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Abstract

One promising way of utilizing renewable energy is to gasify biomass into syngas and

convert it to methanol, an essential and versatile chemical and fuel. High-quality syngas

required for methanol synthesis can be produced by sorption-enhanced gasification (SEG)

of biomass. In recent years, the SEG process based on a dual fluidized bed system has

received much attention due to its potential for carbon capture, utilization, and storage

(CCUS). Using a CO2-active sorbent as bed material enables in-situ CO2 capture during

gasification, resulting in hydrogen-rich and tailored syngas suitable for chemical and fuel

production. An attractive option is the SEG process with oxy-fuel combustion (Oxy-SEG),

which produces a flue gas with a high CO2 concentration.

A challenging area in the field of methanol from biomass is the remaining hydrocarbons

in syngas, including gaseous hydrocarbons, which are unusable in methanol synthesis,

and condensable hydrocarbons (tar), which foul downstream equipment and deactivate

reforming or methanol synthesis catalysts. This research thus examined how to improve

the syngas quality to make it more suitable for methanol synthesis by converting hydro-

carbons into usable gases (H2 and CO) if possible, focusing on methane conversion, the

most abundant hydrocarbon in syngas. Experiments were conducted on the non-catalytic

partial oxidation method (POX) in a non-premixed burner system and the catalytic steam

reforming method (CSR) in a fixed bed reactor at atmospheric pressure under various

conditions, including SEG-derived syngas and purge gas exiting the methanol synthesis.

Based on experimental data, process simulation models were developed and simulated in

Aspen Plus® to evaluate the impact of methane conversion concepts on the overall process.

Biochar and CaO, which have promising catalytic activity for tar reforming, were found

to be ineffective as methane reforming catalysts in experiments. As a result of its high

activity, a commercial Ni-based catalyst was investigated further. The findings of this

research demonstrated the significance of syngas composition (mainly H2 and H2O) on

reforming processes. Increasing hydrogen and decreasing steam concentrations were sug-

gested for a high CO yield. In POX, highly reactive hydrogen allowed syngas with high

steam concentrations of up to 0.60m3m−3 to ignite at a preheating temperature of ap-

proximately 670 ∘C. This temperature is within the range of gasification temperatures.

Unfortunately, high steam concentration had almost no effect on CH4 conversion, but it

was useful for adjusting product distribution (H2/CO ratio and CO/CO2 ratio). In CSR,
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hydrogen inhibited methane reforming, whereas steam promoted it. The high steam con-

tent of SEG-derived syngas enabled reaching the optimum CH4 conversion and slowing

catalyst deactivation.

In addition to hydrogen and steam, this research found that the oxygen-to-fuel ratio

𝑛O2 is critical for POX. However, a trade-off existed between high CH4 conversion at

high 𝑛O2 and high H2/CO ratio at low 𝑛O2 . Although the preheating temperature had

a negligible effect on methane, it increased the conversion of more reactive hydrocarbons

such as C2H4 and CO yield. Unfortunately, the conversion of the desired hydrogen could

not be avoided under methane oxidation in excess hydrogen. Nevertheless, desirable CO

could be produced at high steam concentrations (0.50m3m−3 to 0.60m3m−3) and low 𝑛O2

(up to 0.43). As a result of this study, it is suggested to use POX to provide the heat

required for CSR (known as autothermal reforming or ATR).

Furthermore, this research highlighted the importance of simultaneously investigating

gaseous and condensable hydrocarbons in syngas reforming. When tar model compounds

were introduced into the feed at 600 ∘C, CH4 conversion dropped by about 30%, and

catalyst deactivation due to carbon formation was observed. The deactivation reduced tar

conversion over time, while CH4 conversion stayed nearly constant up to 240min. The

presence of naphthalene, a heavier tar model compound, inhibited toluene and methane

reforming. A high temperature above 800 ∘C is recommended to maximize CH4 conversion

and CO yield while minimizing catalyst deactivation due to carbon formation.

The simulation findings also revealed that the reformer benefits the gasification and

methanol synthesis process chains. The utilization of purge gas exiting the methanol syn-

thesis is interesting but inefficient. Although methanol production per biomass input could

be slightly improved, this route requires a larger reactor and two recycle loops, complicating

the process in practice. Direct conversion of hydrocarbons in the syngas is more appealing

and was investigated using CSR and ATR in optimized cases and compared with the refer-

ence case using a rapeseed methyl ester (RME) scrubber. Regarding carbon conversion, the

optimized cases clearly outperformed the reference case, which simply discharged hydro-

carbons from the process. The optimized case had nearly twice the biomass-to-methanol

conversion efficiency as the reference case (0.53 and 0.31, respectively). At the same outlet

temperature, CSR appeared to be a better option for producing usable gases, whereas

ATR was more efficient in terms of energy. Although both methods had a trade-off, the

results are auspicious.
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Ein vielversprechender Nutzungspfad für Biomasse ist deren Vergasung und die

Methanolsynthese aus dem erzeugten Synthesegas. Methanol ist eine wichtige und viel-

seitige Chemikalie und Kraftstoff. Das für die Methanolsynthese benötigte hochwertige

Synthesegas kann durch die sorptionsgestützte Vergasung (SEG) von Biomasse erzeugt

werden. In den letzten Jahren hat das SEG-Verfahren, das auf zwei gekoppelten Wirbel-

schichtreaktoren basiert, aufgrund seines Potenzials für die Abscheidung, Nutzung und

Speicherung von CO2 (CCUS), viel Aufmerksamkeit erhalten. Die Verwendung eines CO2-

aktiven Sorptionsmittels als Bettmaterial ermöglicht die In-situ CO2-Abscheidung während

der Vergasung, was zu einem wasserstoffreichen und maßgeschneiderten Synthesegas führt,

das für die Herstellung von Chemikalien und Kraftstoffen geeignet ist. Eine attraktive

Option ist das SEG-Verfahren mit Oxyfuel-Verbrennung (Oxy-SEG), das ein Rauchgas

mit hoher CO2-Konzentration bereitstellt.

Eine Herausforderung bei der Methanol-Herstellung aus Biomasse sind die verbleibenden

Kohlenwasserstoffe im Synthesegas, einschließlich gasförmiger Kohlenwasserstoffe, die für

die Methanolsynthese unbrauchbar sind, und kondensierbare Kohlenwasserstoffe (Teer),

die die nachgeschalteten Anlagen schädigen und die Katalysatoren für die Reformierung

oder für die Methanolsynthese deaktivieren. Im Rahmen dieser Arbeit wurde daher unter-

sucht, wie die Qualität des Synthesegases verbessert werden kann, damit es sich besser für

die Methanolsynthese eignet, indem die Kohlenwasserstoffe in nutzbare Gase (H2 und CO)

umgewandelt werden, wobei der Schwerpunkt auf der Umwandlung von Methan liegt, dem

häufigsten Kohlenwasserstoff im Synthesegas. Die Experimente wurden mit dem nicht kata-

lytischen partiellen Oxidationsverfahren (POX) in einem Brennersystem ohne Vormischung

und mit dem katalytischen Dampfreformierungsverfahren (CSR) in einem Festbettreaktor

bei Atmosphärendruck unter verschiedenen Bedingungen durchgeführt, einschließlich des

aus SEG gewonnenen Synthesegases und des aus der Methanolsynthese stammenden Pur-

gegases. Basierend auf den experimentellen Daten wurden Prozesssimulationsmodelle in

Aspen Plus® entwickelt und simuliert, um die Auswirkungen der Methanumwandlungs-

konzepte auf den Gesamtprozess zu bewerten.

Biokoks und CaO, die eine vielversprechende katalytische Aktivität für die Teer-

reformierung aufweisen, erwiesen sich in Versuchen als unwirksame Katalysatoren für die

Methanreformierung. Aufgrund seiner hohen Aktivität wurde ein kommerzieller Katalysa-
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tor auf Ni-Basis weiter untersucht. Die Ergebnisse dieser Forschung zeigten die Bedeutung

der Synthesegaszusammensetzung (hauptsächlich H2 und H2O) für die Reformierungs-

prozesse. Die Erhöhung des Wasserstoffgehalts und die Verringerung des Dampfgehalts

führten zu einer höheren CO-Ausbeute. Bei POX ermöglichte das Vorhandensein von sehr

reaktivem Wasserstoff die Zündung des Synthesegases bei hohen Dampfkonzentrationen

von bis zu 0,60m3m−3 bei einer Vorwärmtemperatur von etwa 670 ∘C. Diese Temperatur

entspricht dem Vergasungstemperaturbereich. Leider hatte die hohe Dampfkonzentration

fast keine Auswirkungen auf den CH4-Umsatz, kann aber zur Anpassung des Produkt-

gemisches (H2/CO-Verhältnis und CO/CO2-Verhältnis) verwendet werden. In CSR hemm-

te Wasserstoff die Methanreformierung, während Dampf sie förderte. Das Vorhandensein

einer hohen Dampfkonzentration im SEG-Synthesegas ermöglichte das Erreichen eines op-

timalen CH4-Umsatzes und verlangsamte die Deaktivierung des Katalysators.

Neben demWasserstoff- und Dampfeinfluss hat diese Arbeit ergeben, dass das Sauerstoff-

Brennstoff-Verhältnis 𝑛O2 für POX entscheidend ist. Es bestand jedoch ein Zielkonflikt

zwischen einem hohen CH4-Umsatz bei hohem 𝑛O2 und einem hohen H2/CO-Verhältnis

bei niedrigem 𝑛O2 . Die Vorwärmtemperatur hatte zwar eine vernachlässigbare Auswirkung

auf Methan, steigerte aber die Umwandlung reaktiverer Kohlenwasserstoffe wie C2H4 und

die CO-Ausbeute. Leider konnte die Umwandlung des gewünschten Wasserstoffs bei der

Methanoxidation im Wasserstoff-Überschuss nicht vermieden werden. Dennoch konnte das

gewünschte CO bei hohen Dampfkonzentrationen (0,50m3m−3 bis 0,60m3m−3) und nied-

rigem 𝑛O2 (bis zu 0,43) produziert werden. Als Ergebnis dieser Arbeit wird vorgeschlagen,

POX zur Bereitstellung der für CSR erforderlichen Energie zu verwenden (bekannt als

autotherme Reformierung oder ATR).

Darüber hinaus hat diese Forschung gezeigt, wie wichtig die parallele Untersuchung von

gasförmigen und kondensierbaren Kohlenwasserstoffen bei der Synthesegasreformierung ist.

Wenn Teermodellverbindungen bei 600 ∘C zugegeben wurden, sank der CH4-Umsatz um

etwa 30% und eine Katalysatordeaktivierung aufgrund von Koksablagerungen wurde be-

obachtet. Die Deaktivierung verringerte den Teerumsatz im Laufe der Zeit, während der

CH4-Umsatz bis zu 240min nahezu konstant blieb. Das Zugeben einer schwereren Teer-

modellverbindung (Naphthalin) hemmte die Toluol- und Methan-Reformierung. Eine hohe

Temperatur über 800 ∘C wird empfohlen, um den CH4-Umsatz und die CO-Ausbeute zu

maximieren und gleichzeitig die Deaktivierung des Katalysators aufgrund von Koksabla-

gerungen zu minimieren.

Die Simulationsergebnisse zeigen auch, dass die Prozessketten Vergasung und

Methanolsynthese von dem Reformer profitieren. Die Nutzung des Purgegases aus der

Methanolsynthese ist interessant, aber ineffizient. Obwohl die Methanolproduktion pro

Biomasseeinsatz verbessert werden könnte, erfordert dieser Weg einen größeren Reaktor

und zwei Kreislaufschleifen, was den Prozess in der Praxis erschwert. Die direkte Um-
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wandlung von Kohlenwasserstoffen im Synthesegas ist attraktiver und wurde mit CSR und

ATR in optimierten Fällen untersucht und mit dem Referenzfall unter Verwendung eines

Rapsmethylester (RME)-Wäschers verglichen. Im Bezug auf die Kohlenstoffumwandlung

übertrafen die optimierten Fälle eindeutig den Referenzfall, bei dem die Kohlenwasser-

stoffe einfach aus dem Prozess abgeschieden wurden. Der Umwandlungsgrad von Biomasse

zum Zielprodukt Methanol war im optimierten Fall fast doppelt so hoch wie im Refe-

renzfall (0,53 bzw. 0,31). Bei gleicher Ausgangstemperatur ist CSR die bessere Option für

die Erzeugung von nutzbaren Gasen, während ATR im Bezug auf die Energie effizienter

ist. Obwohl beide Methoden einen Trade-off aufweisen, sind die Ergebnisse sehr vielver-

sprechend.
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1 Introduction

1.1 Background and motivation

Renewable energy is essential for a sustainable and environmentally friendly energy system.

Among renewable energy sources, biomass is indeed flexible and storable. By converting

biomass using thermochemical gasification technologies, syngas containing mainly H2, CO,

and CO2 is produced, which can be used to generate heat and power. Furthermore, syngas

can be converted into fuels and chemicals, such as hydrogen or synthetic natural gas (SNG),

Fischer-Tropsch (FT) liquid, and dimethyl ether (DME) after additional cleaning and

conditioning steps [124, 138]. One promising route for biomass utilization is the production

of methanol (MeOH) from biomass-derived syngas [109, 122], as presented in Figure 1.1.

Detailed process flow diagrams can be found later in Chapter 3. Methanol is a significant

industrial chemical. It can be used directly as a clean fuel or as a feedstock to produce a

variety of products, such as formaldehyde and acetic acid in the chemical industry, as well

as gasoline and methyl tert-butyl ether (MTBE) in the fuel sector [94, 149].

Raw syngas Clean syngas

Purge gas

Unconverted gas

Recycle gas

Methanol

Biomass

Gasification
Cleaning and 
conditioning

Methanol 
synthesis

Figure 1.1: Methanol production from biomass-derived syngas.

Recently, sorption-enhanced gasification (SEG) of biomass has received a lot of atten-

tion due to its potential for in-situ CO2 capture and tailored syngas production. SEG is

based on indirect steam gasification in a dual fluidized bed system (gasifier and combus-

tor) that utilizes CO2-active sorbents as bed material to capture CO2 from syngas during

gasification. By regulating the rate of CO2 removal, high-quality syngas with a defined

module 𝑀 of 2 (Equation 1.1 [36, 84, 127], calculated based on the molar flow rates of

corresponding components in this research) can directly be produced, which is required
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for methanol synthesis. Aside from that, when compared to other gasification technolo-

gies, syngas produced by SEG is hydrogen-rich up to 0.75m3m−3 on a dry basis, nearly

nitrogen-free, and tar-lean, making it suitable for fuel and chemical synthesis [40, 51, 114].

Furthermore, when oxygen and recirculated flue gas are used in the combustor instead of

air (Oxy-SEG), an almost pure CO2 stream is produced, making it suitable for carbon

capture, utilization, and storage (CCUS) technology [17, 108].

𝑀 =
𝑁̇H2 − 𝑁̇CO2

𝑁̇CO + 𝑁̇CO2

(1.1)

However, one issue with methanol from biomass is the remaining hydrocarbons in syn-

gas, which include gaseous and condensable hydrocarbons (tar). Tar removal from syngas

is crucial because it is well known to cause problems for downstream equipment operating

below the tar dew point temperature and can deactivate reforming and synthesis cata-

lysts [150, 171]. Therefore, many researchers have focused on eliminating tar rather than

gaseous hydrocarbons. Although gaseous hydrocarbons are not directly harmful to the

process, they behave as inert substances during methanol synthesis, lowering the partial

pressure of the active reactants and thus reducing conversion. To maximize methanol

production efficiency from biomass, gaseous hydrocarbons should be converted into usable

gases (H2 and CO) for synthesis reactions [34, 124]. Depending on operating conditions,

SEG-derived syngas contains up to 0.15m3m−3 methane on a dry basis [108], i.e., around

one-third of the energy in the syngas is in the form of methane [63]. This relatively high

methane content has the potential to increase biomass-derived methanol production after

conversion.

1.2 Aims and objectives

This research aims to improve the quality of syngas produced by biomass gasification by

converting hydrocarbons, with a focus on methane (the major hydrocarbon in syngas), and

how to use methane for downstream methanol synthesis effectively. Various concepts for

converting methane will be investigated, analyzed, and evaluated by means of experimental

investigations and process simulations. The efficiency of methane conversion and its impact

on the overall process from biomass to methanol will be determined. Within the scope

of this work, the following concepts for methane conversion will be examined in order to

optimize the process chain of the gasification process and methanol synthesis.

� Different reforming methods: non-catalytic partial oxidation (POX), catalytic steam

reforming (CSR), and a combination of both methods, also known as autothermal

reforming (ATR)
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� Different configurations of reformers in the process chain: reforming of syngas direct-

ly after the gasification process and reforming of purge gas exiting the methanol

synthesis process

1.3 Methodology

The methodology is divided into three main sections that correspond to the research aims

and objectives.

Experimental investigation of catalytic steam reforming

This investigation first aimed to identify an appropriate catalyst for methane reforming. Ni-

based and non-metal-based catalysts, e.g., biochar and CaO, were selected. Experiments

were carried out in a lab-scale fixed bed reactor at atmospheric pressure. Furthermore,

the performance and stability of a Ni-based catalyst in the SEG environment containing

high concentrations of steam and hydrogen as well as the presence of tar model compounds

were examined. Toluene and naphthalene were used as tar model compounds, representing

light aromatic tar with a single ring and light polycyclic aromatic hydrocarbon (PAH) tar

with two rings, respectively. The effect of key process parameters such as temperature,

concentrations of steam, hydrogen, and methane, as well as the amount and composition

of tar model compounds on the hydrocarbon conversions and yields of main products

was studied. The applied Ni-based commercial catalyst was kindly provided by Clariant.

Regarding catalyst characterization, the catalyst information must be kept confidential,

and it was analyzed as permitted.

Experimental investigation of non-catalytic partial oxidation

The purpose of this study was to widen current knowledge of methane oxidation in syngas

from biomass gasification with high concentrations of steam and hydrogen. Besides pro-

ducing usable gases (H2 and CO) for synthesis reactions, the oxidation method could also

provide energy to the reformer. Experiments were conducted at atmospheric pressure in a

non-premixed burner system, similar to what would be used in practice, with an oxidizing

agent added separately to hot syngas from the gasifier. The gas composition at the reactor

outlet and the temperature distribution in the reactor were measured. The effect of key

process parameters such as preheating temperature, concentrations of oxygen, steam, hy-

drogen, and methane on conversions and yields was investigated. The optimal conditions

for maximum methane conversion and minimum hydrogen conversion for synthesis gas

production were identified. Due to the expected hydrogen loss from syngas oxidation, the
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use of partial oxidation to generate heat for endothermic steam reforming reactions (ATR)

was also studied.

Process simulation of methane conversion concepts

Various methane conversion concepts, including different configurations of reformers and

reforming methods, were developed to improve methanol production from biomass. The

mass and energy balances were estimated using process simulation models established with

Aspen Plus® simulation software. Individual process units from biomass to end product

methanol were modeled and validated, which include hydrocarbon reforming based on own

experimental results, gasification based on IFK published data and experiments, as well as

methanol synthesis and purification based on data from the literature. Basic models from

biomass to methanol were developed, containing gas cleaning and conditioning with a focus

on hydrocarbons. The process simulation was used to investigate how methane conversion

affected the overall process, such as methane reduction, usable synthesis gas production,

reformer fuel efficiency, methanol yield, biomass-to-methanol conversion efficiency, and

carbon conversion.

1.4 Previously published results

This research was conducted with the support of colleagues from the Department De-

centralized Energy Conversion (DEU) of the Institute of Combustion and Power Plant

Technology (IFK). This work includes previously published results as well as text written

by the author that has been updated and modified but still corresponds in some ways to

the original publications. The following intermediate results were presented by the author

at conferences and published in conference proceedings: the concept of converting recycled

methane (i.e., methane exiting the fuel synthesis) using the non-catalytic partial oxidation

method [65], experiments on recycled methane reforming by non-catalytic partial oxida-

tion and steam reforming using CaO as a catalyst [66], the effect of tar model compounds

on methane conversion during steam reforming using a Ni-based catalyst [67], and par-

tial oxidation of hydrogen-containing methane mixture [68]. In addition, the results of

experiments on catalytic steam reforming and non-catalytic partial oxidation of methane

in syngas have been partially published in peer-reviewed journal articles [69] and [70],

respectively.

The publications related to this research are summarized in the list below, sorted by

date. The author of this work was the main author of all of these publications and was

mainly responsible for the conceptualization, investigation, data collection, analysis, and

interpretation of the results, as well as publication preparation.
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1.4 Previously published results

Conference proceedings

� Kertthong, T.; Beirow, M.; Schmid, M.; Scheffknecht, G.: Enhancing the quality of

syngas from gasification of biomass: Conversion of recycled methane. Proceedings

of 29th Deutscher Flammentag, Bochum, September 17-18, 2019

� Kertthong, T.; Chen, Y.-H.; Beirow, M.; Schmid, M.; Scheffknecht, G.: Upgrading

of synthesis gas from biomass gasification by reforming of recycled methane. Pro-

ceedings of 28th European Biomass Conference and Exhibition (EUBCE), July 6-9,

2020, 306-310. DOI: http://dx.doi.org/10.5071/28thEUBCE2020-2BO.14.4

� Kertthong, T.; Chen, Y.-H.; Schmid, M.; Scheffknecht, G.: Steam reforming of hydro-

carbons from sorption enhanced gasification of biomass: Influence of tar model com-

pounds on methane conversion and catalyst behavior. Proceedings of 29th European

Biomass Conference and Exhibition (EUBCE), April 26-29, 2021, 522-525. DOI:

http://dx.doi.org/10.5071/29thEUBCE2021-2AV.4.3

� Kertthong, T.; Schmid, M.; Scheffknecht, G.: Synthesis gas upgrading via non-

catalytic partial oxidation of methane with regard to sorption enhanced gasification.

Proceedings of 30th European Biomass Conference and Exhibition (EUBCE), May

9-12, 2022, 590-593. DOI: http://dx.doi.org/10.5071/30thEUBCE2022-4AO.8.2

Journal articles

� Kertthong, T.; Chen, Y.-H.; Schmid, M.; Scheffknecht, G.: Influence of gas atmo-

sphere and role of tar on catalytic reforming of methane and tar model compounds:

Special focus on syngas produced by sorption enhanced gasification. Fuel 317(12):

123502, 2022. DOI: http://dx.doi.org/10.1016/j.fuel.2022.123502

� Kertthong, T.; Schmid, M.; Scheffknecht, G.: Non-catalytic partial oxidation of

methane in biomass-derived syngas with high steam and hydrogen content optimal

for subsequent synthesis process. Journal of the Energy Institute 105(2): 251-261,

2022. DOI: http://dx.doi.org/10.1016/j.joei.2022.09.007
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2 Fundamentals and state of the art

Chapter 2 covers the fundamentals of this work, ordered by production steps from syn-

gas to methanol. The gasification of biomass in fluidized bed reactors, particularly the

SEG process, is addressed. Different syngas cleaning and conditioning methods are dis-

cussed, focusing on methane reforming. Finally, the production of methanol from syngas

is described.

2.1 Biomass gasification

The thermochemical gasification of biomass can produce syngas for downstream methanol

synthesis. The quality of syngas is determined by the gasification technology used.

2.1.1 Gasification process

Gasification is a thermochemical process that converts carbonaceous fuels like biomass

into a gaseous product with usable heating value in the presence of a gasifying agent,

such as air, oxygen, steam, CO2, and their mixtures [16, 58]. Typical steps in biomass

gasification include preheating and drying, pyrolysis, char gasification, and combustion.

First, the biomass is heated, releasing water. Then pyrolysis (devolatilization) occurs, in

which large complex hydrocarbon molecules of biomass are thermally decomposed into

smaller molecules such as gases, char, tar, and other products. The pyrolysis products

react with each other and with the gasifying medium to produce the final gasification

product. In a gasifier, a specific amount of exothermic combustion reaction, i.e., the

reaction between char and oxygen, is allowed to provide the required heat for drying,

pyrolysis, and endothermic reactions [16].

