust particles and tars at lower reforming
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temperatures. The increase in syngas fraction is directly proportional to
the decrease in condensate fraction. This trend can be attributed to
secondary gas-phase reactions of long-chain hydrocarbons [4,9,32],
which reduce the share of tars condensed in the cooler. Furthermore, the
water contained in the gas reacts via the heterogeneous water-gas re-
action and the steam reforming of methane, producing carbon monoxide
and hydrogen [4,9,47,49-51]. The weight gain of the activated carbon
can be attributed to the coking reactions of long-chain hydrocarbons on
the porous surface of the activated carbon, as well as the entrainment of
fine particulate matter from the transition zone of the roaster and
gasifier due to flow dynamics.

3.6. Cold gas efficiency

The cold gas efficiency (Fig. 7) increases with rising reforming
temperatures from 37.7% to 79.3%, which can be attributed to the
improved process conditions for gas-phase reactions and gas-solid re-
actions, as discussed in previous chapters. The correlation between the
increase in syngas production and the decrease in condensate quantity is
also reflected in the enhanced efficiency at higher reforming tempera-
tures. Additionally, the calorific value of the product gas increases with
rising temperatures, contributing to the improvement in cold gas effi-
ciency. The remarkable cold gas efficiency is attributed to the allo-
thermal EXO process, as the electrical energy utilized in the pyrolysis
reactor and reformer significantly enhances the gas yield.

4. Conclusion
This study demonstrates the influence of reforming temperatures on

gas composition, as well as syngas and hydrogen yield in the EXO pro-
cess. The results indicate a high carbon conversion efficiency in the

Fig. 7. Cold gas efficiency of the EXO process converting sieve overflow at
different reforming temperatures.

Fig. 6. Mass balance of the products relative to the water-based feedstock sieve overflow.
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gasification step of approximately 70%. Increasing the reformer tem-
peratures from 500 °C to 900 °C leads to a significant rise in hydrogen
yield from 24.7 gua/Kgreed,wb 10 41.2 gra/Kgreed,wb, as well as an in-
crease in the hydrogen content of the syngas from 26.3 vol% to 36.7 vol
%. The calorific value of the EXO syngas increases from 5.97 MJ/m® to
10.18 MJ/m3. The reforming temperature plays a crucial role in the
reactions occurring within the reactor, such as catalytic and thermal
cracking reactions of long-chain hydrocarbons. The reaction equilibrium
of gas—solid phase reactions (e.g. heterogeneous water—gas reaction),
steam methane reforming, and the Boudouard reaction shifts toward the
product side with increasing reforming temperatures, favouring the
formation of carbon monoxide and hydrogen. The mass balance of the
products and the cold gas efficiency are influenced by the temperature-
induced shifts in chemical equilibrium reactions. With increasing tem-
peratures, the mass fraction of syngas rises from 35.8 wt% to 51.95 wt%.
The cold gas efficiency increases from 37.7% to 79.3%. The composition
of the product gas shows an untypical trend in terms of CyHy concen-
trations and methane concentrations, which indicates an insufficient gas
residence time in the reformer. The effects of gas residence time in the
reformer of the EXO technology will be investigated in more detail in
future studies. For assessing the scalability from pilot-scale to industrial
application, the long-term stability or lifetime of the activated carbon as
a catalyst is of critical importance, as its consumption has a major impact
on the process economics. For this reason, the long-term stability of the
activated carbon will be specifically investigated in subsequent studies.
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