The product of the gasification process is known as syngas or synthesis gas, and it is

composed primarily of hydrogen and carbon monoxide [102]. In general, the gasification

process is endothermic. As detailed in Table 2.1, two gasification concepts are distinguished

based on the heat supply to the gasifier: autothermal and allothermal gasification. In

autothermal gasification, heat is generated directly in the gasifier via partial oxidation of

biomass in the presence of oxygen. The syngas obtained by air gasification is diluted by

nitrogen and has a low heating value. Gasification with oxygen and steam can produce a
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higher heating value syngas. In allothermal gasification, steam is used as a gasifying agent,

resulting in hydrogen-rich syngas with a higher heating value. Heat is supplied indirectly

to the gasifier from an external source or by recirculation of gas or char [45, 102]. Due to

its high heating value, syngas produced by steam gasification is suitable for gas engines or

gas turbines. The high hydrogen content benefits fuel cells as well [102]. A hydrogen-rich,

almost nitrogen-free syngas is also appropriate for the production of fuels and value-added

chemicals after syngas cleaning and conditioning [84].

Table 2.1: Typical syngas composition from different biomass gasification concepts [102].

Heat supply Autothermal Allothermal

Gasifying agent Air Oxygen/Steam Steam

LHV in MJm−3 (STP) 4–6 10–12 12–14

Syngas composition in m3m−3, dry
H2 0.11–0.16 0.23–0.28 0.35–0.40
CO 0.13–0.18 0.45–0.55 0.22–0.25
CO2 0.12–0.16 0.10–0.15 0.20–0.25
CH4 0.02–0.06 <0.01 <0.09–0.11
N2 0.45–0.60 <0.05 <0.01

2.1.2 Gasifier type

Gasifier (gasification reactor) can be divided into three types based on how biomass and

gasifying agent contact each other: fixed bed, fluidized bed, and entrained flow. In a fixed

or moving bed gasifier, the gasifying agent flows slowly through and comes into contact

with a bed of biomass particles. Based on the flow direction of the gasifying agent through

the biomass bed, gasifiers can be operated as updraft or downdraft gasifiers. Downdraft

gasifiers have limited scale-up capabilities, while updraft gasifiers produce syngas with a

high tar content. In a fluidized bed gasifier, biomass and a gasifying agent are mixed in

a hot bed of small particles, e.g., sand. This results in good temperature distribution as

well as high mass and heat transfer. Furthermore, since the ash does not melt, removing it

is simple. The gasifier can be operated as a bubbling or circulating fluidized bed gasifier.

This gasifier type can be easily scaled and is commonly used on a medium to large scale.

In an entrained flow gasifier, pulverized biomass particles are gasified in a flow of oxygen

or oxygen-steam mixture at temperatures above 1000 ∘C and high gas-flow velocities. This

leads to a high biomass conversion rate and nearly tar-free syngas, but the ash melts and

is removed as liquid slag. Since very fine biomass particles are required, their application

in biomass gasification is limited [15, 102].
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2.1 Biomass gasification

Overall, fluidized bed gasifiers are appealing for biomass gasification due to their high

fuel flexibility in terms of size and type, as well as their high conversion efficiency and

good scale-up potential [121]. Steam gasification in dual fluidized bed (DFB) concepts

can produce up to 0.80m3m−3 (on a dry basis) hydrogen-rich syngas, which is suitable as

feedstock for fuel and chemical synthesis [110]. The concept was chosen as the gasification

process for this study and will be described further in Section 2.1.3.

2.1.3 Sorption-enhanced gasification (SEG)

The gasification process used in this study is sorption-enhanced gasification (SEG) of

biomass, which is based on steam gasification in a dual fluidized bed (DFB) system at

atmospheric pressure with CO2-active sorbents, such as CaO/CaCO3, as the bed material

circulating between two fluidized bed reactors (Figure 2.1). In the gasifier (gasification

reactor), biomass is gasified with steam while CaO adsorbs CO2 from the syngas, forming

CaCO3 (Equation 2.8). In the combustor (combustion reactor), CaCO3 decomposes at a

higher temperature into CaO and CO2 (Equation 2.13) [114]. The main chemical reactions

in the sorption-enhanced gasification of biomass are listed in Table 2.2.
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Figure 2.1: Schematic diagram of the sorption-enhanced gasification (SEG) of biomass [17,
51, 83, 108].

The CaO/CaCO3-equilibrium (Equation 2.8 or 2.13) highly depends on the temperature

at atmospheric conditions [15]. SEG is thus performed at a gasification temperature rang-

ing from 600 ∘C to 800 ∘C in order to capture CO2 [51, 83]. As a result of CO2 capture,

the water-gas shift (WGS) reaction (Equation 2.5) moves toward H2 production, causing
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2 Fundamentals and state of the art

Table 2.2: Main chemical reactions of biomass gasification in the SEG process [40, 45],
∆𝐻R is the reaction enthalpy at 25 ∘C in kJmol−1.

Reaction name Stoichiometry ∆𝐻R Eq.

Gasifier

Biomass devolatilization biomass char + tar + H2O + light gas >0 (2.1)

Steam gasification C + H2O CO + H2 +131 (2.2)

Boudouard reaction C + CO2 2CO +173 (2.3)

Hydrogen gasification C + 2H2 CH4 −75 (2.4)

Water-gas shift reaction CO + H2O CO2 + H2 −41 (2.5)

Hydrocarbon steam reforming CnHm + nH2O nCO + (n +
m

2
)H2 >0 (2.6)

Hydrocarbon dry reforming CnHm + nCO2 2nCO +
m

2
H2 >0 (2.7)

Carbonation CaO + CO2 CaCO3 −178 (2.8)

Combustor

Complete oxidation C + O2 CO2 −394 (2.9)

Partial oxidation C +
1
2
O2 CO −111 (2.10)

Carbon monoxide oxidation CO +
1
2
O2 CO2 −283 (2.11)

Hydrogen oxidation H2 +
1
2
O2 H2O −242 (2.12)

Calcination CaCO3 CaO + CO2 +178 (2.13)

a higher H2 content in the syngas. Module 𝑀 or stoichiometric ratio of H2/CO/CO2 in

syngas (Equation 1.1) can therefore be modified by regulating the CO2 capture rate to fit

the requirements of synthesis applications, such as methanol synthesis, where a module 𝑀

of 2 is desired [40, 51, 110]. The syngas produced from the SEG process consists mainly of

steam and hydrogen (up to 0.90m3m−3), with a typical steam-to-hydrogen ratio (𝑆/𝐻) of

roughly 2 [25]. In addition, a relatively large amount of higher hydrocarbons and methane

is formed in the SEG syngas due to the low gasification temperatures [110], particularly

methane content of up to 0.15m3m−3 on a dry basis [108].

For several years, SEG of biomass has been investigated at the lab-scale and pilot-scale

facilities at IFK, demonstrating the process’s viability and benefits [51, 108, 113, 114].

Nevertheless, SEG technology is still in its early stages of development and commercial-

ization. The system’s efficiency, cost-effectiveness, and environmental performance are all

being optimized through ongoing research and development [108]. In addition to air, oxy-
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2.2 Gas cleaning and conditioning

gen and recirculated flue gas can be used in the combustor (Oxy-SEG process), resulting in

a nearly pure CO2 in flue gas (>0.90m3m−3 on a dry basis) that can be stored or utilized.

The Oxy-SEG process is therefore appealing as a carbon capture, utilization, and storage

(CCUS) technology [17, 108].

2.2 Gas cleaning and conditioning

Before entering methanol synthesis, the raw syngas must be cleaned to remove contami-

nants that could cause problems in downstream equipment and to enhance quality.

2.2.1 Syngas contaminants

Syngas contaminants formed during biomass gasification can cause various issues in down-

stream equipment and processes, such as corrosion, blockage, and catalyst deactivation, as

well as make syngas unsuitable for methanol synthesis [138]. The most common contami-

nants found in syngas are listed below [37, 52, 163]:

� Particulates include soot, dust, unconverted char, and ash. They can cause fouling,

corrosion, and erosion, leading to inefficiency and safety issues.

� Tar is a mixture of condensable hydrocarbons. It fouls downstream equipment, such

as filters, lines, and heat exchangers below the tar dew point, and deactivates cata-

lysts in cleanup systems (e.g., reformers) or methanol synthesis.

� Sulfur contaminants are most commonly found as hydrogen sulfide (H2S), with minor

levels of carbonyl sulfide (COS). Metal surfaces are corroded by sulfur compounds.

Even in trace amounts, sulfur can poison catalysts. Furthermore, when syngas is

burned, sulfur is converted to SO2, which is a controlled pollution.

� The main nitrogen contaminants in syngas are ammonia (NH3), with minor levels

of hydrogen cyanide (HCN). They lead to nitrogen oxide emissions and may poison

some catalysts.

� Many alkali and alkaline earth metals are found in many gasification feedstocks.

Alkali compounds, typically in the form of chlorides, hydroxides, and sulfates, can

cause significant fouling and corrosion in downstream processes as well as deactivate

catalysts.

� Chlorides are the most common halide in syngas, mainly in the form of hydrochloric

acid (HCl). They can cause serious material problems by corrosion and catalyst

poisoning for methanol synthesis and sulfur removal.
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2 Fundamentals and state of the art

To meet the requirements for methanol synthesis, contaminants like particulate, tar,

nitrogen, halides, and sulfur need to be removed from raw syngas to certain levels, as

detailed in Table 2.3 [163]. The syngas cleaning requirements for synthesis applications

are much stricter than those for engine and turbine applications that have been extensively

researched [47].

Table 2.3: Syngas cleaning requirements for methanol synthesis compared to internal com-
bustion (IC) engine [63, 163].

Contaminant Specified level in mgm−3

Methanol synthesis IC engine

Particulate (soot, dust, char, ash) <0.02 <50

Tar <0.1 <100

Sulfur (H2S, COS) <1 <1150

Nitrogen (NH3, HCN) <0.1 <55

Alkali – <50

Halides (mainly HCl) <0.1 <500

2.2.2 Syngas cleaning methods

In general, there are two concepts for removing contaminants from raw syngas: wet low

temperature cleaning (wet cold) and dry hot gas cleaning (dry hot) [151]. There is no

standard procedure for cleaning syngas since contaminants in produced syngas and end-use

application requirements differ [37]. While cold gas cleaning is a well-established method,

some elements of hot gas cleaning are currently under development [8, 151].

Wet cold concept

In a wet cold concept, particulates are removed by cyclones, filters, and scrubbers. Water

scrubbing is used to remove water-soluble contaminants like HCl and NH3. Sulfur removal

occurs in guard beds [31, 53]. Cold gas cleaning has been demonstrated to be effective in

coal gasification combined cycle and Fischer–Tropsch synthesis applications [53]. However,

it produces wastewater sludge that needs to be treated before discharging [47].

Dry hot concept

In a dry hot concept, particulates can be removed using a hot gas cyclone first, followed

by ceramic or metallic filters or electrostatic precipitators. Thermal or catalytic cracking

is used to decompose tar. Other contaminants are removed via high-temperature adsorp-

tion [41, 47]. The hot gas cleaning concept is slightly higher energy efficient than the cold
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gas cleaning concept [152]. However, it is not a proven technology and is not commercially

available, so more study is needed to attain high cleaning effectiveness [8].

A summary of cleaning technologies for each contaminant is listed in Table 2.4. Further

information and details on each technology are available elsewhere [37, 138, 150, 163].

2.2.3 Syngas conditioning technologies

To improve methanol production, methane and other light hydrocarbons in the syngas can

be converted into H2 and CO as an option. Furthermore, the desirable ratio of H2/CO/CO2

in the syngas can be adjusted using a water-gas shift reactor and a CO2 removal unit.

Reformer

A considerable amount of hydrocarbons in syngas with a high heating value can be con-

verted to H2 and CO via reforming reactions [52], which can then be used to produce

methanol. Hydrocarbons can be converted directly in the gasifier using a catalytic active

bed material or in a reformer (reforming unit) downstream of the gasifier [118].

Endothermic reforming reactions require heat, which can be obtained using either a

tubular or an autothermal reformer design. In the first design, a system of tubes containing

catalysts is installed inside a furnace. The heat in the latter design is generated by internal

combustion with oxygen [54].

Moreover, catalytic reforming of tar and gaseous hydrocarbons can be accomplished

using a series of reactors. The bulk of tar is first converted in a guard bed using a mineral

catalyst such as dolomite. Second, a metal catalyst, e.g., a nickel-based catalyst, is used

to convert hydrocarbons further [21].

Additional information about methane reforming, which is the main focus of this work,

will be stated in Section 2.3.

Water-gas shift reactor

Suppose the stoichiometric ratio of H2/CO/CO2 in the syngas is unfavorable for methanol

synthesis. In that case, the water-gas shift reactor can be combined with a CO2 removal

unit to increase H2 as well as to decrease CO and CO2 [53]. Water-gas shift catalysts

can be divided into four types. The promoted iron oxide catalysts or high-temperature

shift (HTS) catalysts function at moderately high temperatures ranging from 350 ∘C to

450 ∘C. At relatively low temperatures (190 ∘C to 250 ∘C), the copper-zinc oxide catalysts

or low-temperature shift (LTS) catalysts are used. In sulfur-containing sour gas streams,

sulfur-tolerant catalysts using cobalt and molybdenum sulfides as active compounds are

applied. The fourth type is copper-zinc catalysts, usually modified with iron oxide. They
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Table 2.4: Syngas cleaning technologies [37, 138, 150, 163].

Contaminant Cold gas cleaning Hot gas cleaning

Particulate
(soot, dust,
char, ash)

Wet scrubbing using water as an
agent, such as spray, wet dynamic,
cyclonic spray, impactor, venturi,
and electrostatic scrubbers

Inertial separation like cyclones,
barrier filtration, such as fabric
filters, rigid filters (ceramic or
metallic filters), fixed and mov-
ing bed granular filters, and elec-
trostatic interaction, e.g., electro-
static precipitators (ESPs)

Tar Water scrubbing, oil scrubbing,
such as rapeseed oil methyl ester
(RME)

Thermal cracking at high tem-
peratures above 1000 ∘C, cata-
lytic cracking using, for example,
nickel- or iron-based catalysts,
mineral catalysts (calcined dolo-
mite or limestone), and non-
thermal plasma, e.g., pulsed
corona, dielectric barrier dis-
charges

Sulfur
(H2S, COS)

Acid gas scrubbing. Chemical
(amines), physical (methanol and
dimethyl ether, e.g., Rectisol®,
Purisol®, and Selexol�processes
followed by Claus process to re-
cover sulfur), or mixed chem-
ical/physical solvent processes.
Chemical redox and biological
processes are also used

Adsorption (three stages: reduc-
tion, sulfidation, and regenera-
tion) using metal oxides or mixed
metal oxides sorbent bed (sulfur
guards), such as copper, zinc, iron,
and calcium oxides

Nitrogen
(NH3, HCN)

Wet scrubbing (absorption in wa-
ter)

Selective catalytic oxidation or
thermal catalytic decomposition

Alkali
compounds

Wet scrubbing Removal with other contaminants
via condensation and hot adsorp-
tion onto solid sorbents (getter)

Halides
(mainly HCl)

Wet scrubbing (deposition of am-
monium chloride salts and absorp-
tion of HCl vapor)

Adsorption using a sorbent. Ac-
tivated carbon, alumina, and com-
mon alkali oxides in fixed beds are
most commonly employed. Alkali-
based multi oxides can also be
used. Alternative to fixed bed
sorption filters is direct injection
of sorbent into hot gas streams.
Commercially available calcium-
based sorbents are sodium carbon-
ate and calcium oxide.
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2.3 Methane reforming

are also known as medium-temperature shift (MTS) catalysts because they work between

the temperature ranges of HTS and LTS catalysts (275 ∘C to 350 ∘C) [123].

Since the SEG process already produces hydrogen-rich syngas (or a high H2/CO ratio)

with adjustable syngas composition, the additional water-gas shift reactor may not be

necessary. This is one of the advantages of using the SEG process [84]. The reverse water-

gas shift reaction that converts CO2 to CO at elevated temperatures (>750 ∘C) would be

more beneficial for methanol synthesis [8].

CO2 removal unit

The syngas contains a considerable CO2 amount that rises after reforming or shifting [52].

CO2 is separated from syngas to achieve an appropriate H2/CO/CO2 ratio for commer-

cially available catalysts in methanol synthesis [155]. For optimal activity and selectiv-

ity of these catalysts, the CO2 concentration is commonly adjusted to 0.04m3m−3 to

0.08m3m−3 [109]. CO2 is generally removed using the following technologies: chemical

absorption with amines (MEA/MDEA) as the solvent, physical absorption, such as Rec-

tisol�process using methanol as the solvent and Selexol�process using dimethyl ethers of

polyethylene as the solvent, or membrane gas separation [8, 97]. In this study, CO2 is

captured in situ in the gasifier using a CaO-based CO2 sorbent. Thus, an extra CO2 re-

moval unit is not required [84]. This aspect makes the SEG process attractive as a carbon

capture technology [108].

2.3 Methane reforming

There are several methods for converting methane into usable gas (H2 and CO) for

methanol synthesis, such as steam reforming, CO2 or dry reforming, partial oxidation,

and autothermal reforming [2]. These processes differ in the type of oxidizing agent, the

H2/CO ratio in the reformed gas, as well as the kinetics and energetics of the reactions [107].

2.3.1 Steam reforming

Steam reforming of natural gas, also known as steam reforming of methane (Equation 2.14),

is the most widely used method of producing hydrogen for industrial use in the synthesis

of ammonia and other chemicals [135]. A complete steam reforming reaction scheme is as
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follows [127]:

CH4 + H2O CO + 3H2 ∆𝐻R = 206 kJmol−1 (2.14)

CH4 + 2H2O CO2 + 4H2 ∆𝐻R = 165 kJmol−1 (2.15)

CH4 + CO2 2CO + 2H2 ∆𝐻R = 247 kJmol−1 (2.16)

CO + H2O CO2 + H2 ∆𝐻R = −41 kJmol−1 (2.17)

The steam reforming method is attracting interest because steam is a major component

of steam gasification like SEG-derived syngas. Hiblot et al. [57] studied the steam reforming

of methane in syngas produced by biomass gasification at high temperatures without any

catalyst and concluded that a temperature of 1700K for a residence time of 0.68 s is

required for complete CH4 conversion. Alternatively, the reforming temperature can be

reduced and CH4 conversion can be improved by applying a catalyst. This enhances the

process’s economics and increases the H2 yield [72]. The catalytic steam reforming (CSR)

method was thus chosen for this study. Different aspects of steam reforming technology

have progressed, including materials for reformer tubes, carbon limit control, as well as

catalysts and process concepts with high feedstock flexibility [2]. An effective catalyst is

essential for this process [35].

Ni-based catalysts are commonly used in methane reforming because of their high activ-

ity and lower cost compared to other metals [4, 39, 128]. It has been demonstrated that

they have strong activity in tar reduction, gaseous hydrocarbon reformation, and enhan-

cing WGS performance in biomass gasification applications [35, 111]. However, they are

prone to deactivation because of coking and impurities, e.g., S and Cl. Other metal-based

catalysts, such as Co and noble metals, are also very active but expensive, making them

unsuitable or uneconomical for industrial use [39].

Many studies have recently focused on biochar as a tar reforming catalyst for economic

reasons [5, 71, 104]. In addition, biochar was found to have a catalytic effect on methane

decomposition [71]. The use of biochar as a catalyst has many advantages over metal-based

catalysts, including high-temperature resistance, tolerance to sulfate and other impurities

in fuels, and no formation of metal carbides [100]. Since it is cheaper than other catalysts

and can be produced directly during gasification, the biochar-based catalyst is appealing

for reforming methane in syngas [4]. Previous research also found that biochar has a

positive catalytic activity on tar reforming [25–27].

The catalytic active bed material, CaO, would also be interesting for converting methane

because it is less expensive than metal-based catalysts and is produced in large quantities

in the combustor through the SEG process [137]. The effect of CaO on tar reforming

has been investigated by Koppatz et al. [73] and Udomsirichakorn et al. [157], and their
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findings show that CaO not only captures CO2 but also reduces tar.

These types of catalysts, Ni-based, biochar, and CaO, were therefore investigated in this

research.

During steam reforming, many factors influence hydrocarbon conversion rate, such as

catalytic bed temperature, space time or velocity, catalyst particle size, and gas atmosphere

composition [13]. In addition to temperature, steam-to-carbon ratio 𝑆/𝐶 is critical for the

steam reforming process. A high 𝑆/𝐶 in the feed (4–5 molecules of H2O per C atom in

hydrocarbons [128]) has advantages in terms of increasing hydrocarbon conversion and

removing carbonaceous deposits, which is preferable to conventional Ni-based catalysts

but may result in catalyst deactivation [6, 165]. In practice, a reformer is operated at a

lower 𝑆/𝐶 to reduce plant mass flow, steam production, and thus equipment sizes and

costs [128]. An 𝑆/𝐶 of 2.5–3.0 is commonly used in methane steam reforming processes to

decrease coke formation [39].

While the influence of steam (or 𝑆/𝐶) on the steam reforming process has been exten-

sively studied, the influence of hydrogen is largely overlooked. The partial pressures of

steam and hydrogen have been observed to have a significant effect on toluene conver-

sion. The reactive gas atmosphere (oxidizing or reducing) is represented by the steam-

to-hydrogen ratio, which can affect catalytic performance [98]. In addition, hydrogen has

been found to inhibit hydrocarbon reforming over a number of catalysts [25, 141].

Steam reforming is the dominating method for producing a mixture of H2 and CO

from methane (Equation 2.14) [60]. Furthermore, CO2 can be used to reform methane

(Equation 2.16). CO2 or dry reforming is highly endothermic. Thus, a significant amount of

heat must be supplied to the process. The main issue of CO2 reforming is the considerable

formation of by-product coke deposited on the catalyst surface, decreasing the catalyst

activity [101]. CO2 reforming is expected to be less significant than steam reforming in the

presence of both steam and CO2, where steam content is higher than CO2 content such as

SEG-derived syngas [27].

2.3.2 Partial oxidation

Adding oxygen to the feed is an alternative method to endothermic steam reforming [127].

During the exothermic reaction of methane partial oxidation, not only desirable gases (H2

and CO) but also useful heat are produced [101]. Some or all of the reactions listed below

are involved in all methane partial oxidation cases [127].
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CH4 +
1
2
O2 CO + 2H2 ∆𝐻R = −36 kJmol−1 (2.18)

CH4 + O2 CO + H2O + H2 ∆𝐻R = −278 kJmol−1 (2.19)

CH4 +
3
2
O2 CO + 2H2O ∆𝐻R = −519 kJmol−1 (2.20)

CH4 + 2O2 CO2 + 2H2O ∆𝐻R = −802 kJmol−1 (2.21)

Partial oxidation can be performed with or without a catalyst, which is referred to as

catalytic (CPO) and non-catalytic partial oxidation (POX), respectively [2]. Non-catalytic

partial oxidation offers several benefits over other reforming methods, such as fuel flexibil-

ity, quick response time, simplicity, and long lifetime [105]. In this study, the method was

therefore chosen.

Although non-catalytic partial oxidation of various methane-based fuels, particularly

natural gas, has been extensively studied, the literature on the partial oxidation of methane

in a biomass gasification atmosphere is still limited [19, 42, 85, 158]. The issue of com-

petition in oxidation reactions between methane and other gaseous fuels in syngas is in-

triguing [68]. In practice, it is impossible to completely avoid further H2 and CO oxidation

during methane oxidation [2]. Each syngas component has a significant impact on com-

bustion characteristics. In the presence of H2 and CO, syngas reactivity increases (faster

flame speed, greater burning velocity, and larger flammability limit), whereas it decreases

in the presence of CH4, H2O, and inert gases such as CO2, N2 [44, 85, 115]. Rising hy-

drogen content in the mixture leads to higher OH, CH2O, and HCO concentrations, which

relate to increased reaction intensities, better mixture ignitability, and higher heat release

rate [81]. Numerous research has found that adding hydrogen reduces CO formation due to

increased CO oxidation through OH radicals [22, 91] and suppresses soot formation prob-

ably because of dilution and chemical effects [49, 159]. Nonetheless, some contradictory

results have been reported, indicating that rising hydrogen content increases soot and CO

formation, most likely due to a quenching effect [32].

The addition of steam to the mixture lowers the flame temperature, changes the chemical

reaction rate and pathway, and alters the fraction of chain branching radicals H, O, and

OH [90]. Adding steam appears to have a significant impact on CO formation based

on combustor configuration and operating conditions [44]. Several findings have been

reported, including steam having little effect on CO formation [88], or rising steam resulting

in decreased CO formation [28] because of increased OH radical concentrations promoting

CO oxidation [90]. Moreover, increasing the amount of steam in rich methane-oxygen

mixtures raises the H2/CO ratio while decreasing the formation of acetylene, which is a

soot precursor [130]. This could be explained by increased acetylene oxidation with OH
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radicals [143].

It is also interesting to combine the exothermic POX method with the endothermic CSR

method to make the reaction autothermal, i.e., self-sustaining for heat requirement. There-

fore, no external heat is required [135]. In an autothermal reformer (ATR), the necessary

heat is obtained through internal oxidation in a burner, and the gas is equilibrated by a

fixed catalyst bed [128]. The burner and the catalyst are thus critical components of ATR

technology [2].

2.4 Methanol production

Methanol synthesis is a well-studied process, and methanol is widely used in industry as a

feedstock, fuel, solvent, and energy storage medium. After cleaning and conditioning, the

syngas is converted into methanol, followed by distillation of the reactor effluent [87].

2.4.1 Methanol synthesis

Methanol, one of the most important industrial chemicals, is a flammable substance that

is highly soluble in water and a variety of organic solvents like ethers, alcohols, and others.

It can be used directly as a clean fuel or feedstock to produce other products such as

formaldehyde, methyl tert-butyl ether (MTBE), acetic acid, and dimethyl ether (DME).

In addition, methanol is utilized as an intermediate in the production of fuel from synthesis

gas, for example, methanol-to-gasoline (MTG), methanol-to-olefins (MTO), and methanol-

to-propene (MTP) [94, 106, 149]. As a liquid, it is very easy to store and transport, making

it appealing for fuel and energy applications [34].

Synthesis reactions and catalysts

During the production of methanol from syngas, the following equilibrium reactions take

place with the use of a proper catalyst [94, 106]:

CO + 2H2 CH3OH ∆𝐻R = −91 kJmol−1 (2.22)

CO2 + 3H2 CH3OH + H2O ∆𝐻R = −49 kJmol−1 (2.23)

CO + H2O CO2 + H2 ∆𝐻R = −41 kJmol−1 (2.24)

Because the methanol-forming reactions are highly exothermic, maximum conversion

occurs at high pressures and low temperatures [34]. Heat is produced throughout the

synthesis process and must be removed in order to ensure optimum catalyst life and reaction

rate [53].
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In general, methanol can be produced under low-, medium-, and high-pressure condi-

tions, which correspond to pressure ranges of 50 bar to 100 bar, 100 bar to 250 bar, and

250 bar to 300 bar, respectively [63]. The methanol synthesis in this work is based on low-

pressure (50 bar to 100 bar) and low-temperature (200 ∘C to 300 ∘C) methanol synthesis

over a Cu/Zn/Al catalyst [94]. Catalysts based on copper oxide, zinc oxide, or chromium

oxide are typically applied in methanol synthesis reactors [124]. Commercially available

Cu-ZnO-Al2O3- or Cr2O3-based catalysts with various additives and promoters enable the

synthesis of methanol with more than 99.9% selectivity [55].

Process description

Figure 2.2 shows a simplified flow diagram for low-pressure methanol synthesis used in

this research. The syngas is compressed to the desired pressure range of 50 bar to 100 bar.

The syngas is mixed with the unconverted recycle gas and routed to a heat exchanger,

where energy from the hot gas exiting the methanol converter is transferred to the inlet

gas. Methanol is formed exothermically in the methanol converter at temperatures ranging

from 200 ∘C to 300 ∘C. The heat generated during the reaction can be dissipated in one

or more stages. The product exiting the methanol converter is cooled further. The crude

methanol is then separated from the gas phase in a separator and flashed [106]. The crude

methanol must be purified further by distillation to meet the specifications. The uncon-

verted syngas is recycled to a compressor, with a small fraction purged to prevent inert gas

accumulation [36]. Due to thermodynamic equilibrium limitations, the conversion per pass

for methanol production is quite low. Therefore, a considerable amount of unconverted

gas is recycled into the methanol synthesis reactors [34] to increase methanol yield.

To favor kinetics and control by-products, a module 𝑀 or stoichiometric ratio of

H2/CO/CO2 in syngas slightly higher than 2 (Equation 1.1), with an educt syngas compo-

sition present in exact stoichiometric ratio, is suggested. A value between 2.0 and 2.1 has

been reported in practice [36, 94, 109] to avoid by-product formation caused by a hydrogen

deficiency while improving the space time yield of the catalyst [36].

The partial pressure of the active reactants is reduced by a high concentration of inert

components such as methane, argon, and nitrogen [34]. Thus, methane reduction is desir-

able.

The presence of CO2 enhances the reaction rate between CO and H2 by a factor of 100,

which is the main reaction for methanol production (Equation 2.22). However, when CO2

levels are high, catalyst activity is inhibited [138]. Therefore, the CO2 concentration should

be adjusted to 0.04m3m−3 to 0.08m3m−3 for optimal catalyst activity and selectivity [109],

as previously stated in Section 2.2.3.
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Figure 2.2: Conventional methanol synthesis loop [106, 136].

2.4.2 Process technologies

Overall, the following conditions should be considered when designing an efficient methanol

synthesis process: syngas contains a suitable ratio (module 𝑀 of around 2 and high

CO/CO2 ratio), a highly exothermic process at a low temperature is regulated, by-product

generation is minimized, released reaction energy can be efficiently used, as well as surplus

reactants and inert components are efficiently disposed of [34].

Methanol converter

Existing methanol production technologies include gas-phase technologies such as adia-

batic, isothermal, and gas-phase fluidized bed converters, liquid-phase technologies, mem-

brane reactors, and one-step technologies [87]. More information and details about each

technology can be found elsewhere [18, 36, 53, 106, 136].

Methanol is conventionally produced in two-phase systems, with the reactants and

products being the gas phase and the catalyst being the solid phase [124]. Conventional

methanol converters are broadly classified into two types: adiabatic and quasi-isothermal.

In an adiabatic converter, the reaction is quenched by injecting cold gas between the cata-

lyst beds. The axial temperature profile of an adiabatic converter has a saw tooth pattern

that is low at the heat removal site and increases linearly in heat exchange zones, while

the isothermal converter has an isothermal axial temperature profile and works like a heat

exchanger, removing the heat of reaction continuously. A cooling medium such as water is
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circulated around the outside of the tubes containing the catalyst to control the tempera-

ture of the converter [53, 106, 138]. A conventional isothermal methanol converter was

considered basic in this study.

CO2 to methanol

CO2 emission reduction and CO2 utilizing technologies have been gaining much atten-

tion nowadays. Research has tended to focus on the development of catalyst systems for

the hydrogenation of CO2 to methanol (Equation 2.23). However, pilot-scale results are

scarce [106]. The main issues with the CO2 to methanol process are the low conversion

of CO2 over commercially available catalysts [9, 169] that are not so active for CO2-rich

feed [167] and the water produced during the methanol synthesis leads to catalyst deac-

tivation [164].

Methanol purification

Depending on reaction conditions, feed gas, as well as type and lifetime of the catalyst,

crude methanol leaves the reactor with varying amounts of water and other impurities.

In general, impurities in crude methanol are separated into two stages. First, all compo-

nents boiling at temperatures lower than methanol are removed in the light ends column.

After that, pure methanol is distilled overhead in one or more distillation columns [106].

Methanol is commercially available after purification in different grades: fuel grade, A grade

that is used as a solvent, and AA grade that has a purity greater than 0.9985 kg kg−1 and

is suitable for chemical applications [18].
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3 Methane conversion concepts to

produce methanol from biomass

Chapter 3 introduces potential concepts for methane conversion in order to optimize the

process chain of gasification and methanol synthesis, including different reformer configu-

rations with different reforming methods in the process chain. The exact description of

each process unit and its boundary conditions for process simulation will be presented later

in Chapter 5.

3.1 Reference case design to produce methanol from

biomass

Figure 3.1 presents the reference case design block diagram of biomass-to-methanol plant.

To simplify the process, biomass pretreatment such as drying and grinding is not con-

sidered in this study. Woody biomass is gasified with steam in the SEG process, an

atmospheric indirect gasification, to produce syngas that is rich in hydrogen, low in tar,

and almost nitrogen-free. Such a syngas is suitable for methanol production. The range

of the gasification temperature is from 600 ∘C to 800 ∘C (Section 2.1.3). By adjusting the

gasification temperature, which is conducted by changing the bed material cycle rate, the

desired module 𝑀 or stoichiometric ratio of H2/CO/CO2 in syngas for methanol synthesis

can be reached [51, 117] (Equation 1.1). Thus, additional water-gas shift and CO2 removal

units are not required. In the combustor, air or oxygen can be supplied as an oxidizing

agent. In this study, a standard SEG process with air combustion and a temperature of

900 ∘C is used to ensure calcination [83]. The loss of bed material is compensated for by

replacement with fresh limestone [20]. The treatment of flue gas from the combustor is

not addressed in this study. The gasification temperature is varied to achieve the highest

methanol yield. This will be investigated through simulation.

After gasification, contaminants are removed from raw syngas. The syngas cleaning and

conditioning process varies for each concept. A conventional wet cold concept is applied

in the reference case, where particulates are first removed by cyclones, followed by bag

house (fabric) filters. Subsequently, tar and water are removed by a scrubber using oil
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3 Methane conversion concepts to produce methanol from biomass

as a solvent such as rapeseed methyl ester (RME). Water-soluble trace components like

NH3 and HCl can also be eliminated. With an RME scrubber, a tar removal efficiency of

approximately 98% is possible. Water can be reused for fluidization. RME saturated with

tar can be combusted in the combustor [119, 162].

Prior to the synthesis reactor, there are guard beds to remove sulfur using ZnO filters

and other contaminants (traces of NH3, HCl, HCN, CS2, and COS) using active carbon

filters [31]. The cleaning steps of trace components are not examined in this study to

simplify the procedure and better focus on the removal of hydrocarbons. However, possible

concepts for removing trace components are mentioned.

Clean syngas (water is condensed out) is compressed to pressure levels of methanol

synthesis. Methane in syngas enters the methanol synthesis as an inert gas, which is

not involved in the synthesis reaction [34, 124]. Syngas is converted into methanol in an

isothermal converter at temperatures ranging from 200 ∘C to 300 ∘C and pressures ranging

from 50 bar to 100 bar over a commercial Cu/ZnO/Al2O3 catalyst (Section 2.4). As the

conversion per pass in the methanol converter is low [34], the unconverted syngas is recycled

back to the converter to increase the methanol yield. In the last step, crude methanol is

purified from water in a distillation unit suitable for storage and transportation.
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Methanol 
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Figure 3.1: Block flow diagram of the reference case design for methanol production from
biomass.

Sections 3.2 and 3.3 will describe potential concepts for methane conversion and the

related gas cleaning step. The biomass gasification and methanol production steps are

identical to those in the reference case, thus they will not be repeated.
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3.2 Possible configurations for the reforming of methane in syngas

3.2 Possible configurations for the reforming of

methane in syngas

Syngas cleaning in these approaches follows a dry hot concept, in which particulates are

first removed using cyclones, and then ceramic filters are used to remove any remaining

smaller particulates. Depending on the process design and the performance of the reforming

catalyst, trace components can be removed either before or after a reformer.

When a Ni-based catalyst, which is prone to deactivation by sulfur, is used, trace com-

ponents like sulfur, halides, and alkali metals can be purified from hot syngas at 600 ∘C and

higher. For example, HCl is separated using (ad-)sorbents like sodium carbonate. Zinc

titanate or cerium-based sorbents can be used to remove H2S. Alkali metals are separated

on mineral sorbents like activated bauxite or aluminum oxide [147]. In the following step,

hydrocarbons in syngas are converted in a reformer in the presence of a catalyst at a higher

temperature to obtain high CH4 conversion (Figure 3.2). Steam present in the syngas and

additional oxygen provided by air separation units (ASU) are used as the reforming agent.

In some cases, a reformer is placed directly downstream from the gasifier. Noble metal-

based or modified Ni-based catalysts, for example, are being researched [33, 74]. Down-

stream of the reformer, syngas is cooled down, and trace components can be eliminated

according to a wet cold concept. A water scrubber is used to remove ammonia and chlorine.

Sulfur removal is conducted by chemical absorption. The remaining traces are adsorbed

on an activated carbon bed [117].
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Figure 3.2: Block flow diagram of methanol production from biomass with integration of
syngas reformer.
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3 Methane conversion concepts to produce methanol from biomass

In this study, the first pathway is chosen, where trace components are removed before

the reformer. This cleaning route is not yet a proven technology. It will be investigated

experimentally (Chapter 4), especially the presence of tar on methane conversion and

catalyst behavior in the steam reforming method as well as the effect of adding oxygen to

hot syngas in the partial oxidation method.

3.3 Possible configurations for the utilization of

methane in purge gas

The cleaning of contaminants in these approaches is based on the reference case, in which

particulates are removed by cyclones followed by bag filters. A scrubber is applied to

remove tar while water is condensed out.

In the literature, the purge gas leaving the methanol synthesis, which is mainly composed

of methane and hydrogen, is commonly used as fuel to generate heat, improving heat

integration in the process [50, 152]. Alternatively, the purge gas can be recirculated to

the process and converted in a reformer under this study, as demonstrated in Figure 3.3.

In these cases, additional steam and/or oxygen are necessary for reforming reactions. Air

separation units (ASU) are considered to produce oxygen for the reformer. The reforming

products are cooled down and mixed with clean syngas from the SEG process after an

RME scrubber.

Air separation 
unit (ASU)

Air

SEG
Gasification

Syngas cleaning
Scrubbing

Syngas
Compression

Methanol 
synthesis

Raw syngas Clean syngas
H2O

Air

SEG
Combustion

CaO

Additional fuel

Flue gas

Fresh CaCO3 Purge
Methanol 

purification
Methanol

Biomass

CaCO3

Char
Recycle gas

O2 Reforming
H2O

Purge gas

IFK data

Literature data

Experiment

Figure 3.3: Block flow diagram of the utilization of methane in purge gas in biomass-to-
methanol plant.

26



3.3 Possible configurations for the utilization of methane in purge gas

Although the reforming of clean gas is extensively researched in the literature, its im-

pact (concept of reforming purge gas and using products) on the overall process is not

well understood. Therefore, the possibilities of using recirculated methane utilization are

interesting.
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4 Experiments on methane reforming

Methane reforming was performed at atmospheric pressure under various conditions, in-

cluding SEG-derived syngas and purge gas exiting the methanol synthesis. Experimen-

tation was carried out on two approaches: catalytic steam reforming and non-catalytic

partial oxidation. For each approach, applied test apparatuses and analytical methods

are introduced. The experimental findings are reported and discussed according to pro-

cess parameters. Since the composition of SEG-derived syngas is more specific than that

of purge gas, additional tests were conducted under SEG conditions, and the results are

discussed separately.

4.1 Catalytic steam reforming

4.1.1 Test apparatus and analytical methods

Figure 4.1 presents the schematic diagram of the experimental setup for the catalytic steam

reforming of methane at atmospheric pressure. Experiments were performed in a fixed bed

stainless steel reactor placed vertically in an electric tube furnace [69]. The experimental

setup designed for researching tar reforming [26] was expanded for this work.

Gas wash

CatalystP-624

Filter

TMFC

MFC

MFC

Gas analyzerFTIR

Gas out

MFCSyngas

CH4

H2

N2

H2O

Tar

Electric furnace
and reactor

Figure 4.1: Schematic diagram of the experimental setup for catalytic steam reforming of
methane. Tar is a mixture of toluene and naphthalene.
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4 Experiments on methane reforming

Steam, tar model compounds, and relevant test gases (methane and hydrogen) were

premixed in nitrogen before entering the reactor filled with catalysts. In this study, tar

was a mixture of toluene (C7H8) and naphthalene (C10H8). To prevent condensation of

steam and tar model compounds, all pipes were heated above 220 ∘C. Furthermore, a

synthetic gas representing syngas produced by the SEG process was tested. The syngas

composition used in this study is shown in Table 4.1. C2H4 was chosen to represent light

hydrocarbons (CxHy).

Table 4.1: Syngas composition used in this study compared to literature data from the
SEG process using wood as fuel and limestone as bed material. CxHy is the sum of light
hydrocarbons.

Syngas composition Literature This study

m3m−3, dry 200 kW IFK Stuttgart 100 kW TU Vienna

[108] [145]

H2 0.627–0.731 0.55–0.71 0.70

CO 0.085–0.120 0.05–0.11 0.09

CO2 0.033–0.162 0.07–0.20 0.06

CH4 0.079–0.127 0.08–0.13 0.12

CxHy 0.010–0.023 0.018–0.034 0.03

The gas composition at the reactor outlet was recorded by an FTIR gas analyzer (GAS-

MET DX4000) connected with the sample-taking system (SYCOS P-HOT/QL) for H2O,

C7H8, and C10H8, Measurement principle: FTIR. Moreover, an online gas analyzer (Emer-

son NGA 2000) was used to measure the content of H2, O2, CO, CO2, and CH4 in dry gas,

Measurement principle: TCD for H2, Paramagnetic for O2, NDIR for CO, CO2, and CH4.

At the beginning of each test, the initial concentration of the inlet stream was recorded via

a bypass line. Ultimate, proximate analyses and metal oxide compositions of the catalyst

were carried out using standard procedures DIN 51701, 51718, 51719, 51732, and 22022 [1].

The weight of the catalyst was also measured before and after the test.

The operating condition ranges for studies of catalytic steam reforming of methane and

parallel reforming of methane and tar model compounds are listed in Table 4.2. Except

for the CH4/H2O/N2 mixture, which used different catalysts, all experiments were carried

out with Ni-based catalysts. The volume fraction of each component in the total mixture

is shown, with nitrogen accounting for the rest. It should be noted that in this work,

assuming ideal gas, volume fraction and mole fraction are interchangeable.
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4.1 Catalytic steam reforming

Table 4.2: Operating condition ranges for parametric studies of catalytic steam reforming
of methane and parallel reforming of methane and tar model compounds.

Mixture 𝜗 𝑦H2O,in 𝑦H2,in 𝑦CH4,in 𝑦tar,in
∘C m3m−3 10−6m3m−3

CH4/H2O/N2 600–1000 0.08–0.30 0 0.035–0.090 0

CH4/H2/H2O/N2 500–900 0.15–0.45 0–0.30 0.03–0.11 0

CH4/tar/H2/H2O/N2 600–800 0.15–0.30 0.15 0.056± 0.001 0–5000

4.1.2 Parameters and performance indicators

Residence time and space velocity

Several definitions of residence time were found in the literature. In this study, the residence

time 𝜏 (s) of the gas over the catalyst bed in relation to the empty reactor was chosen [5, 26]

and calculated as

𝜏 =
𝑉bed

𝑉̇tot,in

(4.1)

where 𝑉bed is the volume of the catalyst bed based on the empty reactor (m3) and 𝑉̇tot,in

is the total inlet volume flow rate (m3 s−1) under STP conditions. Space velocity 𝑆/𝑉

(h−1) that is reciprocal to residence time is also widely used in the literature for industrial

applications [111].

Steam-to-carbon ratio

The steam-to-carbon ratio (molmol−1) is calculated using the equation below:

𝑆/𝐶 =
𝑁̇H2O,in

𝑁̇C,in

(4.2)

where 𝑁̇H2O,in indicates the molar flow rate of H2O in the input stream and 𝑁̇C,in indicates

the molar flow rate of all C in the input stream, including CH4, C7H8, and C10H8.

Conversion of hydrocarbons

The conversion of hydrocarbons (molmol−1) during the catalytic steam reforming is cal-

culated using Equation 4.3:

𝑋𝑖 =
𝑁̇𝑖,in − 𝑁̇𝑖,out

𝑁̇𝑖,in

(4.3)
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4 Experiments on methane reforming

where 𝑁̇𝑖,in is the molar flow rate of component 𝑖 (𝑖 = CH4, C7H8, and C10H8) in the input

stream and 𝑁̇𝑖,out is the molar flow rate of component 𝑖 in the output stream.

Product yield

In the steam reforming method, all hydrocarbons in the input stream are considered for

carbon-based yield for CO and CO2 (molmol−1) as follow, with 𝑖 = CO and CO2:

𝑌𝑖 =
𝑁̇𝑖,out

𝑁̇CH4,in + 7 · 𝑁̇C7H8,in + 10 · 𝑁̇C10H8,in

(4.4)

Hydrogen-based yield for H2 (molmol−1) is calculated according to the following equa-

tion:

𝑌H2 =
𝑁̇H2,out − 𝑁̇H2,in

2 · 𝑁̇CH4,in + 4 · 𝑁̇C7H8,in + 4 · 𝑁̇C10H8,in + 𝑁̇H2,in + 𝑁̇H2O,in

(4.5)

It should be noted that C6H6 yield is negligible in this work because only a trace amount

of benzene was found in the products in comparison to H2, CO, and CO2 by experiments

and is unnoticeable by thermodynamic simulations.

4.1.3 Catalysts

To find a suitable catalyst for methane reforming, three types of catalysts were initially

investigated: Ni-based catalyst, biochar, and CaO. Ni-based catalysts are widely used

for hydrocarbon reforming due to their high activity and lower cost when compared to

precious metals [62]. Previous research has found that biochar and CaO have a positive

effect on tar reforming [25–27]. Biochar is a low-cost material that can be produced during

gasification. CaO is less expensive than metal catalysts and is abundantly produced in the

combustor of the SEG process. These catalysts were thus chosen. The properties of fresh

catalysts are shown in Appendix A.1. The commercial Ni-based catalyst used must be

treated confidentially, and its information cannot be shown. Straw char containing fly ash

(0.01mm to 0.30mm) produced by steam-oxygen fluidized bed gasification of straw pellets

and CaO (0.3mm to 0.6mm) produced by fluidized bed calcination of limestone at 900 ∘C

for original use as bed material were investigated. The operating conditions of gasification

can be found elsewhere [27, 133]. The commercial Ni-based catalyst was crushed and sieved

to a particle size of 0.3mm to 0.5mm. It should be noted that experiments on catalyst

types were conducted in a fixed bed quartz reactor (𝐼𝐷 = 12mm). The reactor was later

changed to stainless steel with a larger size due to fragility and to be more practical.

All catalysts were first tested under CH4/H2O/N2 environment at a residence time 𝜏 of

0.014 s based on the empty reactor, equivalent to a space velocity 𝑆/𝑉 of about 265 000 h−1.

Operating temperatures 𝜗 ranged from 700 ∘C to 900 ∘C, and steam-to-carbon ratios 𝑆/𝐶
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4.1 Catalytic steam reforming

ranged from 1molmol−1 to 3molmol−1. It was found that at 𝜗 = 900 ∘C ± 10 ∘C and

𝑆/𝐶 = 3.0molmol−1 ± 0.2molmol−1, the Ni-based catalyst achieved a maximum CH4

conversion of around 0.90, while CH4 conversion was less than 0.03 over CaO and roughly

0.01 over biochar.

Figure 4.2 illustrates the outlet gas volume fractions during methane reforming with

biochar as a catalyst. The feed was switched between CH4/H2O/N2 and H2O/N2 to observe

char gasification according to the following equations:

C(Char) + H2O CO + H2 (4.6)

C(Char) + 2H2O CO2 + 2H2 (4.7)

Figure 4.2: Outlet gas volume fractions over biochar at 𝜗 = 900 ∘C ± 5 ∘C, 𝑆/𝐶 =
3.0molmol−1 ± 0.2molmol−1, and 𝜏 = 0.014 s.

CO and CO2 were already released from the decomposition of char at a high temperature

of 900 ∘C before the introduction of steam and methane. CH4 concentration stays almost

stable over time, revealing that char has low activity on CH4 conversion. As observed at

the start of the experiment, the presence of steam in the feed promotes char gasification,

releasing more CO and CO2. Even in the absence of methane in the feed, CO and CO2

levels gradually decrease over time. After the reaction, the spent catalyst had a mass loss

of around 30% in correlation to the fresh catalyst. This confirms that the char gasification

rate is faster than the CH4 reforming rate under certain operating conditions with a high

steam concentration, such as the SEG-derived syngas.
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4 Experiments on methane reforming

In addition, when 𝑆/𝐶 was varied from 1molmol−1 to 3molmol−1 at 𝜗 = 900 ∘C±5 ∘C,

CH4 conversion remained at around 0.01. In sum, biochar is unsuitable as a catalyst for

methane reforming in a fixed bed reformer due to its low activity and high char gasification

rate.

As presented in Figure 4.3a, CH4 conversion increases with rising temperatures from

700 ∘C to 900 ∘C in the presence of CaO. Since the fine CaO particles used (0.3mm to

0.6mm) cause a high-pressure drop, they are not suitable for pilot or industrial-scale fixed

bed reactor applications [66]. A larger CaO size (2mm to 3mm) was then tested in a bigger

reactor, as described in Section 4.1.1. This CaO was produced by calcinating limestone

at 900 ∘C in an oven for 1 h under air [25]. Due to differences in CaO size and reactor

dimension, a direct comparison between the two cases is impossible. Despite this, an

increase in CH4 conversion with rising temperature was also observed in the case of larger

CaO particles, as shown in Figure 4.3b. Concerning the long residence time (𝜏 = 0.17 s)

in experimentation with larger CaO particles, CH4 conversion was below expectations. In

conclusion, the mineral catalyst CaO might not be appropriate as a methane reforming

catalyst because of the low activity, but it could be used as a tar reforming catalyst in the

first stage prior to the methane reforming stage to minimize tar [59], leading to a longer

methane catalyst lifetime.

(a) CaO size 0.3mm–0.6mm, 𝜏 = 0.014 s (b) CaO size 2mm–3mm, 𝜏 = 0.17 s

Figure 4.3: CH4 conversion over CaO at different temperatures and 𝑆/𝐶 = 3.0molmol−1±
0.2molmol−1.

To sum up, biochar and CaO will not be investigated further in this work. Further

research on parametric studies and SEG environments with high steam and hydrogen con-

tent, as well as in the presence of tar, was conducted using a Ni-based catalyst. Although

Ni-based catalysts have been widely used in methane reforming, their performance and

stability in SEG environments are still not well understood.
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4.1 Catalytic steam reforming

The catalyst used was kindly provided by Clariant (ReforMax®), which is a Ni-based

catalyst on calcium aluminate support that is commonly used in natural gas reforming.

The catalyst was crushed and sieved to a particle size of 1.0mm to 2.0mm. Experiments

on methane reforming were first performed in the presence of steam and hydrogen to study

the effects of key process parameters on main reactants. All experiments were conducted

at a residence time of 0.14 s.

4.1.4 Effect of reaction temperature

Experiments with the silica sand bed (the size range of the particle is 1.0mm to 1.6mm,

Appendix A.1) instead of the Ni-based catalyst bed were first carried out under the same

operating conditions. As demonstrated in Figure 4.4a, CH4 conversion during methane

steam reforming over the silica sand bed stays nearly constant at around 0.05 under all

test conditions. The results confirmed that the interaction of the stainless steel reactor

with the catalytic activity is negligible. CH4 conversion over the Ni-based catalyst, on

the other hand, increases with rising temperature from 500 ∘C to 900 ∘C due to favorable

steam reforming reactions, for example, Equations 4.8 and 4.9. At 900 ∘C, CH4 conversion

of about 0.95 is obtained.

CH4 + H2O CO + 3H2 (4.8)

CH4 + 2H2O CO2 + 4H2 (4.9)

(a) CH4 conversion over silica sand and Ni-based
catalyst

(b) Yields of H2, CO, and CO2 over Ni-based cata-
lyst

Figure 4.4: CH4 conversion and yields of H2, CO, and CO2 as a function of tempera-
ture during methane steam reforming at 𝑦H2O,in = 0.30m3m−3, 𝑦H2,in = 0.15m3m−3, and
𝑦CH4,in = 0.056m3m−3.
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4 Experiments on methane reforming

The product yields of H2, CO, and CO2 during the methane steam reforming over

the Ni-based catalyst are illustrated in Figure 4.4b. The H2 and CO yields increase as

the temperature rises. Moreover, a high temperature also promotes the WGS reaction

(Equation 4.10) in the reverse direction, leading to a higher CO yield and a lower CO2

yield at a temperature above 700 ∘C [3]. H2 yield, on the other hand, stays nearly stable

in the high-temperature area. This could be explained by a counteraction of the reverse

WGS reaction and the forward steam reforming reactions.

CO + H2O CO2 + H2 (4.10)

For the following parametric studies, a temperature of 600 ∘C was selected. At this tem-

perature, which is also in the range of the SEG gasification temperature [40], a satisfactory

CH4 conversion was attained.

4.1.5 Effect of steam concentration or steam-to-carbon ratio

The steam volume fraction in the feed was varied from 0.15m3m−3 to 0.45m3m−3 at

600 ∘C, leading to an increase in 𝑆/𝐶 from 2.5molmol−1 to 8.0molmol−1. Steam promotes

the methane reforming reactions, resulting in an increase in CH4 conversion with higher

𝑆/𝐶, as presented in Figure 4.5. Despite a higher CH4 conversion, H2 yield reduces by

dilution because there is more steam than that is required for reaction stoichiometry [165].

A higher CO2 yield and a lower CO yield at increasing steam concentrations indicate a

considerable influence of the WGS reaction (Equation 4.10) at 600 ∘C.

Figure 4.5: CH4 conversion and yields of H2,
CO, and CO2 as a function of steam con-
centration during methane steam reforming
at 𝜗 = 600 ∘C, 𝑦H2,in = 0.15m3m−3, and
𝑦CH4,in = 0.056m3m−3.

Figure 4.6: CH4 conversion and yields of H2,
CO, and CO2 as a function of methane con-
centration during methane steam reforming
at 𝜗 = 600 ∘C, 𝑦H2O,in = 0.30m3m−3, and
𝑦H2,in = 0.15m3m−3.
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4.1 Catalytic steam reforming

4.1.6 Effect of methane concentration

The methane volume fraction was increased from 0.03m3m−3 to 0.11m3m−3 at 600 ∘C,

which is comparable to its concentration in biomass gasification produced syngas [124] and

even higher. A higher CH4 concentration means a lower 𝑆/𝐶 and less available active

sites on the catalyst, causing a drop in CH4 conversion (Figure 4.6). A decrease in CH4

conversion results in a reduction in CO2 and CO yield.

To summarize, the results of steam and methane variations showed that increasing 𝑆/𝐶

leads to a higher CH4 conversion.

4.1.7 Effect of hydrogen concentration

CH4 conversion drops from 0.67 to 0.53 as the hydrogen volume fraction was increased

from 0m3m−3 to 0.30m3m−3 at 600 ∘C (Figure 4.7). When hydrogen is added to the feed,

the WGS reaction (Equation 4.10) shifts backward, resulting in a higher CO yield and a

lower CO2 yield. Additionally, the presence of hydrogen reverses the methane reforming

reactions (Equations 4.8 and 4.9). This results in a higher CH4 content, which leads to

a lower CH4 conversion. Furthermore, the observed decrease in CH4 conversion could

be attributed to the dissociative adsorption of hydrogen on metal oxide surfaces of the

catalyst [141].

Figure 4.7: CH4 conversion and yields of H2, CO, and CO2 as a function of hydrogen
concentration during methane steam reforming at 𝜗 = 600 ∘C, 𝑦H2O,in = 0.30m3m−3, and
𝑦CH4,in = 0.056m3m−3.

When the temperature was varied from 500 ∘C to 900 ∘C, the product yields differed

significantly between methane reforming without and with hydrogen 𝑦H2,in = 0.15m3m−3

(Figure 4.8). The results of temperature variation support the previous findings at 600 ∘C.
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4 Experiments on methane reforming

Figure 4.8: Yields of H2, CO, and CO2 during methane steam reforming without and
with hydrogen 𝑦H2,in = 0.15m3m−3 at different temperatures, 𝑦H2O,in = 0.30m3m−3, and
𝑦CH4,in = 0.056m3m−3 (hf = hydrogen free).

4.1.8 Effect of tar model compounds

It is important to examine the effect of tar on CH4 conversion and catalyst behavior for

methane reforming in syngas concepts (Section 3.2). As previously stated, toluene (C7H8)

and naphthalene (C10H8) were used to represent tar model compounds. Toluene is a light

aromatic tar with a single ring that usually does not cause condensability or solubility

issues. Naphthalene is a light PAH tar with two rings that can be condensed at low

temperatures and concentrations. With a molecular weight of 92 gmol−1, toluene is lighter

than naphthalene, which has a molecular weight of 128 gmol−1. Besides that, toluene is less

stable and more reactive than naphthalene in terms of structure [75, 92, 171]. The amount

and the composition of tar model compounds were selected based on tar concentrations in

biomass fluidized bed gasification [92, 140, 156].

All experiments in Sections 4.1.8 and 4.1.9 were performed at a residence time of 0.14 s. A

typical 𝑆/𝐻 of 2 at 𝑦H2O,in = 0.30m3m−3 and 𝑦H2,in = 0.15m3m−3 was fixed in every test.

Additionally, 𝑦CH4,in was kept constant at 0.056m
3m−3±0.001m3m−3. In a reference case,

the amount of tar model compounds is about 10 gm−3 (STP), including 0.80 kg kg−1 mass

fraction of C7H8 and 0.20 kg kg−1 mass fraction of C10H8. This tar amount corresponds to

the total tar concentration 𝑦tar,in of 2500 · 10−6m3m−3.

The results of methane reforming in the absence and presence of tar model compounds

at different reaction temperatures are shown in Figure 4.9. In both cases, CH4 conversion

increases with rising temperature, as expected (Figure 4.9a). A maximum CH4 conver-
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4.1 Catalytic steam reforming

(a) CH4 conversion (b) Yields of H2, CO, and CO2 based on methane

Figure 4.9: CH4 conversion and yields of H2, CO, and CO2 based on methane during
methane steam reforming in the absence and presence of tar model compounds 𝑦tar,in =
2500 · 10−6m3m−3 at different temperatures, 𝑆/𝐻 = 2m3m−3, and 𝑦CH4,in = 0.056m3m−3

(tf = tar free and m = based on methane).

sion of roughly 0.95 was obtained at 800 ∘C in both cases. When the temperature drops

from 800 ∘C to 600 ∘C, the difference in CH4 conversion between the two cases becomes

more obvious. CH4 conversion decreases by 30% at 600 ∘C in the presence of tar model

compounds. Possible explanations for this result include a decrease in available active

sites on the catalyst due to an increase in carbon-containing surface species when both

methane and tar model compounds are present in the feed [139], methane and benzene

formation (Equations 4.15 and 4.16), as well as a reduction in methane reforming rate at

lower temperatures [69].

In addition, the product yields based on methane as the reactant 𝑌 m
𝑖 were calculated for

both cases. As presented in Figure 4.9b, each yield follows the same trend as a function

of temperature in both cases. The addition of a small amount of tar model compounds

(𝑦tar,in = 2500 · 10−6m3m−3) improves CO, CO2, and H2 yields due to the reforming

of higher hydrocarbons (Equations 4.11, 4.12, 4.13, and 4.14), resulting in a higher gas

production despite a lower CH4 conversion.

C7H8 + 7H2O 7CO + 11H2 (4.11)

C7H8 + 14H2O 7CO2 + 18H2 (4.12)

C10H8 + 10H2O 10CO + 14H2 (4.13)

C10H8 + 20H2O 10CO2 + 24H2 (4.14)

C7H8 + H2 C6H6 + CH4 (4.15)

C6H6 + 9H2 6CH4 (4.16)
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4.1.9 Long-term testing of methane and tar model compounds

Additional studies were conducted since it is clear from the preceding section that tar

model compounds have a significant impact on CH4 conversion. Various parameters were

investigated during steam reforming of methane and tar model compounds, including tem-

perature, amount, and composition of tar model compounds. Each experiment was carried

out for 240min to observe the catalyst’s activity and deactivation over time.

Temperature

As shown in Figure 4.10a, CH4 conversion dropped by about 50% from 800 ∘C to 600 ∘C.

Even at a low temperature of 600 ∘C, a nearly complete conversion of tar model compounds

was detected at the start of reforming. Tar model compounds can be converted at lower

temperatures because they are less stable than methane and have a higher reactivity in

steam reforming [127]. Since naphthalene is thermally more stable and less reactive than

toluene [75, 92], C10H8 conversion is lower than C7H8 conversion at all temperatures.

The near-stability of CH4 conversion at each temperature over time up to 240min is

interesting. The conversions of C7H8 and C10H8 at 600 ∘C, on the other hand, decrease

after 60min reforming while they maintain very high over time at 800 ∘C. 0.60% carbon

was found over the reacted catalyst at 600 ∘C, but less than 0.02% carbon was detected at

800 ∘C (Table 4.3). This finding points to catalyst deactivation because of carbon formation

at the low reaction temperature. At high temperatures, however, deposited carbon on the

catalyst’s surface can be minimized by steam gasification [6, 165].

Higher hydrocarbon conversions via reforming reactions at high temperatures cause

higher CO and H2 yields at 800 ∘C than that at 600 ∘C, as presented in Figure 4.10b.

A higher CO yield at a temperature above 700 ∘C is a result of the favorable reverse WGS

reaction (Equation 4.10), as already explained in Section 4.1.4.

Table 4.3: Analysis of spent catalysts [69].

𝜗 𝑦CH4,in 𝑦tar,in Carbon content
∘C m3m−3 10−6m3m−3 %

800 0.056 2500 <0.02

600 0.056 2500 0.60

600 0.056 5000 1.83

Amount of tar model compounds

Table 4.4 summarizes the detailed operating conditions used to investigate the effects of tar

amount and composition during steam reforming of methane and tar model compounds.
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4.1 Catalytic steam reforming

(a) Conversions of CH4, C7H8, and C10H8

(b) Yields of H2, CO, and CO2

Figure 4.10: Conversions of CH4, C7H8, and C10H8 as well as yields of H2, CO, and CO2

during steam reforming of methane and tar model compounds at different temperatures,
𝑆/𝐻 = 2m3m−3, 𝑦CH4,in = 0.056m3m−3, and 𝑦tar,in = 2500 · 10−6m3m−3.
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Table 4.4: Operating conditions for studies of the effects of tar amount and composition
during steam reforming of methane and tar model compounds at 𝜏 = 0.14 s, 𝑦H2O,in =
0.30m3m−3, 𝑦H2,in = 0.15m3m−3, and 𝑦CH4,in = 0.056m3m−3 ± 0.001m3m−3.

Parameter 𝜗 𝑦tar,in 𝑦C7H8,in 𝑦C10H8,in

∘C 10−6m3m−3

Tar amount 600 2500 2100 400
600 5000 4200 800

Tar composition 600 2500 2100 400
600 2500 2300 200
600 2500 2500 0

When a double amount of tar model compounds was added, CH4 conversion at 600 ∘C

decreased by approximately 20% (Figure 4.11a). While CH4 conversion remains almost

stable, C7H8 and C10H8 conversions drop over time, as observed in temperature variation

(Figure 4.10a). As detailed in Table 4.3, more than three times carbon was detected over

the reacted catalyst with 𝑦tar,in = 5000 · 10−6m3m−3 against 𝑦tar,in = 2500 · 10−6m3m−3.

The presence of tar model compounds with unsaturated character, aromatics content, and

heavy molecular weight may lead to a slower gasification rate and a faster carbon formation

rate [139, 153]. A decrease in tar conversion over time can be attributed to carbon forma-

tion that reduces the active sites of the catalyst, limiting tar adsorption on the catalyst’s

surface. The unexpected almost constant CH4 conversion over time could be explained

by reaction mechanisms in steam reforming of different hydrocarbons. The competitive

adsorption between hydrocarbons should be considered. The dissociative adsorption of

higher hydrocarbons on the nickel surface is faster than methane [154]. However, methane

transport is faster than higher hydrocarbons [29]. The high CH4 concentration in the

feed (20 times higher than tar) may enhance interaction and adsorption on the catalyst’s

active sites. This may explain the relatively constant CH4 conversion even if carbon de-

posits covered some catalyst surfaces. Another possible reason for this phenomenon is

that methane molecules are smaller than typical tar molecules. Pore structure also has a

significant impact on the effect of fouling on catalyst activity [80]. The smaller molecules,

methane, could move into the internal catalyst’s surface that has not yet been completely

covered by carbon. The coke formed at temperatures ranging from 375 ∘C to 650 ∘C under

sufficiently high 𝑆/𝐶 or H2/CO ratio, as in this work, does not always result in a loss of

intrinsic catalyst activity [14]. In addition, when tar conversion drops, less methane is also

produced via hydrodealkylation (Equation 4.15) and hydrocracking (Equation 4.16). To

sum up, there are several possible explanations for the stability of CH4 conversion parallel

to the decrease in tar conversion over time. Future research should focus on the selective

deactivation of methane and tar.
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4.1 Catalytic steam reforming

(a) Conversions of CH4, C7H8, and C10H8

(b) Yields of H2, CO, and CO2

Figure 4.11: Conversions of CH4, C7H8, and C10H8 as well as yields of H2, CO, and CO2

during steam reforming of methane and tar model compounds at different amounts of tar
model compounds, 𝜗 = 600 ∘C, 𝑆/𝐻 = 2m3m−3, and 𝑦CH4,in = 0.056m3m−3.
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Although the addition of double tar amount reduces CH4 conversion, it increases product

yields of CO, CO2, and H2 (Figure 4.11b).

Composition of tar model compounds

To investigate the effect of tar model compound composition, the fraction of toluene to

naphthalene in the tar mixture was varied. The naphthalene mass fraction in the tar mix-

ture was changed from 0 kg kg−1 to 0.20 kg kg−1 [140], corresponding to a volume fraction of

0m3m−3 to 400 · 10−6m3m−3 in the total feed flow (Table 4.4). Unfortunately, there were

no significant differences in CH4 conversion and product yields in each case. Therefore,

the results are not presented here. These unclear trends could be explained by the similar

molecular weights 𝑀̃ of tar mixtures used (tar mixture molecular weights were 92, 95, and

98 gmol−1 for 0m3m−3, 200 · 10−6m3m−3, and 400 · 10−6m3m−3 𝑦C10H8,in, respectively).

Interestingly, the highest CH4 conversion was found in the absence of naphthalene.

C7H8 conversion in the presence of high C10H8 content with 400 · 10−6m3m−3 decreases

over time, while it maintains nearly stable with less naphthalene in the feed (0m3m−3

and 200 · 10−6m3m−3), as illustrated in Figure 4.12. Naphthalene, a heavier tertiary tar

species [92], can strongly adsorb on the surface of the nickel catalyst [61], causing C7H8

conversion to decline over time.

Figure 4.12: Conversions of C7H8 and C10H8 during steam reforming of methane and
tar model compounds at different compositions of tar model compounds 𝑦tar,in =
2500 · 10−6m3m−3, 𝜗 = 600 ∘C, 𝑆/𝐻 = 2m3m−3, and 𝑦CH4,in = 0.056m3m−3.
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4.1 Catalytic steam reforming

C, H, O balances

The C, H, and O balances calculated using molar flow rates from output to input streams

were satisfactory on methane and tar model compound reforming experiments. While the

oxygen balance 𝑂out/𝑂in could be close to 100%, there was a deviation for the carbon

and hydrogen balances. The maximum 𝐻out/𝐻in and 𝐶out/𝐶in values were around 97%.

This could be attributed to undetected hydrocarbons. The minimum values for 𝑂out/𝑂in,

𝐻out/𝐻in, and 𝐶out/𝐶in were 94%, 93%, and 90%, respectively.

4.1.10 SEG conditions

Initial concentration

(a) CH4 concentration

Initial concentration

(b) H2 concentration

Initial concentration

(c) CO concentration

Initial concentration

(d) CO2 concentration

Figure 4.13: Dry concentrations of CH4, H2, CO, CO2 before and during reforming of
hydrocarbons in the SEG synthetic gas without or with tar model compounds 𝑦tar,in =
2500 · 10−6m3m−3 at different temperatures and 𝑆/𝐻 = 2m3m−3.

Reforming of hydrocarbons under SEG conditions was performed over the Ni-based

catalyst for 60min at different temperatures without or with tar model compounds
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𝑦tar,in = 2500 · 10−6m3m−3. Since gas concentrations remain nearly constant over time,

their average values are presented (Figure 4.13).

When the temperature rises from 600 ∘C to 800 ∘C, H2 and CO concentrations increase

while CH4 and CO2 concentrations decrease. These findings indicate that high tempera-

tures promote steam reforming reactions and the reverse WGS reaction. Remarkably,

CO2 concentration is higher than its initial concentration at each temperature. It can be

concluded that the CO2 reforming reaction is not dominant under SEG conditions with a

high steam partial pressure.

When tar model compounds are introduced at 600 ∘C, CH4 concentration increases (lower

CH4 conversion). Furthermore, at both temperatures, the presence of tar model compounds

increases the concentrations of product gases (CO, CO2, and H2). H2 production at 800 ∘C,

calculated based on molar flow rates, increases by around 60% compared to the inlet SEG

syngas and by 80% when tar model compounds are present. Without tar, CO production

increases by roughly 40%, but it rises by about 95% with tar. Furthermore, the module

𝑀 of syngas at 800 ∘C changes from 4.3 for the inlet SEG syngas to 3.3 without tar model

compounds and 2.8 with tar. This decreased module 𝑀 is more suitable for synthesis

applications such as methanol and DME.

Initial concentration

(a) C7H8 concentration

Initial concentration

(b) C10H8 concentration

Figure 4.14: Concentrations of C7H8 and C10H8 before and during reforming of hydrocar-
bons in the SEG synthetic gas with tar model compounds 𝑦tar,in = 2500 · 10−6m3m−3 at
different steam concentrations and 𝜗 = 600 ∘C.

Additional tests on hydrocarbon reforming in the presence of tar model compounds

were carried out to investigate the influence of 𝑆/𝐶 by varying steam concentration at

600 ∘C. When the steam concentration increases from 0.15m3m−3 to 0.30m3m−3, CH4

conversion rises. High steam concentration promotes not only reforming reactions but also

gasification. As demonstrated in Figure 4.14, C7H8 and C10H8 outlet concentrations at

𝑦H2O,in = 0.30m3m−3 are lower than that at 𝑦H2O,in = 0.15m3m−3. In addition, both tar
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concentrations increase slightly over time. This research suggests that catalyst deactivation

could be hindered under SEG conditions.

4.1.11 Conclusion

Biochar and CaO, which have promising catalytic activity for tar reforming, are ineffective

as methane reforming catalysts in a fixed bed reactor. Aside from the low activity for

methane reforming, one reason is the rapid mass loss of catalyst due to the high char

gasification rate. A commercial Ni-based catalyst commonly used in natural gas reforming

was selected due to its high activity. Several experimental findings from methane steam

reforming over the Ni-based catalyst are listed below:

� The reaction temperature has a significant impact on CH4 conversion. A high tem-

perature above 700 ∘C promotes the steam reforming reaction and the reverse WGS

reaction, resulting in a higher CH4 conversion and a higher CO yield.

� An increase in steam-to-carbon ratio 𝑆/𝐶 by varying steam or methane concentra-

tions leads to a higher CH4 conversion. Since the present steam content in SEG

syngas is sufficient for high CH4 conversion, additional steam is not necessary for

syngas reforming concepts. Moreover, a high steam content helps to slow catalyst

deactivation.

� The presence of high hydrogen content in both the SEG syngas and the purge gas

reduces CH4 conversion while increasing CO yield.

� When tar model compounds were added to the feed at 600 ∘C, CH4 conversion de-

creased by around 30%. Additionally, catalyst deactivation because of carbon forma-

tion was observed. This phenomenon, however, became weaker at a higher tempera-

ture of 800 ∘C.

� Carbon formation leads to a decrease in tar conversion while CH4 conversion stays

almost constant with time on stream up to 240min.

� Naphthalene, a heavier tertiary tar species, can strongly adsorb on the catalyst’s

surface, resulting in a decrease in methane and toluene conversion.

� It is essential to investigate gaseous hydrocarbons (methane) and condensable hydro-

carbons (tar) in syngas concepts because both affect the performance of the catalyst

and the reforming process.

47



4 Experiments on methane reforming

4.2 Non-catalytic partial oxidation

4.2.1 Test apparatus and analytical methods

The schematic diagram of the experimental setup for the non-catalytic partial oxidation of

methane is demonstrated in Figure 4.15. Experiments were conducted in a tubular ceramic

reactor (𝐼𝐷 = 34mm) housed horizontally in an electric tube furnace (Elite Thermal

Systems Ltd TSH12/50/610) equipped with a PID temperature controller (EUROTHERM

3216). All experiments were performed at atmospheric pressure. Each gas can be controlled

separately. In addition to the main gas components methane and hydrogen, a synthetic

gas, which was used in the catalytic steam reforming method (Table 4.1), was investigated.

Distilled water, a syringe pump, and a steam generator were used to generate steam. For

safety, solenoid valves and flashback arrestors certified to DIN EN ISO 5175-1 were installed

at flammable gas lines. Two movable thermocouples were used to measure the temperature

inside the reactor, one from the front and one from the back.

O2

N2

CH4

P-724

Filter

P-741

H2O
T

H2 P-735

FTIR

Gas analyzer

Micro GC 

Syngas P-720

Gas out
MFC

MFC

MFC

MFC

MFC

Electric furnace 
and reactor

Gas wash

Figure 4.15: Schematic diagram of the experimental setup for non-catalytic partial oxida-
tion of methane.

The gas composition at the reactor outlet was continuously measured using the devices

listed below. Steam was recorded by an FTIR gas analyzer (GASMET DX4000) connected

with a sample-taking system (SYCOS P-HOT/QL), Measurement principle: FTIR. Dry

gas volume fractions H2, O2, CO, CO2, and CH4 were analyzed by an online gas analyzer

(Emerson NGA 2000), Measurement principle: TCD for H2, Paramagnetic for O2, NDIR

for CO, CO2, and CH4. In addition, gaseous hydrocarbons C2H4, C2H6, C3H6, C3H8, and

C4H10 were measured in syngas experiments by means of a micro gas chromatography

(Agilent Micro GC 990) equipped with a PoraPLOT Q 10m heated column and helium as

a carrier gas.

Table 4.5 lists the operating condition ranges for parametric studies of non-catalytic
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partial oxidation of methane in the presence of hydrogen and steam. The volume fraction

of each component in the total mixture is shown, with nitrogen accounting for the rest.

Table 4.5: Operating condition ranges for parametric studies of non-catalytic partial oxida-
tion of methane in the presence of hydrogen and steam.

Mixture 𝜗𝑄 𝑦O2,in 𝑦H2O,in 𝑦H2,in 𝑦CH4,in

∘C m3m−3

CH4/H2O/O2/N2 650–950 0.055–0.215 0–0.28 0 0.05–0.13

CH4/H2/O2/N2 635–785 0.065–0.140 0 0.08–0.32 0.04–0.08

CH4/H2/H2O/O2/N2 625–835 0.035–0.105 0.15–0.45 0.10–0.30 0.02–0.08

4.2.2 Parameters and performance indicators

Oxygen-to-fuel ratio

The oxygen-to-fuel ratio considers all relevant fuels in the mixture, not just methane. The

𝑛O2 definition was adapted in accordance with [146, 160]. 𝑛O2 is defined as the ratio of the

actual oxygen/fuel ratio to the stoichiometric oxygen/fuel ratio as follows:

𝑛O2 =
𝑎𝑐𝑡𝑂

𝑠𝑡𝑂
(4.17)

𝑎𝑐𝑡𝑂 =
𝑉̇O2,in

𝑉̇fuel,in

(4.18)

𝑠𝑡𝑂 =
∑︁

𝑦𝑖𝑓 · 𝜈𝑖 (4.19)

where 𝑉̇𝑖,in = the volumetric flow rate of component 𝑖 in the input stream, 𝑦𝑖𝑓 = the content

by volume of component 𝑖 in fuel, and 𝜈𝑖 = the stoichiometric number of component 𝑖 for

complete oxidation: 𝜈CH4 = 2 (Equation 4.27), 𝜈C2H4 = 3 (Equation 4.28), 𝜈H2 = 0.5

(Equation 4.29), and 𝜈CO = 0.5 (Equation 4.30).

Steam-to-carbon ratio

Equation 4.2 used in the catalytic steam reforming method is also used in the non-catalytic

partial oxidation method to calculate the steam-to-carbon ratio 𝑆/𝐶 (molmol−1).

Conversion and yield

The conversion or yield of component 𝑖 (molmol−1) with 𝑖 = CH4, C2H4, H2, CO, and CO2

is calculated using the molar flow rates of component 𝑖 in the input and output streams,
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as shown in the equations below:

𝑋𝑖 =
𝑁̇𝑖,in − 𝑁̇𝑖,out

𝑁̇𝑖,in

(4.20)

𝑌𝑖 =
𝑁̇𝑖,out − 𝑁̇𝑖,in

𝑁̇𝑖,in

(4.21)

Yield based on methane

The yield of component 𝑖 (molmol−1) with 𝑖 =CO and CO2 during the non-catalytic partial

oxidation of methane in CH4/H2/H2O/O2/N2 mixture is calculated using the molar flow

rates as

𝑌 m
𝑖 =

𝑁̇𝑖,out

𝑁̇CH4,in

(4.22)

Lower heating value

The lower heating value of dry syngas in MJm−3 (STP) is determined from

𝐿𝐻𝑉 =
∑︁

𝑦𝑖 · 𝐿𝐻𝑉𝑖 (4.23)

where 𝑦𝑖 is the volume fraction of component 𝑖 in dry syngas and 𝐿𝐻𝑉𝑖 is the lower heating

value of component 𝑖 with 𝑖 = CH4, C2H4, H2, and CO.

Energy input rate

Based on LHV in MJkmol−1 of component 𝑖 with 𝑖 = CH4, C2H4, H2, and CO, the energy

input rate in kW is calculated as

𝑄̇in =
∑︁

𝑁̇𝑖,in · 𝐿𝐻𝑉𝑖 (4.24)

Fuel efficiency

Fuel efficiency (J J−1) is defined as the ratio of chemical energy in the product to chemical

energy in the process input [117], as calculated below:

𝜂fuel =

∑︀
𝑁̇𝑖,out · 𝐿𝐻𝑉𝑖∑︀
𝑁̇𝑖,in · 𝐿𝐻𝑉𝑖

(4.25)

4.2.3 Temperature profiles

The temperature profiles in the reactor at different oxygen-to-fuel ratios are illustrated in

Figure 4.16. Temperature measurements were carried out on the CH4/H2/H2O/O2/N2
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mixture (Figure 4.16a) and the CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture (Fig-

ure 4.16b). The oxygen inlet is located at a distance of 0 cm. When the gaseous fuels

react with the oxidizing agent, energy is released, and the temperature rises. The tempera-

ture decreases with increasing distance from the flame. The steady-state temperature at

a distance of 15 cm from the oxygen inlet (or in the middle of the reactor), which was the

maximum recorded temperature in most cases, was used for the evaluation. The measured

temperature uncertainty is estimated to be approximately ±25K.

(a) CH4/H2/H2O/O2/N2 mixture (b) CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture

Figure 4.16: Temperature profiles in the reactor at different oxygen-to-fuel ra-
tios during partial oxidation of methane in CH4/H2/H2O/O2/N2 mixture and
CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture.

In addition, the influence of steam on temperature profiles was investigated on the

CH4/H2/H2O/O2/N2 mixture. In the absence of steam, H2O is replaced by N2. Figure 4.17

demonstrates the temperature profiles in the reactor in the presence and absence of steam

for each oxygen-to-fuel ratio.

(a) 𝑛O2
= 0.3 (b) 𝑛O2

= 0.4 (c) 𝑛O2
= 0.6

Figure 4.17: Temperature profiles in the reactor at different oxygen-to-fuel ratios with or
without steam partial oxidation of methane in CH4/H2/H2O/O2/N2 mixture.

The same pattern of temperature profiles was observed in each case, confirming the re-
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peatability of temperature measurements in this work. Temperatures are generally slightly

higher in the presence of steam than in the absence of steam. Through thermal, chemical,

and radiative mechanisms, the replacement of H2O by N2 in the reactive mixture affects

the combustion properties [89].

4.2.4 Effect of preheating temperature

The burner system used in this work was operated by auto-, self-, or spontaneous ignition

at high temperatures [43]. The preheating temperature is defined as the measured tem-

perature in the middle of the reactor before oxygen comes into contact with gaseous fuels.

The auto-ignition temperature is affected by many factors, including the mixture composi-

tion (flammable gas/oxidizing/inert) and measurement uncertainty [95]. For example, 𝜗𝑄

at least 800 ∘C was necessary to ensure the ignition of CH4/O2/N2 = 13.1/10.4/rest and

CH4/H2O/O2/N2 = 13.1/10.5/10.4/rest. When hydrogen was added to the mixture, 𝜗𝑄 of

675 ∘C was sufficient for CH4/H2/H2O/O2/N2 = 6/15/30/6/rest to ignite. The addition of

hydrogen to the mixture increases the CH2O radical concentrations, which is an indicator

of ignition. The ignitability of the mixture is thus improved [81].

Figure 4.18: Conversions of CH4 and H2 as well as yields of CO and CO2 based on
methane as a function of preheating temperature during methane partial oxidation in
CH4/H2/H2O/O2/N2 mixture at 𝑦O2,in = 0.06m3m−3, 𝑦H2O,in = 0.30m3m−3, 𝑦H2,in =
0.15m3m−3, and 𝑦CH4,in = 0.06m3m−3 (m = based on methane).

Figure 4.18 presents the product distribution of CH4/H2/H2O/O2/N2 oxidation at dif-

ferent preheating temperatures. When 𝜗𝑄 increases from 675 ∘C to 835 ∘C, CH4 and H2

conversions as well as CO2 yield stay nearly constant. CO yield, on the other hand, rises

with 𝜗𝑄. An increase in 𝜗𝑄 leads to higher concentrations of H, O, and OH radicals, which

promotes the overall reaction rates of CO formation [93]. A significant reaction is the

reverse direction of Equation 4.26, which is preferred at higher temperatures [174]. This

observation is in line with previous results that increasing temperatures lead to higher CO
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4.2 Non-catalytic partial oxidation

formation [93, 174].

CO + OH CO2 + H (4.26)

4.2.5 Effect of oxygen concentration or oxygen-to-fuel ratio

The effect of oxygen-to-fuel ratio 𝑛O2 was investigated by varying the oxygen volume

fraction in the mixture. Experiments were conducted on several mixtures, including

CH4/O2/N2, CH4/H2O/O2/N2, CH4/H2/O2/N2, and CH4/H2/H2O/O2/N2. The results

in this section are presented as a function of the oxygen-to-fuel ratio. An increase in

oxygen concentration or a higher oxygen-to-fuel ratio means more available oxygen for

oxidation reactions, resulting in a higher CH4 conversion. For example, CH4 conversion

increases from 0.30 to roughly 0.90 as 𝑛O2 rises from 0.22 to 0.83 in CH4/O2/N2 mixture

(Figure 4.19). The same trend was found in CH4/H2O/O2/N2 mixture, as also shown in

Figure 4.19.

Figure 4.19: CH4 conversion and H2/CO ratio as a function of oxygen-to-fuel ratio during
methane partial oxidation, comparison of CH4/O2/N2 mixture and CH4/H2O/O2/N2 mix-
ture at 𝑦H2O,in = 0 or 0.16m3m−3, 𝑦CH4,in = 0.13m3m−3, and 𝜗𝑄 = 850 ∘C± 5 ∘C.

The results also demonstrate that steam has a negligible effect on CH4 conversion under

certain conditions. More tests were also conducted to investigate the effect of steam, which

will be discussed further in Section 4.2.8. When 𝑛O2 rises, the H2/CO ratio 𝛼H2/CO declines

in both cases. The H2/CO ratio in the case of steam addition is higher than that in the

case without steam in the feed due to the favorable WGS reaction (Equation 4.10), leading

to a higher H2 and a lower CO. The findings highlight that 𝑛O2 has a significant effect on

CH4 conversion and product distribution (𝛼H2/CO).

The results of oxygen-to-fuel ratio variation for CH4/H2/O2/N2 mixture and

CH4/H2/H2O/O2/N2 mixture are illustrated in Figure 4.20a and Figure 4.20b, respec-

tively. As anticipated, CH4 and H2 conversions increase as 𝑛O2 rises in both mixtures.
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4 Experiments on methane reforming

The addition of oxygen concentration in the mixture increases O and OH radical concen-

trations, which attack molecules of CH4 and H2 during the initial step of the oxidation

process [82]. H-abstraction reactions with O, OH, and H radicals convert the CH4 molecule

into the CH3 radical, a key species in CH4 oxidation [64].

(a) CH4/H2/O2/N2 mixture (b) CH4/H2/H2O/O2/N2 mixture

Figure 4.20: Conversions of CH4 and H2 as well as yields of CO and CO2 based on methane
as a function of oxygen-to-fuel ratio during methane partial oxidation. For CH4/H2/O2/N2

mixture: 𝑦H2,in = 0.16m3m−3, 𝑦CH4,in = 0.08m3m−3, and 𝜗𝑄 = 785 ∘C ± 5 ∘C. For
CH4/H2/H2O/O2/N2 mixture: 𝑦H2O,in = 0.30m3m−3, 𝑦H2,in = 0.15m3m−3, 𝑦CH4,in =
0.06m3m−3, and 𝜗𝑄 = 675 ∘C± 5 ∘C (m = based on methane).

An increase in CH4 conversion causes higher CO and CO2 yields. As found previously,

a higher 𝑛O2 leads to a lower H2/CO ratio because H2 conversion increases considerably

faster than CO yield with rising 𝑛O2 . Moreover, high CO2 yield indicates that the total

oxidation reaction of CH4 to CO2 and H2O (Equation 4.27) is dominant in this system.

The experimental results in this research are consistent with previous results that CH4 con-

version rises with increasing 𝑛O2 , and the H2/CO ratio in the oxidation products decreases

with increasing 𝑛O2 [99, 166, 173].

CH4 + 2O2 CO2 + 2H2O (4.27)

The findings prove that 𝑛O2 has a strong impact on conversions and product distribution

(H2/CO ratio) in all mixtures. Unfortunately, desired H2 is converted more than CH4

in every test due to the differences in combustion gas activity between hydrogen and

methane. Because hydrogen has a lower activation energy and a higher molecular diffusion

velocity, its oxidation reaction rate is faster than that of the less reactive combustible gas

methane [76].
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4.2 Non-catalytic partial oxidation

4.2.6 Effect of hydrogen concentration

The effect of hydrogen addition on CH4 conversion was first studied on CH4/H2/O2/N2

mixture. For non-hydrogen containing methane oxidation, which means H2/CH4 = 0,

an auto-ignition did not occur at a high preheating temperature 𝜗𝑄 of 785 ∘C. When

hydrogen was added to the mixture with H2/CH4 = 2, the ignition occurred at 785 ∘C,

and even at a lower 𝜗𝑄 of 635 ∘C. The results reveal that a required ignition temperature

depends strongly on the composition of reactants. The presence of hydrogen in the reac-

tants can decrease the ignition temperature significantly, as stated in Section 4.2.4. The

finding is in line with previous results that hydrogen addition can reduce methane ignition

temperature [172].

(a) CH4/H2/O2/N2 mixture (b) CH4/H2/H2O/O2/N2 mixture

Figure 4.21: Conversions of CH4 and H2 as well as yields of CO and CO2 based on
methane at different hydrogen concentrations during methane partial oxidation. For
CH4/H2/O2/N2 mixture: 𝑦O2,in = 0.075m3m−3 ± 0.005m3m−3 and 𝑦CH4,in = 0.08m3m−3.
For CH4/H2/H2O/O2/N2 mixture: 𝑦O2,in = 0.06m3m−3, 𝑦H2O,in = 0.30m3m−3, 𝑦CH4,in =
0.06m3m−3, and 𝜗𝑄 = 675 ∘C± 5 ∘C (m = based on methane).

Figure 4.21a illustrates the results of hydrogen variation as H2/CH4 ratio at different

preheating temperatures during CH4/H2/O2/N2 oxidation. As expected, CH4 and H2

conversions decrease with increasing hydrogen, i.e., higher H2/CH4 ratios, due to less

available oxygen to fuel.

As seen in CH4/H2/O2/N2 mixture, when H2 concentration increases in

CH4/H2/H2O/O2/N2 mixture, CH4 and H2 conversions decrease (Figure 4.21b). A

higher CO yield and a lower CO2 yield could be attributed to the H2 addition, which influ-

ences the ratio of H and OH radicals, leading to a backward shift of Equation 4.26 [174].

The findings highlight the significance of hydrogen in ignition, CH4 conversion, and

product distribution (CO and CO2 yield).
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4.2.7 Effect of methane concentration

When CH4 inlet concentration in CH4/H2/H2O/O2/N2 mixture increases from 0.02m3m−3

to 0.08m3m−3, the initial fuel concentrations in the mixture rise as well. As a result, the

oxygen-to-fuel ratio falls from 0.50 to 0.25, leading to a drop in CH4 and H2 conversions

(Figure 4.22). A decreased CH4 conversion causes lower CO2 and CO yields.

Figure 4.22: Conversions of CH4 and H2 as well as yields of CO and CO2 based
on methane at different methane concentrations during methane partial oxidation in
CH4/H2/H2O/O2/N2 mixture at 𝑦O2,in = 0.06m3m−3, 𝑦H2O,in = 0.30m3m−3, 𝑦H2,in =
0.15m3m−3, and 𝜗𝑄 = 675 ∘C± 5 ∘C (m = based on methane).

4.2.8 Effect of steam concentration or steam-to-carbon ratio

Under the specified operating conditions, there was no noticeable effect of steam on

conversion. For instance, during CH4/H2O/O2/N2 oxidation, CH4 conversion stays

nearly constant at around 0.55 as the steam volume fraction in the mixture increases

to 0.28m3m−3, corresponding to 𝑆/𝐶 from 0molmol−1 to 2.4molmol−1 (Figure 4.23a).

In CH4/H2/H2O/O2/N2 mixture, CH4 and H2 conversions remain almost stable at 0.33

and 0.45, respectively, when the steam inlet concentration is changed from 0.15m3m−3 to

0.45m3m−3, which is equivalent to 𝑆/𝐶 from 2.5molmol−1 to 7.6molmol−1 (Figure 4.23b).

The findings indicate that the steam reforming reaction is not dominant in the non-catalytic

partial oxidation process with high steam concentration at certain temperatures [158].

Steam reforming of hydrocarbons without a catalyst is normally undetectable until the

temperature increases above 1300K [131].

Nevertheless, the product gas composition changes with the steam variation. As illus-

trated in Figure 4.23a, the H2/CO ratio in the product increases from 1.2 to 2.1 when

𝑦H2O,in rises from 0m3m−3 to 0.28m3m−3. The result is consistent with previous find-

ings [48, 99]. Figure 4.23b presents that the CO yield declines as 𝑦H2O,in increases, resulting

in a higher H2/CO ratio 𝛼H2/CO and a lower CO/CO2 ratio 𝛼CO/CO2 [70]. In comparison
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4.2 Non-catalytic partial oxidation

(a) CH4/H2O/O2/N2 mixture (b) CH4/H2/H2O/O2/N2 mixture

Figure 4.23: Conversions of CH4 and H2, yields of CO and CO2 based on methane,
as well as H2/CO ratio at different steam concentrations during methane partial oxi-
dation. For CH4/H2O/O2/N2 mixture: 𝑦O2,in = 0.13m3m−3, 𝑦CH4,in = 0.12m3m−3,
and 𝜗𝑄 = 850 ∘C ± 5 ∘C. For CH4/H2/H2O/O2/N2 mixture: 𝑦O2,in = 0.06m3m−3,
𝑦H2,in = 0.15m3m−3, 𝑦CH4,in = 0.06m3m−3, and 𝜗𝑄 = 675 ∘C ± 10 ∘C (m = based on
methane).

to the CO yield at 0.15m3m−3 𝑦H2O,in, the CO yield at 0.45m3m−3 𝑦H2O,in was reduced by

40%. This could be explained by the addition of H2O in the mixture, which causes higher

concentrations of OH radical to form, thereby promoting Equation 4.26.

4.2.9 SEG conditions

The influence of the oxygen-to-fuel ratio, which had a significant impact

on the oxidation process, was thoroughly studied under SEG conditions

(CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture) at a 𝜗𝑄 of 675 ∘C ± 10 ∘C and varying

steam concentrations (Figure 4.24). By adjusting the hydrogen content of the syngas flow

rate, 𝑆/𝐻 was fixed at 2.0± 0.5 in each test, which is typically found in SEG syngas.

A higher 𝑛O2 causes an increase in CH4, C2H4, and H2 conversions at every steam con-

centration (Figures 4.24a, 4.24b, 4.24c). Equations 4.27, 4.28, and 4.29 describe the global

reactions for CH4, C2H4, and H2 oxidation, respectively. Conversions of CH4 and H2 were

0.67 and 0.84, respectively at the highest 𝑛O2 = 0.77 and 𝑦H2O,in = 0.20m3m−3. Hydrogen

is the most present fuel component in SEG syngas. Due to the non-selective characteristic

of gas-phase oxidation processes [158], H2 conversion is higher than hydrocarbon (CH4 and

C2H4) conversions at the same 𝑛O2 . In addition, CH4 and C2H4 conversions are nearly equal

at each 𝑛O2 . The unexpectedly high CH4 conversion could be attributed to the presence of

C2H4, which could improve CH4 conversion [38]. Methane may be converted to higher hy-

drocarbons at fuel-rich conditions [158], resulting in additional C2H4. Furthermore, C2H4
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4 Experiments on methane reforming

(a) CH4 conversion (b) C2H4 conversion

(c) H2 conversion (d) CO conversion

(e) CO2 conversion (f) Module 𝑀

Figure 4.24: Conversions of CH4, C2H4, H2, CO, CO2, and module 𝑀 as a function of
oxygen-to-fuel ratio during partial oxidation of methane in the SEG synthetic gas at 𝑆/𝐻 =
2m3m−3 and 𝜗𝑄 = 675 ∘C± 10 ∘C.
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4.2 Non-catalytic partial oxidation

conversion was found to increase slightly as steam concentration increased.

C2H4 + 3O2 2CO2 + 2H2O (4.28)

H2 +
1
2
O2 H2O (4.29)

CO +
1
2
O2 CO2 (4.30)

Depending on the operating conditions, CO can either be consumed or produced, as

presented in Figure 4.24d. The global reaction for CO oxidation is described by Equa-

tion 4.30. As 𝑛O2 rises, CO is converted more at every steam concentration. This could be

explained by an increase in oxidizing species such as O2, O, and OH at a higher 𝑛O2 , which

promotes CO oxidation [43]. Additionally, CO conversion tends to decrease with increasing

steam concentrations. CO formation was found to be highly affected by a change in steam

concentration [42, 129]. According to these findings, CO production can be expected for

lower 𝑛O2 and higher steam concentrations. CO2 was observed to be a main product of this

system (high negative conversion values), as shown in Figure 4.24e. Higher 𝑛O2 leads to

decreased CO2 conversion, which means increased CO2 production, since 𝑛O2 approaches

the value required for the complete oxidation reactions of CH4 and C2H4 [170]. Changes in

H2, CO, and CO2 conversions as a result of the oxygen-to-fuel ratio lead to modifications

in syngas module 𝑀 (Figure 4.24f). As 𝑛O2 increases at each steam concentration, module

𝑀 drops due to an increase in H2 conversion and a decrease in CO2 conversion.

Furthermore, SEG experiments were conducted in the absence of nitrogen and

with a high steam concentration of 0.50m3m−3 to 0.60m3m−3 in the syngas

(CH4/H2/CO/CO2/C2H4/H2O/O2 mixture), which is comparable to the SEG raw syn-

gas. The outlet gas volume fractions on a dry basis and the module 𝑀 of the outlet syngas

compared to the inlet values are shown in Figure 4.25.

The results of 0.50m3m−3 and 0.60m3m−3 steam in the syngas showed comparable

trends. When 𝑛O2 rises, CH4, C2H4, and H2 concentrations decrease while CO and CO2

concentrations increase in both cases. Although the H2 conversion cannot be avoided

by the oxidation method, the desirable CO is produced, which is beneficial for down-

stream methanol synthesis. Furthermore, CO is formed as a result of CH4 and C2H4

oxidation. Besides the main CH4 oxidation route, i.e., CH4 CH3 CH2O

HCO CO, CO formation could occur through the C2 hydrocarbon oxidation route,

i.e., CH3 C2H6 C2H5 C2H4 C2H3 C2H2 CO under rich condi-

tions. The oxygen concentration also influences the reaction rates of the CO producer and

consumer [64, 82]. CO2 is formed in large quantities in addition to CO. The presence

of H2 and H2O in syngas causes a rise in OH radicals, which enhances CO oxidation via

Equation 4.26, resulting in CO2 production [64, 174].
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4 Experiments on methane reforming

(a) Outlet gas of 0.50m3 m−3

steam in syngas
(b) Outlet gas of 0.60m3 m−3

steam in syngas
(c) Module 𝑀

Figure 4.25: Dry gas concentrations of CH4, C2H4, H2, CO, CO2, and module 𝑀 as a
function of oxygen-to-fuel ratio before and during partial oxidation of methane in the SEG
synthetic gas at high steam concentrations of 0.50m3m−3 to 0.60m3m−3 in the syngas,
𝑦N2,in = 0m3m−3, and 𝜗𝑄 = 665 ∘C± 10 ∘C.

A lower H2 concentration as well as higher CO and CO2 concentrations due to increased

𝑛O2 lead to a lower module 𝑀 of the outlet syngas (Figure 4.25c). For example, 𝑀

decreases from 4.3 for the inlet SEG syngas to 2.1 at 𝑛O2 = 0.24 with 0.60m3m−3 steam,

which is appropriate for methanol synthesis [122]. This research suggests that the target

module 𝑀 could be achieved by adjusting the oxygen-to-fuel ratio.

More experiments on varying preheating temperatures were performed on

CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture at 𝑛O2 = 0.38 ± 0.01 and 𝑦H2O,in =

0.30m3m−3, the conditions under which CO was produced. As presented in Figure 4.26a,

while CH4 and H2 conversions maintain nearly stable as 𝜗𝑄 increases from 675 ∘C

to 825 ∘C, C2H4 conversion rises from 0.37 to 0.48. C2 radicals can be converted at

lower temperatures because they are more reactive than methane [64]. This high C2H4

conversion and the reverse WGS reaction (Equation 4.10) could explain the apparent

increase in CO yield from 0.05 to 0.15 with rising 𝜗𝑄.

In addition, the influence of preheating temperature was investigated on a nitrogen-free

mixture with 0.60m3m−3 steam in the syngas at 𝑛O2 = 0.34 (Figure 4.26b). No

significant difference in each component (except C2H4) was found between the outlet

gas compositions at 𝜗𝑄 = 665 ∘C and 755 ∘C; the percent differences for CH4, C2H4, H2,

CO, and CO2 were 6%, 21%, 2%, 3%, and ≈ 0%, respectively. Compared to the inlet

syngas, C2H4 concentration decreased by 33% at 𝜗𝑄 = 665 ∘C and 46% at 𝜗𝑄 = 755 ∘C.

The results confirm the earlier finding that 𝜗𝑄 or the initial temperature could affect the

higher hydrocarbon conversion. Additionally, the preheating temperature corresponding

to the gasification temperature is sufficient to spontaneously ignite the syngas mixture

containing up to 0.60m3m−3 steam in syngas and 0.70m3m−3 hydrogen in dry syngas.
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(a) CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture (b) CH4/H2/CO/CO2/C2H4/H2O/O2 mix-
ture

Figure 4.26: Effect of preheating temperature on conversions of CH4, C2H4, H2

and yields of CO, CO2 as well as dry gas concentrations of CH4, C2H4, H2,
CO, CO2 during partial oxidation of methane in the SEG synthetic gas at 𝑛O2 =
0.38 ± 0.01 for CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture and 𝑛O2 = 0.34 for
CH4/H2/CO/CO2/C2H4/H2O/O2 mixture.

C, H, O balances

The molar flow rates of carbon from output to input streams 𝐶out/𝐶in ranged from 94%

to 99%. Under the operating conditions used in this study, it is reasonable to assume that

no or only a small amount of solid carbon was formed. This finding is in line with previous

research that found that the presence of H2O and H2 suppressed soot formation because

of dilution, thermal, and chemical effects [49, 159]. The chemical effect of adding H2O

could be explained by higher OH and H2 concentrations. OH radicals may increase the

oxidation of soot precursors, inhibiting soot formation [77, 143]. Increased H2 slows PAH

growth and reduces soot nucleation [79]. Higher H and H2 concentrations and lower H to

H2 concentration ratios could explain the chemical effect of adding H2, which decreases

PAH concentrations and consequently the soot nucleation rate directly, together with the

soot surface growth process indirectly [49, 159]. Future studies should accurately measure

soot particles to confirm the findings.

𝐻out/𝐻in and 𝑂out/𝑂in were between 92% to 99% and 90% to 97%, respectively, under

operating conditions containing up to 0.30m3m−3 𝑦H2O,in. 𝐻out/𝐻in and 𝑂out/𝑂in were ap-

proximately 88% and 86%, respectively at 0.40m3m−3 𝑦H2O,in. Possible explanations for

the higher deviation in H and O balances at high steam volume fractions above 0.40m3m−3

are uncertainty in H2O measurement and some H2O loss before entering analysis equip-

ment.
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4.2.10 Fuel efficiency and heat generation

Figure 4.27 demonstrates the fuel efficiency during the oxidation of

CH4/H2/CO/CO2/C2H4/H2O/O2/N2 mixture for various energy input rates as a

function of oxygen-to-fuel ratio. When 𝑛O2 rises from 0.35 to 0.77, CH4 and C2H4 are

converted more into CO2 and H2O than H2 and CO. As a result, fuel efficiency drops

from 0.67 to 0.26.

Figure 4.27: Fuel efficiency as a function of oxygen-to-fuel ratio during partial oxidation of
methane in the SEG synthetic gas at different energy input rates at 𝑆/𝐻 = 2m3m−3 and
𝜗𝑄 = 675 ∘C± 10 ∘C.

To obtain the highest conversion efficiency from biomass to methanol, complete hydro-

carbon conversion and high usable synthesis gas yield (H2 and CO) are required. This

method, however, may not meet both requirements at the same time. While high hydro-

carbon conversion requires a high 𝑛O2 , the maximum synthesis gas yield can be achieved

with a low 𝑛O2 . Alternatively, the partial oxidation method could be combined with the

steam reforming method (ATR concept).

The results of CH4/H2/CO/CO2/C2H4/H2O/O2 mixture with 0.60m3m−3 steam in the

syngas (𝑄̇in = 1kW) are presented in Figure 4.28. The lower heating value of syngas

falls with increasing 𝑛O2 (Figure 4.28a) due to the reductions of H2, CH4, and C2H4 in

the syngas, as earlier shown in Figure 4.25b. As 𝑛O2 increases, more heat is released via

oxidation reactions, resulting in a higher reaction temperature (Figure 4.28b). It is as-

sumed that syngas leaves the gasifier at 665 ∘C and rises to 850 ∘C, which is necessary

for the catalytic steam reforming zone [19], by burning a part of syngas. The results of

the non-premixed burner system used in this work suggest that 𝑛O2 of about 0.4 is neces-

sary to reach a temperature of 850 ∘C from an initial temperature 𝜗𝑄 of 665 ∘C ± 10 ∘C.

Additionally, the theoretic adiabatic flame temperature 𝜗ad was estimated by calculating

the equilibrium composition for incomplete combustion at constant enthalpy and pressure

using Cantera [46] with the GRI 3.0 mechanism [144]. The initial temperature was fixed at
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(a) Lower heating value of dry syngas (b) Temperature

Figure 4.28: Lower heating value as well as temperature before and during non-catalytic
partial oxidation of methane in the SEG synthetic gas at 0.60m3m−3 steam in syngas and
𝜗𝑄 = 665 ∘C± 10 ∘C.

665 ∘C in the simulation. It was observed that 𝜗ad is significantly higher than the measured

temperature 𝜗meas. In experiments, hydrocarbons were not fully converted, leading to less

energy released than in the equilibrium simulation. Furthermore, diverse heat losses in the

reactor are the reasons for the lower temperature in experiments: incomplete combustion,

unburnt fuels (hydrogen and hydrocarbons), product gases leaving the reactor, convection,

radiation, and other unaccountable losses [24, 142]. The method of temperature measure-

ment using thermocouples could be another reason. Because of catalytic reaction at the

thermocouple surface, conductive heat losses, radiation from the wire, as well as conduc-

tion, and convection from the gas phase to the wire, the measured temperature could be

varied by hundreds of degrees [160]. In sum, the method could be used to upgrade methane

in syngas for downstream methanol synthesis. A lower oxygen-to-fuel ratio could be ex-

pected to reach the same desired temperature in an optimized burner system because of

lower heat losses.

4.2.11 Conclusion

The combustion characteristics are strongly influenced by the gas composition. Hydrogen,

which is always present in syngas and purge gas, as well as steam, which is the main

component of SEG syngas, both have an effect on CH4 conversion and product distribution

during non-catalytic partial oxidation. Several findings from parametric studies in various

mixtures relevant to SEG syngas and purge gas are listed below:

� The oxygen-to-fuel ratio plays an important role in CH4 conversion and product

distribution. Nevertheless, there is a trade-off between high CH4 conversion at high
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𝑛O2 and high H2/CO ratio at low 𝑛O2 .

� The preheating temperature is critical for auto-ignition. Although it has a negligible

effect on CH4 conversion, a higher preheating temperature increases the conversion

of more reactive hydrocarbons such as C2H4 and CO yield.

� Due to the presence of highly reactive H2, ignition can occur at a preheating tem-

perature in the gasification temperature range. Hydrogen addition can significantly

lower the CH4 ignition temperature.

� Although steam has almost no effect on CH4 conversion, it can be used to adjust the

product distribution (H2/CO ratio) to meet an end requirement. Moreover, while

steam addition reduces CO yield, hydrogen addition increases CO yield.

� When CO is present in a mixture, it can act as either a reactant or a product. CO

production is possible at high steam concentrations (0.50m3m−3 to 0.60m3m−3) and

low oxygen-to-fuel ratios (up to 0.43).

� The partial oxidation method can reach the desired module 𝑀 of roughly 2 for

methanol synthesis by adjusting the oxygen-to-fuel ratio.

� Unfortunately, it is impossible to avoid that desired hydrogen is converted more than

methane due to the differences in combustion gas activity.

� To complete CH4 conversion, combining partial oxidation and catalytic reforming is

suggested. In syngas concepts, 𝑛O2 of approximately 0.4 is necessary to reach a tem-

perature of 850 ∘C from an initial gasification temperature of 665 ∘C in experiments.
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5 Process simulation

In this chapter, the individual process units regarding the concepts in Chapter 3 are de-

scribed. The mass and energy balances for methanol production from biomass were esti-

mated using process simulation models established with Aspen Plus® simulation software

(Version 9). On the basis of the experimental results in Chapter 4, the reformers are

modeled. The SEG process is modeled based on experimental findings at IFK. Data from

the literature are used to simulate the RME scrubber as well as methanol synthesis and

purification. All models are operated under steady-state conditions.

5.1 Modeling of the reformer

5.1.1 Catalytic steam reforming model

According to experimental findings on the Ni-based catalyst, the maximum estimated CH4

conversion rate is 0.95, and higher hydrocarbons, i.e., other gaseous hydrocarbons as well

as tar, are entirely converted. The model did not take into account the deactivation of

the catalyst over time. 5% of methane in the inlet stream was first separated as inert

and mixed later with the products of the reformer. The catalytic steam reformer was

modeled as “RGibbs” (an equilibrium reactor based on Gibbs energy minimization) with

restricting chemical equilibrium using a temperature approach for the entire system. With

this method, the results of low temperatures are also well predicted. A description of the

main unit operation blocks used in Aspen Plus® can be found in Appendix A.3. It should

be noted that the temperature approach refers to the difference between the temperature

used for calculating the chemical equilibrium constant and the actual reactor temperature.

By specifying the temperature approach of zero, the chemical equilibrium constant is

calculated at the reactor temperature, resulting in the equilibrium gas composition [37].

Figure 5.1 illustrates the outlet syngas composition CH4, CO, CO2, and H2 on a dry

basis from experiments and simulation of methane reforming in the presence of steam and

hydrogen at different temperatures. Each gas composition is well predicted over a wide

temperature range of 500 ∘C to 900 ∘C. Thus, the developed model can be considered valid

for reproducing the steam reforming process over the Ni-based catalyst.
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Figure 5.1: Effect of temperature on outlet gas composition (dry) during catalytic steam
reforming process at operating conditions of 𝑦H2O,in = 0.30m3m−3, 𝑦H2,in = 0.15m3m−3,
and 𝑦CH4,in = 0.056m3m−3, comparison of experiments and simulation.

5.1.2 Non-catalytic partial oxidation model

Such a reformer with non-catalytic partial oxidation and non-premixed burner system

is very complex. It requires detailed numerical simulations, which is beyond the scope

of this work. To simplify the model that can be used for process simulation in Aspen

Plus®, the non-catalytic partial oxidation unit is modeled as “RGibbs”. According to

experimental findings, CH4 and C2H4 are not completely converted, and their conversion

rates are strongly influenced by the oxygen-to-fuel ratio. To match the experimental results,

the RGibbs Setup Inerts Sheet was used to specify the flow of components CH4 and C2H4 in

the product [54]. This sheet allows users to specify the inert fraction, which is the fraction

that remains unreacted: a fraction of one represents inert feed components and a fraction

of zero represents completely-reacted feed components. This information is available in the

Help section of the Aspen Plus® software. Inert fractions for CH4 and C2H4 in the model

were calculated based on their conversion rates in experiments. The conversion rates of

CH4 and C2H4 were defined as a function of the oxygen-to-fuel ratio based on the results

in Section 4.2.9.

Figure 5.2 compares experimental and simulation results for outlet gas composition on a

dry basis during non-catalytic partial oxidation of SEG-derived syngas with a high steam

volume fraction of 0.50m3m−3 to 0.60m3m−3 in the absence of nitrogen. Only the follow-

ing gases are considered for the outlet gas composition: H2, CO, CO2, CH4, and C2H4. As

can be seen in Figures 5.2a and 5.2b, the model results are in reasonable agreement with
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the experimental findings of two different operating conditions. The RMS deviation was

also calculated to compare experimental data and simulation results (Equation A.1). The

data for Figure 5.2 can be found in Appendix A.4, Table A.4.

(a) Outlet gas of 0.50m3 m−3 steam in syngas at
𝑛O2

= 0.27
RMS deviation = 0.0223

(b) Outlet gas of 0.60m3 m−3 steam in syngas at
𝑛O2

= 0.24
RMS deviation = 0.0093

Figure 5.2: Outlet gas composition on a dry basis, comparison of experimental and simu-
lation results for non-catalytic partial oxidation method.

In practice, tar is also present in syngas. The model assumed that tar conversion reac-

tions take place at equilibrium. Moreover, the heat loss in the reactor is neglected. The

oxygen required for the process was supplied by an air separation unit (ASU), which is

modeled as a simple component separator block “Sep”. Only nitrogen and oxygen are as-

sumed to be present in the air. In process simulation, the oxygen mass flow rate required

for the specified reactor outlet temperature was estimated using a design specification

(Design Spec) option in Aspen Plus®, which allows users to manipulate any simulation

input variable to meet a specification process design target (or design specification) [12].

For the ATR concept, the non-catalytic partial oxidation model is combined with the

catalytic steam reforming model. The autothermal reforming model consists of two re-

actors in series, starting with the partial oxidation reactor and ending with the steam

reforming reactor. The outlet temperature of the partial oxidation reactor was determined

by adjusting the oxygen mass flow rate, as stated previously. The outlet temperature of

the steam reforming reactor, which is the outlet temperature of the ATR reactor, is calcu-

lated using the energy balance that takes into account the overall endothermic reforming

reaction [148].
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5.2 Modeling of the gasification process (SEG)

5.2.1 Gasification model description

Wood pellets are used as feedstock. The proximate and ultimate analyses of wood pel-

lets applied are detailed in Appendix A.2. The SEG model is based on equilibrium and

empirical approaches. The main assumptions are as follows:

� The process is steady state and isothermal.

� Heat loss and pressure drop in the gasifier are neglected.

� The dry syngas stream contains H2, CO, CO2, CH4, and C2H4. C2H4 represents the

sum of higher gaseous hydrocarbons, which includes C2H4, C2H6, C3H6, C3H8, and

C4H10.

� Condensable hydrocarbons include benzene (C6H6), toluene (C7H8), and naphthalene

(C10H8). Toluene represents gas chromatography and flame ionization detector (GC-

FID) tar, while naphthalene represents gravimetric tar.

� Char contains only carbon.

� The fractional conversions of C to hydrocarbons (CH4, C2H4, C6H6, C7H8, and

C10H8) are specified from experimental data at IFK [51, 113].

� All fuel-bond sulfur is converted to H2S, all fuel-bond nitrogen is converted to NH3,

and all fuel-bond chlorine is converted to HCl.

C, H2, O2, H2O, 
N2, S, Cl2, ash

Biomass

Char

Decomposition Equlibrium 
calculation

Gasification

Additional fuel

Formation of non-
equlibrium species

Stoichiometric 
calculation

Combustion

CH4, CxHy,
tar, H2S, NH3, HCl

H2, CO, CO2, H2O 

Purge

Air

Fresh CaCO3

CaCO3, 
CaO

CaO

H2O

Flue gas

Syngas

Figure 5.3: SEG model in Aspen Plus®
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Figure 5.3 shows the simplified flow sheet of the gasification process (SEG) in Aspen

Plus®. The SEG process consists of the gasification reactor (gasifier) and the combus-

tion reactor (combustor). In Aspen Plus®, biomass is modeled as a non-conventional

solid. First, in the decomposition step modeled as “RYield” (non-stoichiometric reactor

based on known yield distribution), non-conventional solid is converted into its elemental

components such as carbon, hydrogen, oxygen, sulfur, nitrogen, chlorine, water, and ash

that is also modeled as a non-conventional solid. Then, the unconverted char is separated

and transported directly into the combustor. The amount of unconverted char entering

the combustor is calculated based on experimental data [113], which is influenced by the

gasification temperature and the steam-to-carbon ratio. Moreover, empirical equations

were used to calculate the formation of hydrocarbons, including CH4, C2H4, C6H6, C7H8,

and C10H8 as well as trace components like NH3, HCl, and H2S since they cannot be pre-

dicted with the thermochemical equilibrium [40, 134]. All other components (converted

char, H2, CO, and CO2) enter the gasifier using steam as a gasifying agent. The following

reactions take place in the gasifier under thermochemical equilibrium: steam gasification

(Equation 2.2), water-gas shift reaction (Equation 2.5), and carbonation (Equation 2.8).

The gasifier is modeled as “RGibbs” with restricting chemical equilibrium of the specified

reactions 2.5 and 2.8 to adjust the syngas composition (H2, CO, and CO2) that matches

the experimental data. The products from equilibrium calculation are mixed with those

from non-equilibrium species and thus represent the hot syngas of the SEG process.

The combustor is modeled as “RStoic” (a stoichiometric reactor) to simulate the com-

plete combustion of char (and additional fuel) with air (Equation 2.9) and calcination

(Equation 2.13). The hot CaO exiting the combustor is the energy source for the gasifica-

tion reactor. The required CaO mass flow rate for gasification is calculated using a design

specification (Design Spec) option.

5.2.2 Gasification model fitting and validation

The data used for fitting and validation of the gasification model are based on diverse

experimental investigations at the Institute of Combustion and Power Plant Technology

(IFK), University of Stuttgart [51, 113]. In the gasification section, the steam-to-carbon

ratio is the ratio of the molar flow rates of steam and fuel moisture to the molar flow rate

of fuel carbon introduced into the gasifier [51, 134].

The model results for the product gas composition over the gasification temperature are

in good agreement with the experimental results [51]. As illustrated in Figure 5.4, the H2

concentration in the syngas decreases with increasing gasification temperature, whereas the

CO and CO2 concentrations increase. At higher gasification temperatures, less CO2 was

adsorbed by the carbonation reaction (Equation 2.8), leading to a reduction of hydrogen
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Figure 5.4: Effect of gasification temperature on syngas concentrations (dry) and module
𝑀 at a biomass feed rate of 30 kg h−1, ar and a steam-to-carbon ratio of 1.5molmol−1 [51].

by the water-gas shift reaction (Equation 2.5).

Module 𝑀 in syngas, which is dependent on H2, CO, and CO2, declines with increasing

temperature because more CO and CO2 as well as less H2 were formed. The higher

discrepancy between experiments and simulation at lower gasification temperatures could

be attributed to low CO2 volume fractions in experiments. Overall, the results indicate

the flexibility of the SEG process in producing syngas of varying compositions suitable for

a desired downstream process [51].

Figure 5.5: Effect of gasification temperature on lower heating value and yield of syngas,
calculated using the volumetric flow of dry syngas at STP conditions and the mass flow
of biomass based on a water ash free basis at a biomass feed rate of 30 kg h−1, ar and a
steam-to-carbon ratio of 1.5molmol−1.

As presented in Figure 5.5, the lower heating value of syngas declines as the gasifica-
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tion temperature rises because of a decrease in hydrogen and hydrocarbon concentrations.

Furthermore, an increase in gasification temperature results in a higher syngas yield due

to increased fuel conversion and decreased CO2 adsorption [40].

5.3 Modeling of methanol synthesis and purification

Figure 5.6 illustrates the flow sheet of methanol synthesis and purification in Aspen Plus®.

Clean dry syngas was compressed and heated up to the operating conditions for the

methanol synthesis that in this work is based on the low-temperature (200 ∘C to 300 ∘C) and

low-pressure (50 bar to 100 bar) methanol synthesis over a Cu/ZnO/Al2O3 catalyst [55, 94]

in an isothermal reactor [23, 30].

Compression
Methanol 
synthesis

Condensation

Compression

Destillation

Flash 
separation

Recycle gas Purge gas

Dissolved gas 

Methanol

Water

Crude 
methanolClean syngas

Unconverted gas

Figure 5.6: Model of methanol synthesis and purification.

The methanol converter was modeled as “RGibbs” with a temperature approach to equi-

librium of 15 ∘C for the methanol reactions: hydrogenation of carbon monoxide (Equa-

tion 2.22) and the water-gas shift reaction (Equation 2.24). The reactor outlet tempera-

ture was specified at 260 ∘C. The pressure drop in the reactor was 4.3 bar, and the exit

pressure was 80.7 bar [23, 30]. The outlet stream from the methanol converter was cooled

down to 40 ∘C [23, 30] to separate crude methanol (condensate) from unconverted gases

in a gas-liquid separator (flash tank) [10]. As the conversion per pass in the methanol

converter is low [34], the unconverted syngas is recycled back to the methanol converter

to increase the methanol yield. An unconverted gas recycling rate of 0.97 was considered

in general cases [23, 30]. The liquid stream, which contained methanol, water, and dis-

solved gases, was then expanded to atmospheric pressure, and the dissolved gases were

removed in a flash separator. Subsequently, the methanol was separated from water in an
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atmospheric distillation column, which was modeled as “RadFrac” [50, 86]. The purity of

distilled methanol was specified as 0.9985 kg kg−1 [117] with a recovery of 99%.

As already stated in Section 3.3, the remaining purge gas that was not recycled back to

the methanol converter and the removed dissolved gases could be mixed and used as fuel

for a combustion process, for example. For research purposes, this purge gas exiting the

methanol synthesis, which contains a relatively high amount of methane, could be reformed

into usable synthesis gases and returned to the methanol converter. To accomplish this, a

reformer and additional reforming agents such as H2O and/or O2 are required. Since the

gas at this stage has already been cleaned, the problem with the catalyst based on tar,

particles, and so on is avoidable. However, extra energy and materials must be considered

to determine whether the process is worthwhile.

The results of the methanol synthesis model are shown in Figures 5.7 and 5.8. The dry

clean SEG-derived syngas without a reformer in line in the reference case (the gasification

temperature was adjusted to obtain a module𝑀 of 2.1) was used as the inlet stream for the

methanol synthesis process. A biomass feed rate of 100 kg h−1, ar was fixed here to make

the results simpler to comprehend. The unconverted gas recycle ratio in the methanol

synthesis was 0.90.

Figure 5.7: Effects of temperature
and pressure on methanol production
(kg h−1).

Recycle rate of unconverted gas

Figure 5.8: Effect of recycle rate of uncon-
verted gas on methanol production (kg h−1)
and methanol concentration at methanol
converter outlet.

The effect of temperature and pressure on methanol production in simulation is con-

sistent with previous findings [31, 122]. As illustrated in Figure 5.7, the methanol mass

flow rate 𝑀̇MeOH rises with increasing pressure and decreasing temperature. High pressure

favors methanol production in terms of equilibrium. A decrease in temperature could slow

the reaction rate, whereas an increase in temperature could damage the catalyst due to

sintering [50]. The operating conditions of methanol synthesis in practice are a trade-off

between reaction kinetics, equilibrium, as well as catalyst activity [11]. Thus, compromise
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operating conditions for a temperature of 260 ∘C and a pressure of around 80 bar were

selected, as suggested in previous research [23, 30].

At the chosen 𝜗 and 𝑝 operating conditions, the unconverted gas recycle ratio was varied

from 0.50 to 0.99, as presented in Figure 5.8. As expected, the methanol mass flow rate

𝑀̇MeOH increases as the recycle ratio rises. The mole fraction of methanol 𝑦MeOH at the

outlet methanol converter, on the other hand, decreases with increasing recycle ratio due

to the accumulation of unconverted gas and inert gases. In addition, a higher recycle rate

increases the work of the compressor and thus the electricity consumption [168].

5.4 Modeling of gas cleaning and conditioning

To meet the requirements for methanol synthesis, contaminants like particulate, tar, ni-

trogen, halides, and sulfur need to be removed from the raw syngas [163], as outlined in

Section 2.2. Due to the fact that wood pellets contain an insignificant amount of N, S,

and Cl contents (in total <0.5 · 10−2 kg kg−1, waf) [51], only particulate and tar removal

were modeled in the gas cleaning step. Possible methods to remove trace components for

each concept have been mentioned in Chapter 3. In the simulation, these components were

entirely eliminated from the syngas prior to the methanol production process.

Cyclones and filters are modeled simply as a splitter using “SSplit” to remove particu-

lates. In optimized cases, particulates are completely separated from the syngas in a

ceramic filter at the gasification temperature before entering the reformer, where tar elimi-

nation takes place concurrently with other hydrocarbon removals (Section 5.1).

In the reference case, tar is removed using an oil scrubber. The designed tar removal unit

is based on the data from the Güssing gasification plant in Austria and the Gothenburg

Biogas Gasification (GoBiGas) plant in Sweden, which use rapeseed oil methyl ester (RME)

as a solvent for tar [7, 126, 161, 162]. The raw syngas is cooled to 180 ∘C prior to the bag

house (fabric) filter, where all particulates and some tar are removed [161]. In the oil

scrubber, tar is assumed to be completely separated [126], and some water is condensed

from the syngas [161]. The RME is assumed to be formed solely from methyl oleate

(C19H36O2) [56]. Fresh RME fed to the scrubber is 0.03MWRMEMW−1
fuel [7]. The scrubber

exit temperature is 40 ∘C [162].
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concepts using process simulation

Based on Chapter 5, basic models from biomass to methanol were developed, including gas

cleaning and conditioning with a focus on hydrocarbons. In this chapter, various methane

conversion concepts in the process chain are evaluated, and comparisons between reference

and optimized cases are demonstrated.

6.1 Evaluation methods

Methanol yield

The methanol yield is calculated using the molar flow rates of methanol, CO, and CO2

from the inlet and outlet of the methanol converter as follows [117]:

𝑌MeOH =
𝑁̇MeOH,out − 𝑁̇MeOH,in

𝑁̇CO,in + 𝑁̇CO2,in

(6.1)

Biomass-to-methanol conversion efficiency

The chemical efficiency based on an LHV basis was used in this study to evaluate the

technical performance of a biomass-to-methanol plant [109], as shown in the equation

below:

𝜂MeOH =
𝑀̇MeOH · 𝐿𝐻𝑉MeOH

𝑀̇biomass · 𝐿𝐻𝑉biomass

(6.2)

The biomass-to-methanol conversion efficiency is defined as the ratio of the chemical energy

rates of the methanol output and the biomass input [97]. The calculation was performed

using the mass flow rates of purified methanol and biomass as fed into the reactor. De-

pending on the residual char from the gasifier, additional fuel is in some cases required in

the combustor, which can be biomass such as dry sawdust, recycled product gas, light fuel

oil [40, 112, 120], and unconverted gas from methanol synthesis. As a simplification, only

biomass introduced into the gasifier was considered for efficiency calculation.

75



6 Evaluation of methane conversion concepts using process simulation

Carbon conversion

In order to follow the carbon atoms throughout the process chain, the carbon conversion

is defined in accordance with the following equation [11]:

𝑋C,𝑖 =

∑︀
𝑖 𝑁̇C,𝑖∑︀
𝑓 𝑁̇C,𝑓

(6.3)

where 𝑁̇C is the molar flow rate of carbon in the net intermediate products (𝑖) and net

feeds (𝑓).

Fuel efficiency

Fuel efficiency 𝜂fuel (J J−1) based on LHV is calculated using Equation 4.25. In this section,

the fuel efficiency of the reformer is defined as the ratio between chemical energy in the

product at the outlet and chemical energy in the feed at the inlet.

6.2 Biomass gasification plant design

As a starting point for further scaling and easier comprehension, a biomass feed rate of

1 kg s−1, ar or 3600 kg h−1, ar was fixed in this Chapter. The biomass properties are the

same as in Section 5.2. Aside from the available technology, which in this study is an

atmospheric indirect fluidized bed gasification plant, the size of a biomass gasification

plant is limited due to biomass availability and transportation constraints [132]. For a

commercial plant for large-scale methanol production, a thermal biomass input to the

gasifier of 100MWth (𝐿𝐻𝑉biomass) is suggested [84, 117, 125], corresponding to a biomass

feed rate of 5.76 kg s−1, ar in simulations.

6.3 Results of different concepts

6.3.1 Selected concepts for methanol production from biomass

The reforming method was chosen based on experimental results. According to experi-

mental findings, the non-catalytic partial oxidation approach was ineffective in converting

methane into usable gases for subsequent methanol synthesis reactions. The oxidation

process consumed hydrogen while producing more CO2 than CO. As a result, this process

was considered as a heat source for the catalytic steam reforming approach, which achieved

high hydrocarbon conversion and usable synthesis gas yield (both H2 and CO).
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A basic analysis of the reformer configuration was conducted using process simulation.

While the utilization of purge gas exiting the methanol synthesis is intriguing, it is in-

efficient. In the simulation, the purge gas is recycled back into the process as an input

for the methanol converter. Incomplete methane conversion causes inert components to

accumulate in the converter. Methanol production increased as a result of more CO from

high-temperature reforming. Higher mass flow rates, however, require a bigger reactor.

Aside from that, the concept is less attractive due to the additional steam required to

avoid coke formation and the energy needed for endothermic reactions. Moreover, the hot

reforming product has to be cooled down prior to compression. The concept of using purge

gas appears to be inefficient in terms of energy. Further analysis will be discussed in detail

at the end of this chapter.

Direct conversion of methane and other hydrocarbons in the syngas is more appealing

in terms of energy and materials than purge gas utilization. The hot syngas is used as

an input for the reformer without wasting energy. Furthermore, experiments revealed

that the steam present in the syngas is sufficient for high reforming efficiency. Therefore,

the following concepts for methanol production from biomass have been examined in this

research, as detailed in Chapter 3.

� Reference case: methane is discharged from the process as an inert gas, and tar is

removed by an RME scrubber (RME)

� Optimized case: methane and tar are converted using the catalytic steam reformer

to produce usable synthesis gases for methanol synthesis (CSR)

� Optimized case: methane and tar are converted using the autothermal reformer to

produce usable synthesis gases for methanol synthesis (ATR)

6.3.2 Influence of gasification process on methanol production

Temperature is an essential factor in the gasification process. In the reference case, the

influence of the gasification temperature, which in turn affects the module 𝑀 in syngas

(Figure 5.4), on the methanol production was studied at an unconverted gas recycle ratio

of 0.97. As illustrated in Figure 6.1, the conversion efficiency of biomass to methanol

𝜂MeOH increases as the gasification temperature rises. This correlation can be explained by

increased syngas yield and higher CO production at higher temperatures.

The methanol yield 𝑌MeOH, on the other hand, decreases with increasing temperature. At

higher gasification temperatures, not only CO, but also CO2 is formed in larger quantities

due to less CO2 captured by CaO. This leads to a lower CO/CO2 ratio at the methanol

converter inlet, which influences the thermodynamic equilibrium. A higher CO/CO2 ratio
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would thermodynamically favor carbon conversion. In addition, an increase in CO2 content

in the inlet causes more H2O production, which inhibits methanol synthesis [116].

Figure 6.1: Effect of gasification temperature on methanol production in the reference case.

The findings indicate that the gasification temperature has a significant impact on

methanol production. For further investigation, a gasification temperature specified to

achieve a module 𝑀 of 2.1 in the syngas is chosen (748 ∘C). At this point, a compromise

between the biomass-to-methanol conversion efficiency and the methanol yield is reached,

as presented in Figure 6.1. It should be noted that different plant configurations, operating

conditions, feedstock, bed material, and so on can all have an impact on syngas composi-

tion. According to the literature [117], a module 𝑀 of around 2 is in a wide temperature

range of 710 ∘C to 750 ∘C. So far, the model predictions are in good agreement with the

literature data and can be used further in process simulation.

6.3.3 Comparison between reference case and optimized cases

The performance of the reference case (RME) and the optimized cases with catalytic steam

reformer (CSR) at different temperatures 𝜗CSR is detailed in Figure 6.2 and Table 6.1.

CSR-1, CSR-2, CSR-3, CSR-4, and CSR-5 denote reformer outlet temperatures of 750 ∘C,

800 ∘C, 850 ∘C, 900 ∘C, and 950 ∘C, respectively. The SEG process is conducted at a

temperature that results in a module 𝑀 of 2.1 in all cases. At the outlet of the gasifier,

the dry gas composition 𝑦𝑖,dry without impurities contains 0.647m3m−3 H2, 0.105m3m−3

CO, 0.138m3m−3 CO2, 0.096m3m−3 CH4, and 0.015m3m−3 C2H4. The H2O volume

fraction in raw syngas is 0.557m3m−3, corresponding to a steam-to-hydrogen ratio 𝑆/𝐻

of 1.95.

As presented in Figure 6.2a, the dry concentration of each main gas remains unchanged in

the assumed complete tar removal using an RME scrubber. In an optimized case, however,

the syngas composition changed significantly due to hydrocarbon conversion, leading to

changes in syngas properties such as the module 𝑀 and the CO/CO2 ratio 𝛼CO/CO2 .
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(a) Gas composition (dry) (b) Gas yield based on biomass

Figure 6.2: Comparison of gas composition and yield between reference case (RME) and
optimized cases (CSR) at a gasification temperature of 748 ∘C (𝑀 = 2.1).

Table 6.1: Performance of the reference case (RME) and the catalytic steam reformer
(CSR) at different temperatures.

Parameter Unit RME CSR-1 CSR-2 CSR-3 CSR-4 CSR-5

𝜗CSR
∘C – 750 800 850 900 950

𝑀 molmol−1 2.10 2.27 2.28 2.28 2.28 2.28

𝛼CO/CO2 molmol−1 0.76 0.61 0.74 0.87 1.02 1.16

𝑋CH4 molmol−1 0 0.9126 0.9400 0.9471 0.9491 0.9497

𝑌MeOH molmol−1 0.29 0.51 0.53 0.54 0.55 0.56

𝜂MeOH J J−1 0.31 0.52 0.53 0.53 0.53 0.53

In optimized cases, at higher temperatures, CH4 conversion and CO content increase.

Furthermore, methanol yield 𝑌MeOH increases as temperature rises when comparing opti-

mized cases (Table 6.1). This is attributed to a higher CO/CO2 ratio, which favors carbon

conversion during methanol synthesis, as discussed earlier.

Furthermore, the biomass-to-methanol conversion efficiency 𝜂MeOH in the optimized case

is 1.7 times higher than the reference case. This high efficiency can be explained by the

increased yield of synthesis gases such as CO and H2 produced by hydrocarbon reforming

(Figure 6.2b). The results indicate that the optimized case outperforms the reference

case significantly. A temperature range of 850 ∘C to 900 ∘C was chosen due to a high

sufficient CH4 conversion and good methanol production performance. Although a higher

temperature could achieve maximum conversion, it would result in catalyst deactivation

due to sintering and increased energy consumption in practice.

The results of the optimized cases are comparable to those of other studies. The biomass-
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to-methanol conversion efficiency values using indirect gasification with in-situ CO2 re-

moval in this study are similar to other gasification technologies. Peduzzi et al. [109]

reported an efficiency range of 0.45 to 0.51 for fast internally circulating fluidized bed

(FICFB) gasification followed by a directly heated high temperature (HT) stage to reduce

hydrocarbons and entrained flow (EF) gasification. Both gasification configurations were

followed by the water-gas shift (WGS) reactor and the acid gas removal (AGR) step. A

slightly higher value in this study could be attributed to differences in gasification operat-

ing conditions and methanol synthesis modeling. Furthermore, Poluzzi et al. [117] studied

sorption-enhanced gasification for flexible power and biomass-to-methanol plants close to

this work. Based on reported mass and molar flow rates, the similar biomass-to-methanol

conversion efficiency in the range of 0.55 to 0.57 for two different methanol synthesis reactor

designs can be estimated.

Figure 6.3 compares the carbon conversion between the reference case and the optimized

cases using a catalytic steam reformer at 850 ∘C. It should be noted that elemental carbon

in the ash is not taken into account for simplification, and char is assumed to contain only

carbon (Section 5.2).

Figure 6.3: Comparison of carbon conversion between reference case and optimized case at
a gasification temperature of 748 ∘C. The outlet temperature of the reformer in optimized
case 𝜗CSR is 850 ∘C.

All streams at the syngas production step, including biomass, gasified char, and raw

syngas, are identical in both cases. At a gasification temperature of approximately 750 ∘C,

0.62 of carbon in biomass is converted during the gasification process (gasified char), and

0.38 of carbon is ungasified and transported to the combustor (unconverted char). A drop

in carbon conversion from 0.62 to 0.40 in raw syngas corresponds to carbon transport to

the combustor via CaCO3, where produced CO2 is removed from syngas in the presence

of CaO [40].

In the reference case, removing condensable hydrocarbons (C6H6, C7H8, and C10H8)
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with an RME scrubber reduces carbon conversion by 2 percentage points in clean syngas.

Because the SEG process already has in-situ CO2 capture, additional CO2 removal units,

as in other gasification processes, are not necessary. As a result, the carbon conversion of

clean syngas could remain unchanged in the optimized case.

The difference between the two cases becomes evident during the methanol production

step. Due to hydrocarbon reforming, which results in higher gas production and usable

synthesis gas (CO and H2) concentration, the carbon conversion of crude methanol in the

optimized case is 15 percentage points higher than in the reference case. In both cases,

a similar small reduction in carbon conversion from crude methanol to purified methanol

refers to the remaining methanol after distillation. The findings pinpoint that the process

performance in terms of carbon conversion is obviously better in the optimized case than

in the reference case.

Comparison between CSR and ATR concepts in optimized cases

Comparison at the same initial temperature

First, the role of hydrocarbons, especially methane, as an energy and synthesis gas

source was investigated. The initial temperature for the reformer was simplified as the

outlet gasification temperature. Two gasification temperatures were chosen: 650 ∘C and

750 ∘C, which differ in syngas yield and composition. For the CSR concept, no additional

energy supply to an adiabatic reactor was considered. For the ATR concept, extra oxygen

was required and varied to reach a specific temperature for an adiabatic reactor.

Due to endothermic reforming reactions, the outlet temperatures of the reformers de-

crease. At an initial temperature of 650 ∘C, all hydrocarbons (C2H4, C6H6, C7H8, and

C10H8) except CH4 are completely converted. Full CH4 conversion, on the other hand, is

difficult to achieve, as detailed in Table 6.2. When the gasification temperature increases

from 650 ∘C to 750 ∘C, CH4 conversion rises from 0.06 to 0.39 in the catalytic steam re-

forming method (CSR-1 and CSR-2). Interestingly, at low temperatures, CO is consumed

rather than produced (negative value of yield). This can be attributed to the WGS re-

action, previously addressed in Section 4.1.5. The CO/CO2 ratio in CSR cases at low

temperatures is relatively low.

When oxygen is added to the reforming process, the temperature increases, resulting

in a higher CH4 conversion compared to the same initial temperature. For example, at

an initial temperature of 650 ∘C, an increase in oxygen mass flow rate causes the outlet

temperature of the ATR reformer to rise. However, hydrogen is converted during partial

oxidation, leading to a decrease in hydrogen as the temperature rises. CO production

increases with temperature while CO2 decreases, causing a higher CO/CO2 ratio, which is

beneficial for methanol synthesis.
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Table 6.2: Performance of the optimized cases CSR and ATR at initial temperatures of
650 ∘C and 750 ∘C.

Parameter Unit CSR-1 ATR-1 ATR-2 ATR-3 ATR-4

𝜗in
∘C 650 650 650 650 650

𝑀̇O2 kg s−1 0 0.04 0.07 0.09 0.12

𝜗POX
∘C – 750 850 950 1050

𝜗out
∘C 581 633 694 791 897

𝑀 molmol−1 4.21 3.62 3.37 3.18 2.98

𝛼CO/CO2 molmol−1 0.14 0.23 0.33 0.47 0.63

𝑋CH4 molmol−1 0.06 0.65 0.90 0.96 0.96

𝑌H2 molmol−1 0.41 0.62 0.67 0.59 0.48

𝑌CO molmol−1 −0.59 −0.18 0.20 0.60 0.93

𝑌CO2 molmol−1 2.83 3.68 3.79 3.40 2.99

𝜂fuel J J−1 1.02 1.00 0.97 0.94 0.90

𝑌MeOH molmol−1 0.61 0.64 0.66 0.66 0.65

𝜂MeOH J J−1 0.22 0.29 0.32 0.33 0.33

Parameter Unit CSR-2 ATR-5 ATR-6 ATR-7

𝜗in
∘C 750 750 750 750

𝑀̇O2 kg s−1 0 0.04 0.07 0.10

𝜗POX
∘C – 850 950 1050

𝜗out
∘C 639 690 767 870

𝑀 molmol−1 2.11 2.06 1.97 1.85

𝛼CO/CO2 molmol−1 0.29 0.41 0.56 0.74

𝑋CH4 molmol−1 0.39 0.80 0.94 0.96

𝑌H2 molmol−1 0.49 0.59 0.56 0.46

𝑌CO molmol−1 −0.30 0.02 0.30 0.54

𝑌CO2 molmol−1 0.83 0.87 0.75 0.58

𝜂fuel J J−1 1.03 1.01 0.98 0.95

𝑌MeOH molmol−1 0.37 0.42 0.42 0.40

𝜂MeOH J J−1 0.44 0.49 0.50 0.49

At an initial temperature of 750 ∘C, more useful gases are already produced via the

gasification process. The performance of the ATR reformer follows the same trends: more

oxygen means higher temperature, increased CH4 conversion and CO yield, but less H2

yield. In these cases, the maximum 𝜂MeOH could be obtained at a higher gasification

temperature with a suitable oxygen amount. Too much oxygen would lead to a lower
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H2 yield, lowering methanol production. The findings indicate that the initial process

condition, gasification, is important for producing suitable synthesis gases for downstream

methanol synthesis. A reformer can only contribute to the improvement of the syngas.

Overall, at the same initial temperature, CH4 conversion into usable synthesis gas by the

CSR method is low compared to the ATR method, where a part of methane reacts with

oxidizing agent, thereby increasing temperature and leading to better CH4 conversion.

The results indicate that introducing oxygen to the reformer could improve methanol

production. The energy consumption of the air separation unit must still be considered.

The findings also suggest that the SEG should be operated at a higher temperature to

achieve a better 𝜂MeOH.

Comparison at the same outlet temperature

In practice, the CSR reformer is operated at a higher temperature to achieve high hydro-

carbon conversion. The CSR and ATR concepts are then compared at outlet temperatures

of 850 ∘C and 900 ∘C. The SEG process is operated to achieve a module 𝑀 of 2.1 in all

cases. The unconverted gas recycle ratio in the methanol converter is 0.97.

Table 6.3: Performance of the optimized cases CSR and ATR at the same outlet tempera-
ture.

Parameter Unit RME CSR-1 CSR-2 ATR-1 ATR-2

𝜗in
∘C – 748 748 748 748

𝑀̇O2 kg s−1 0 0 0 0.09 0.11

𝜗POX
∘C – – – 1031 1079

𝜗out
∘C – 850 900 850 900

𝑀 molmol−1 2.10 2.28 2.28 1.91 1.85

𝛼CO/CO2 molmol−1 0.76 0.87 1.02 0.70 0.78

𝑋CH4 molmol−1 0 0.9471 0.9491 0.9561 0.9580

𝑌H2 molmol−1 0 0.66 0.64 0.48 0.43

𝑌CO molmol−1 0 0.70 0.84 0.51 0.61

𝑌CO2 molmol−1 0 0.48 0.37 0.63 0.56

𝜂fuel J J−1 0.97 1.07 1.08 0.95 0.94

𝑌MeOH molmol−1 0.29 0.54 0.55 0.42 0.40

𝜂MeOH J J−1 0.31 0.53 0.53 0.49 0.49

For comparison, the results from the reference case (RME) at the same gasification

temperature are also presented. The reformers completely convert all hydrocarbons except

methane. Therefore, the results are not shown here. As listed in Table 6.3, methanol

production, 𝑌MeOH and 𝜂MeOH, are higher in the optimized cases than in the reference case,
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as expected. The reformer not only reduces inert components but also produces more

usable gases for methanol synthesis. As a result, methanol production significantly grows.

The composition of syngas varies according to the method used. Although CH4 con-

version is higher in the ATR case than in the CSR case, methanol production is lower in

the ATR case. In the ATR case, H2 and CO yields are lower than in the CSR case, while

CO2 yield is higher. The fuel efficiency 𝜂fuel (calculated according to Equation 4.25) is

0.97 in the reference case. The loss of 0.03 is due to the removal of condensable hydro-

carbons (C6H6, C7H8, and C10H8) using an RME scrubber. The CSR case has a higher

fuel efficiency than the reference and ATR cases. This could be attributed to hydrocarbon

reforming into H2 and CO. Lower fuel efficiency in the ATR case, even when compared to

the reference case, could be explained by more CO2 and H2O production rather than CO

and H2 through the oxidation process.

In terms of synthesis gas production for downstream methanol synthesis, the CSR case

appears to be a better option. However, one aspect that should not be overlooked is the

energy supply to the reformer. The autothermal operation of the ATR method is one of

its advantages. Since the reforming product will be used for methanol synthesis, oxygen is

a preferred oxidizing agent over air. Hence, the energy used for oxygen production must

be taken into account, which is an air separation unit (ASU) in this study. The energy

required for the ASU was theoretically calculated. Current industrial air separation units

consume approximately 0.30 kWhm−3 to 0.35 kWhm−3 O2 at normal conditions (NTP,

293.15K and 1 atm) [96]. According to the plant size suggested in Section 6.2, the ASU

used in a biomass-to-methanol plant is smaller than in a power plant. The specific energy

consumption of an ASU with a capacity of less than 6000m3 h−1 total liquid is about

1 kWhm−3 (STP) [103]. To achieve an outlet temperature of 850 ∘C and 900 ∘C, the

reformer using the ATR method requires an oxygen mass flow of 0.09 kg s−1 and 0.11 kg s−1

(Table 6.3), corresponding to an oxygen volume flow of 233m3 h−1 and 271m3 h−1 (STP),

respectively. As a result, the energy required to produce O2 is approximately 233 kW and

271 kW to reach outlet temperatures of 850 ∘C and 900 ∘C, respectively.

For allothermal operation of the CSR method, the heat is usually supplied by the fuel

combustion, e.g., the combustion of natural gas with air [127]. It is also possible to use

energy in the process, such as from flue gas of the combustor, exothermic methanol produc-

tion, and remaining purge gas exiting methanol synthesis. An energy integration concept

should be developed in future research, which is beyond the scope of this work. According

to simulation, the reformer using the CSR method requires an energy flow of 1377 kW and

1595 kW to reach outlet temperatures of 850 ∘C and 900 ∘C, respectively. Such high energy

is needed for reactor heating and endothermic reactions. The ATR case appears to be a

better option regarding the energy aspect of the reformer. To conclude, there is a trade-off

between the CSR and ATR methods.
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Comparison between syngas and purge gas reforming

To get the whole picture, a comparison of the syngas and purge gas reforming is performed.

The results of catalytic steam reforming between syngas (Syn) and purge gas (Purge-1 and

Purge-2) are demonstrated in Table 6.4. For comparison, the results of the reference case

(RME) are also shown. In all cases, the SEG process is applied to achieve module 𝑀

of 2.1, and the recycle gas ratio to the methanol converter is 0.97. Aside from that, the

recycle ratio of the purge gas to the reformer is set to a high value of 0.99.

Table 6.4: Performance of the optimized cases at different reformer configurations.

Parameter Unit RME Syn Purge-1 Purge-2

𝑆/𝐶 molmol−1 – 9 3 9

𝑀 molmol−1 2.10 2.28 70.97 70.81

𝛼CO/CO2 molmol−1 0.76 0.87 33.03 9.83

𝑋CH4 molmol−1 0 0.9471 0.8664 0.9285

𝑌H2 molmol−1 0 0.66 0.04 0.04

𝑌CO molmol−1 0 0.70 15.14 14.36

𝑌CO2 molmol−1 0 0.48 12.03 37.81

𝜂fuel J J−1 0.97 1.07 1.01 1.01

𝑌MeOH molmol−1 0.29 0.54 0.53 0.53

𝜂MeOH J J−1 0.31 0.53 0.55 0.55

For comparison, the reformers in all cases were operated at atmospheric pressure and the

outlet temperature was fixed at 850 ∘C. The 𝑆/𝐶 of 3molmol−1 (Purge-1) was selected for

the purge gas reforming operation to avoid carbon accumulation in the process [39, 127].

As found in experiments, a decrease in 𝑆/𝐶 causes a reduction in CH4 conversion. Due to

lower 𝑆/𝐶, CH4 conversion in purge gas (Purge-1) is lower than in syngas (Syn) at the same

outlet reforming temperature. A higher 𝑆/𝐶 would result in a higher CH4 conversion, but

it would also require more energy for the steam generation and process. It should be noted

that C in methanol, which remains in the purge gas, is also included when calculating

𝑆/𝐶. In the purge gas reformer, not only hydrocarbons but also methanol is converted,

resulting in higher gas yields.

Interestingly, CO and CO2 yields are much higher in the purge reformer than in the

syngas reformer while the H2 yield is extremely low. This leads to significant changes in

𝑀 and 𝛼CO/CO2 . The gas composition has changed due to the accumulation of unconverted

gases and inert components. Unconverted hydrogen accumulated in loops could explain

a relatively high level of 𝑀 in the purge reformer outlet. In addition, the presence of
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hydrogen causes the WGS reaction to shift backward, leading to a higher CO content and

a lower CO2 content corresponding to a high 𝛼CO/CO2 in the purge gas reformer.

There is no apparent difference in methanol yield. In the purge gas case, not only the

desired reactants but also the undesired inert hydrocarbons that remain in the syngas in-

crease. Despite a large amount of recycle gas, the biomass-to-methanol efficiency increases

only slightly in the purge gas case.

For comparison, steam was introduced into the reformer so that the 𝑆/𝐶 is similar to the

value after the gasification process of approximately 9molmol−1 (Purge-2). As can be seen

in Table 6.4, CH4 conversion increases as 𝑆/𝐶 rises (Purge-1 versus Purge-2). Furthermore,

due to the presence of steam, CO2 is produced in large quantities, according to the WGS

reaction. However, methanol production in terms of yield 𝑌MeOH and efficiency 𝜂MeOH as

well as fuel efficiency 𝜂fuel remain nearly stable. To summarize, adding more steam than

required to avoid carbon formation is not worthwhile.

Although methanol per biomass input could be increased by utilizing purge gas, a large

amount of recycle gas results in a large reactor size, which may be unappealing for eco-

nomic design. The size of the methanol converter can be theoretically estimated using the

following empirical relation (Equation 6.4) between the diameter 𝑑 (m), the volumetric

flow rate 𝑉̇ (m3 s−1), and the mean gas velocity 𝑢mean (ms−1) [152]:

𝑑 = 2 ·

√︃
𝑉̇

𝜋 · 𝑢mean

(6.4)

Based on the literature data, the mean gas velocity is fixed at 0.317m s−1 and the

height is estimated by setting the ℎ/𝑑 ratio to 1.62 [152]. According to the simulation,

the volumetric flow rate in the reference case is 0.16m3 s−1, resulting in a reactor with a

diameter of 0.80m and a height of 1.30m. In the purge gas case (Purge-1), the volumetric

flow rate is much higher at 8.66m3 s−1, leading to a bigger reactor with a diameter of

5.90m and a height of 9.56m.

In addition, the presence of two recycle loops (unconverted syngas to the methanol

converter and purge gas to the reformer) complicates the process in practice. Extra steam

and energy for compression should also be considered. Therefore, this route was not

investigated further in the study.

6.3.4 Conclusion

The reformer, which converts hydrocarbons into usable synthesis gases for methanol pro-

duction, benefits the gasification and methanol synthesis process chains. Different out-

comes occur depending on the reforming methods and configurations. The following are

the key simulation findings:
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� The operating conditions of the gasification process, which produces the initial in-

put for downstream methanol synthesis, are essential. A reformer can only help to

improve the quality and quantity of the gasification syngas.

� In terms of carbon conversion, the optimized cases clearly outperform the reference

case, in which hydrocarbons are simply discharged from the process. The optimized

case has nearly twice the biomass-to-methanol conversion efficiency as the reference

case.

� At the same initial temperature, the ATR case performs better than the CSR case due

to better CH4 conversion as a result of increasing temperature by oxygen addition.

However, excessive oxygen addition reduces H2 yield, lowering methanol production.

� At the same outlet temperature, the CSR case appears to be a better option for

synthesis gas production and thus methanol production. In terms of energy, the

ATR case appears to be a better option. As a result, both methods have a trade-off.

� When comparing different reformer configurations, methanol production per biomass

input could be slightly improved by utilizing purge gas, but this route requires a larger

reactor and two recycle loops, which complicates the process in practice. As a result,

this route is not recommended.

6.4 Mass and energy balances of the designed

biomass-to-methanol plant

Table 6.5 summarizes the mass and energy balances of the main streams and equipment

in the designed biomass-to-methanol plant (Section 6.2) to give a comprehensive overview

of the process. Based on the previous results in Section 6.3, two cases of direct conver-

sion of hydrocarbons in syngas were selected: the optimized case with catalytic steam

reformer (CSR) and the optimized case with autothermal reformer (ATR) at the same

outlet temperature of 850 ∘C.

The gasification efficiency is estimated to be roughly 0.70 based on the relationship

between the energy content of the raw syngas (including tar but excluding all other im-

purities) and the energy content of the biomass input. Around half of the energy content

of the biomass input is transformed into methanol output. This is comparable to the

biomass-to-methanol conversion efficiency 𝜂MeOH (Equation 6.2).

For this research, the energy requirement in the gas cleaning and conditioning step is

of interest. In the ATR case, an electric power of 1.34MW is required to produce oxygen

using an air separation unit (ASU). A considerable energy requirement for the CSR case of
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Table 6.5: Mass and energy balances of the main streams and equipment in the designed
biomass-to-methanol plant at a gasification temperature of 748 ∘C and the outlet reformer
temperature of 850 ∘C.

Parameter Unit Form of energy CSR ATR

Gasification

Biomass feed flow rate kg s−1 5.76 5.76

Fuel thermal input (LHV) MW Chemical energy 100 100

Raw syngas kg s−1 8.32 8.32

Raw syngas (LHV) MW Chemical energy 68.93 68.93

Gas cleaning and conditioning

Oxygen required for the reformer kg s−1 0 0.53

Air separation unit power consumption MW Electricity 0 1.34

Energy required for the reformer MW Heat 7.93 0

Clean syngas after the reformer kg s−1 8.32 8.85

Clean syngas after the reformer (LHV) MW Chemical energy 73.97 65.75

Methanol synthesis

Syngas compression power consumption MW Electricity 11.16 10.15

Recycle gas compression power consumption MW Electricity 0.25 0.17

Crude methanol kg s−1 2.82 2.59

Crude methanol (LHV) MW Chemical energy 56.20 51.50

Energy released by synthesis reaction MW Heat 4.98 4.85

Gas cooling after the methanol converter MW Heat 15.91 12.64

Purified methanol kg s−1 2.66 2.48

Purified methanol (LHV) MW Chemical energy 53.06 49.35

Gas exiting the methanol synthesis kg s−1 0.35 0.58

Gas exiting the methanol synthesis (LHV) MW Chemical energy 11.33 7.59

approximately 8MW is one of the process’s high energy sinks. Different reforming methods

result in varying quality and quantity of syngas outlet, as previously stated in Section 6.3.3.

It should be noted that H2O content is included in the presented clean gas mass flow in

Table 6.5. Clean syngas in the CSR case has a lower mass flow but a higher energy content

compared to the ATR case. The ratio of clean to raw syngas energy content corresponds

to fuel efficiency 𝜂fuel in Section 6.1.

Syngas compression consumption dominates the electricity demand in the plant, where

syngas from atmospheric gasification is compressed to a relatively high synthesis pressure

level. In both cases, the gas exiting the methanol synthesis, including purge gas and

dissolved gas, still has a relatively high energy content that can be used as fuel. This gas,

for example, can be combusted in a gas turbine with a thermal efficiency of 0.379 [30] to
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produce electrical energy of 4.30MW in the CSR case and 2.88MW in the ATR case.

In the methanol synthesis step, some heat is available for the process, such as heat

released by the exothermic synthesis reaction and heat from the gas cooling after the

methanol converter. Other potential energy sources not mentioned in Table 6.5 include

the heat of hot syngas from the reformer prior to the syngas compressor and the heat of

hot flue gas from the combustor that could be used for steam generation [97, 152]. For

instance, when the syngas is cooled from the reforming temperature of 850 ∘C to 150 ∘C,

heat is available for 14.65MW in the CSR case and 14.89MW in the ATR case.
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7 Summary

Reforming of hydrocarbons with a focus on methane to enhance the quality of syngas and

make it more suitable for downstream methanol synthesis has been investigated in this

research. Experiments on catalytic steam reforming (CSR) and non-catalytic partial oxi-

dation (POX) were conducted at atmospheric pressure under various conditions, including

SEG-derived syngas and purge gas exiting the methanol synthesis. Main process parame-

ters such as syngas composition (particularly H2 and H2O) and temperature were examined

to identify optimal conditions for maximizing CH4 conversion and usable synthesis gas yield

(H2 and CO). In addition, the influence of tar model compounds on methane reforming

was examined for the catalytic steam reforming method. Aside from the synthesis gas

production aspect, heat generation via the partial oxidation method was determined to

increase the temperature for endothermic steam reforming reactions.

The impact of methane conversion on the overall process chain from biomass to methanol

has been evaluated using process simulation. The mass and energy balances were estimated

using process simulation models developed with Aspen Plus®. Gasification to produce

syngas from biomass, gas cleaning and conditioning step focusing on hydrocarbons, as well

as methanol synthesis and purification have all been modeled and simulated. For the gas

cleaning and conditioning step, an RME scrubber was selected in the reference case and

reformers in the optimized case, which were modeled based on the experimental results of

this work.

Conclusions

The importance of methane conversion in increasing the quality and quantity of syngas

for subsequent methanol synthesis has been highlighted in this study. Experimental stud-

ies established the basis for optimal methane conversion concepts. The first step was to

identify a suitable catalyst. Unfortunately, biochar and CaO, which have promising cata-

lytic activity for tar reforming, are ineffective as methane reforming catalysts in a fixed

bed reactor. A commercial Ni-based catalyst commonly used in natural gas reforming was

investigated further due to its high activity.

The results of both reforming methods demonstrated that the syngas composition is

important to the process, as well as CH4 conversion and product distribution. The two
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main components are hydrogen, which is always present in syngas as well as purge gas, and

steam, which is the main component of SEG syngas. In the non-catalytic partial oxidation

method, the presence of highly reactive H2 could significantly lower the mixture ignition

temperature. According to the findings, ignition can occur at a preheating temperature

of about 670 ∘C in the gasification temperature range. Thus, extra energy is not required.

Unfortunately, a high steam concentration of up to 0.60m3m−3 has almost no effect on

CH4 conversion. However, it can adjust the product distribution (H2/CO ratio or CO/CO2

ratio) to meet an end requirement. Furthermore, while steam addition was found to reduce

CO yield, hydrogen addition increased it. In the catalytic steam reforming method, the

presence of high hydrogen content in both the SEG syngas and the purge gas reduces CH4

conversion while increasing CO yield. A high steam content, on the other hand, favors

CH4 reforming reactions. Moreover, the findings indicated that the present steam content

in SEG syngas is sufficient for high CH4 conversion. Therefore, additional steam is not

necessary for syngas reforming concepts. This study also proved that a high steam content

helps to slow catalyst deactivation.

Aside from hydrogen and steam, there are other variables that influence the process. In

the non-catalytic partial oxidation method, the oxygen-to-fuel ratio 𝑛O2 plays an important

role. However, a trade-off exists between high CH4 conversion at high 𝑛O2 and high H2/CO

ratio at low 𝑛O2 . The preheating temperature has a negligible effect on CH4 conversion,

but it is critical for auto-ignition. Its increase also leads to higher conversion of more

reactive hydrocarbons like C2H4 and CO yield. This work revealed that CO production

is possible at high steam concentrations (0.50m3m−3 to 0.60m3m−3) and low oxygen-to-

fuel ratios (up to 0.43). Unfortunately, it was not possible to avoid the conversion of the

desired H2. Therefore, this research proposed combining partial oxidation with catalytic

reforming to obtain maximum CH4 conversion. In the catalytic steam reforming method,

the reaction temperature has a significant impact on CH4 conversion, as expected. A

high temperature above 700 ∘C promotes the steam reforming reaction and the reverse

WGS reaction, resulting in a higher CH4 conversion and a higher CO yield. This work has

demonstrated the importance of parallel investigating gaseous hydrocarbons (methane) and

condensable hydrocarbons (tar) in syngas concepts because both affect the performance

of the catalyst and the reforming process. When tar model compounds were added to

the mixture at 600 ∘C, CH4 conversion decreased by approximately 30%. In this study,

carbon formation leads to a decrease in tar conversion while CH4 conversion remains nearly

constant with time on stream up to 240min. The catalyst deactivation caused by carbon

formation was observed to nearly disappear at a higher temperature of 800 ∘C. Besides that,

the significance of heavier tertiary tar content, such as naphthalene, has been underlined in

this research. Naphthalene could strongly adsorb on the surface of the catalyst, reducing

methane and toluene conversion.
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Simulation findings highlighted that the reformer, which converts hydrocarbons into

usable synthesis gases for methanol production, benefits the gasification and methanol

synthesis process chains. Different outcomes occur depending on the reforming methods

and configurations. This work revealed that the operating conditions of the gasification

process, which produces the initial input for downstream methanol synthesis, are essential.

A reformer can only help to improve the quality and quantity of syngas. When comparing

different reformer configurations, methanol production per biomass input could be slightly

improved by using purge gas, but this route requires a larger reactor and two recycle loops,

which complicates the process in practice. While the utilization of purge gas exiting the

methanol synthesis is intriguing, it is inefficient. As a result, this route was not thoroughly

investigated.

Direct conversion of methane and other hydrocarbons in syngas has been examined using

CSR and ATR reformers in optimized cases. The results are compared to the reference

case, in which tar is removed by an RME scrubber and methane is released as an inert gas.

Regarding carbon conversion, the optimized cases clearly outperform the reference case,

in which hydrocarbons are simply discharged from the process. The optimized case has

nearly twice the biomass-to-methanol conversion efficiency as the reference case (0.53 and

0.31, respectively). At the same initial temperature, the ATR reformer performs better

than the CSR reformer due to better CH4 conversion as a result of increasing temperature

by oxygen addition. At the same outlet temperature, the CSR case appears to be a better

option for synthesis gas production, whereas the ATR case appears to be more efficient in

terms of energy. To summarize, both methods have a trade-off.

Outlook

This research provides valuable insights into optimal methane conversion concepts and

expands the current understanding of non-catalytic partial oxidation of methane in syngas

with high steam and hydrogen concentrations, as well as parallel reforming of different

hydrocarbons. Further studies are recommended to deepen the knowledge in this field.

To thoroughly understand the mechanisms of catalyst deactivation, detailed analyses of

the catalyst should be performed. Since a benchmark catalyst was used in this study, the

catalyst characterization was limited. A reformer should be developed and constructed

downstream of the gasifier. In this context, the performance and stability of the catalyst

could be investigated using real syngas produced by biomass gasification. Other impurities

present in syngas, such as sulfur and halides, should be considered. The influence of tar

(higher hydrocarbons) on partial oxidation is also of interest. Moreover, future research

should precisely measure soot particles to verify the finding that the presence of hydrogen

and steam suppresses soot formation.
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7 Summary

To gain a comprehensive understanding of the process and estimate the biomass-to-

methanol plant efficiency, the following models should be implemented: drying, detailed

gas cleaning and conditioning steps that take into account all possible impurities, a steam

network, and energy integration. In addition to ASU, electrolysis could be used to provide

the oxygen required for partial oxidation while also increasing hydrogen content and op-

timizing syngas module 𝑀 . Finally, a techno-economic evaluation should be performed to

determine whether upgrading the methane content is economically attractive enough to

include a reformer in the process.
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A.1 Material properties for steam reforming

Table A.1: Properties of the materials used in steam reforming experiments.

Property Char [27] CaO-1 CaO-2 [25] Silica sand

Proximate analysis

Moisture 3.0 – 6.4 –
Ash 67.8 – 94.4 –
Volatile matter 8.9 – – –
Fixed carbon 20.4 – – –
Ultimate analysis

Carbon 25.7 0.35 0.313 –
Hydrogen 0.7 – 0.679 –
Nitrogen 0.4 – <0.4 –
Sulfur 0.5 – – –
Chlorine 1.5 – – –
Oxygen 0.5 – – –
Ash components

Al2O3 2.6 0.193 0.384 1.7

BaO 0.1 0.001 – –
CaO 8.6 90.7 91.6 –
Fe2O3 2.0 0.099 0.224 1.0

K2O 6.5 0.030 0.059 –
MgO 1.5 0.770 0.579 –
MnO2 0.1 0.025 0.007 –
Na2O 0.2 0.006 0.017 –
P2O5 2.1 0.032 0.050 –
SO3 1.4 0.038 0.059 –
SiO2 38.0 3.15 1.95 96.8

SrO – 0.030 0.026 –
TiO2 0.1 0.006 0.019 –

BET total surface area (m2 g−1) 116.6 – 8.77 –
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Table A.1 presents the properties of materials used in steam reforming experiments,

including proximate and ultimate analysis as well as ash components. CaO-1 is the finer

CaO (0.3mm to 0.6mm), while CaO-2 is the coarser CaO (2mm to 3mm). In all analyses,

each composition is its mass fraction 𝑥𝑖 on a wet basis (10−2 kg kg−1). Moisture is the

equilibrium moisture content of the sample in air. The balance of carbon, hydrogen,

nitrogen, sulfur, chlorine, moisture, and ash is used to calculate the oxygen content [25, 27].

A.2 Biomass properties for gasification

Table A.2 shows the properties of the biomass used in the gasification process (wood

pellets), including proximate and ultimate analysis as well as lower heating value [51]. The

weight percent of oxygen is calculated by difference.

Table A.2: Properties of the biomass used in the gasification process [51].

Property Unit Value

Proximate analysis

Moisture 10−2 kg kg−1, ar 6.0

Ash 10−2 kg kg−1,wf 0.2

Volatile matter 10−2 kg kg−1,waf 82.7

Fixed carbon 10−2 kg kg−1,waf 17.3

Ultimate analysis

Carbon 10−2 kg kg−1,waf 50.8

Hydrogen 10−2 kg kg−1,waf 6.1

Nitrogen 10−2 kg kg−1,waf 0.2

Sulfur 10−2 kg kg−1,waf 0.1

Chlorine 10−2 kg kg−1,waf 0.02

Oxygen 10−2 kg kg−1,waf 42.8

Lower heating value kJ kg−1, ar 17 358

A.3 Model description in Aspen Plus®

A description of the unit operation blocks in Aspen Plus® is shown in Table A.3. The

data presented here is available in the Help section of the Aspen Plus® software.
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A.3 Model description in Aspen Plus®

Table A.3: Description of Aspen Plus® unit operation blocks.

Name in
Aspen Plus®

Description

RStoic Models a reactor when reaction kinetics is unknown or
unimportant, and stoichiometry is known. The extent
of reaction or conversion can be specified.

RYield Models a reactor by specifying the reaction yields of
each component. This model is useful when reaction
stoichiometry and kinetics are unknown, and yield dis-
tribution data or correlations are available.

RGibbs Models single phase chemical equilibrium, or simulta-
neous phase and chemical equilibria by minimizing
Gibbs free energy, subject to atom balance constraints.
The reactor temperature and pressure, or pressure and
enthalpy must be specified. This model does not require
reaction stoichiometry. Equilibrium can be restricted
by specifying fixed moles of any product, percentage of
a feed component that does not react, temperature ap-
proach to equilibrium for the entire system, temperature
approaches for individual reactions, or fixed extents of
reaction.

SSplit Combines material streams and divides the resulting
stream into two or more streams. This model is useful
for modeling a splitter where the split of each substream
among the outlet streams differs.

Sep Combines streams and separates the result into two or
more streams according to splits specified for each com-
ponent. This model is useful when the details of the
separation are unknown or unimportant, but the splits
for each component are known.

RadFrac Is the unit operation model for distillation columns and
liquid-liquid extraction. In addition to ordinary distil-
lation, it can simulate absorption, reboiled absorption,
stripping, reboiled stripping, extractive and azeotropic
distillation for solids, liquids, and gases.

Mixer Combines streams into one outlet stream.

Compr Models polytropic or isentropic compressors or turbines.

Heater Models heaters, coolers, condensers, and other similar
devices.
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A.4 Root-mean-square (RMS) deviation

The root-mean-square (RMS) deviation (Equation A.1) is used to estimate the error in

comparing experimental data and simulation results [78] of the partial oxidation method

in Section 5.1.2. Table A.4 lists the data for Figure 5.2.

𝑅𝑀𝑆 =

√︃∑︀𝑁
𝑖=1(𝑦𝑖,exp − 𝑦𝑖,sim)2

𝑁
(A.1)

where 𝑁 is the number of components and 𝑦𝑖 is the volume fraction of component 𝑖.

Table A.4: Outlet gas composition on a dry basis, comparison of experimental and simu-
lation results for non-catalytic partial oxidation method.

Syngas composition 𝑛O2 = 0.27 𝑛O2 = 0.24

m3m−3, dry 0.50m3m−3 steam in syngas 0.60m3m−3 steam in syngas

Experiment Model Experiment Model

H2 0.638 0.601 0.638 0.626

CO 0.146 0.155 0.126 0.117

CO2 0.114 0.105 0.119 0.122

CH4 0.082 0.112 0.094 0.108

C2H4 0.020 0.027 0.024 0.026

RMS deviation 0.0223 0.0093
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