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Resumen: 

En los últimos años, la gran mayoría de las biorefinerías se han enfocado a la producción de 

etanol a partir de celulosa, ignorando el potencial de fracciones como la lignina y las 

hemicelulosas para ser transformadas en productos químicos y combustibles. Las biorefinerías 

de tercera generación en cambio, apuntan a una utilización eficiente de todas las distintas 

fracciones. Sin embargo, el pretratamiento de biomasa supone un importante cuello de botella 

para el proceso, ya que la utilización de bajas relaciones sólido/líquido resulta en elevado 

consumo energético, gasto de agua y bajas concentraciones de azúcares en los productos. El 

principal objetivo de este trabajo es investigar la influencia de las condiciones de reacción y de 

la configuración del reactor durante el pretratamiento con agua caliente presurizada sobre el 

potencial de la fracción hemicelulósica y sobre la economía general del proceso. Con este 

objetivo, se ha estudiado la hidrólisis térmica de la paja de trigo en un reactor de lecho fijo de 

alta presión bajo cuatro modos de operación distintos (batch, flow through, recirculación 

completa y recirculación parcial). Los distintos modos de operación han sido modelados y 

simulados en Aspen Custom Modeler (ACM) y las respuestas más importantes del modelo han 

sido evaluadas mediante Response Surface Methodology (RSM). La influencia de factores como 

temperatura, tiempo de residencia y acidez del medio durante el pretratamiento ha sido 

confirmada de manera experimental a escala laboratorio. Por último, las condiciones de 

reacción y las configuraciones óptimas del reactor han sido integradas en un modelo completo 

de una instalación de biorefinería. La evaluación económica del proceso integrado evidenció que 

el consumo de agua es el factor más importante a tener en cuenta si se escogen aplicaciones 

con bajo valor en el mercado, mientras que si se producen químicos con alto valor añadido, el 

consumo de agua y la recuperación de los azúcares son igualmente importantes. 



 

 

 

 

Hamburg University of Technology 

Institute of Thermal Separation Processes 

Master’s Thesis 

Economic assessment of different 

biomass hydrolysate applications 

depending on the operation mode of 

the fixed-bed pretreatment 

by 

Víctor Pérez Martínez 

Matriculation number: 50131 

 

 

 

September 2016 – April 2017

1st Examiner:  Prof. Dr.-Ing. Irina Smirnova 

2nd Examiner:  Prof. Dr.-Ing. Maria José Cocero 

1st Supervisor:  M. Sc. Wienke Reynolds 

2nd Supervisor:  Dipl. Ing. Lisa Marie Schmidt 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Eidesstattliche Erklärung 

Hiermit erkläre ich, Víctor Pérez Martínez, geboren am 02.05.1992 in Valladolid, dass 

diese Masterarbeitzur Vorlage beim Prüfungsamt der Technischen Universität Hamburg-

Harburg von mir in selbständiger Arbeit, unter Verwendung der angegebenen Quellen 

angefertigt wurde. 

 

Hamburg, den 21.04.2017 

 

 

 

Unterschrift 



 

 

Einverständnis Erklärung 

Ich gestatte der Technischen Universität Hamburg-Harburg die Masterarbeit unter dem 

Gesichtspunkt des Urheberrechts für Zwecke in Forschung und Lehre nichtausschließlich 

und kostenfrei zu nutzen und zu vervielfältigen. Die Gestattung schließt die Weitergabe 

der Arbeit oder hiervon gefertigter Kopie zu wissenschaftlichen Zwecken an interessierte 

Dritte, die nicht der TUHH angehören müssen, ein.  

Im Falle einer eigenen Verwertung der Masterarbeit werde ich mich zuvor mit der TUHH 

in Verbindung setzen, damit diese die Arbeit zur Wahrung eventueller eigener Rechte 

und der Rechte ihrer sonst beteiligten Angehörigen (z.B. (Mit-) Erfindungsanteile des 

Betreuers oder anderer schutzrechtsfähiger Ergebnisse, die nicht oder nicht allein von mir 

stammen; Vermeidung der Weitergabe unrichtiger Ergebnisse unter Namensnennung 

der TUHH) prüfen kann.  

Ich bin bereit, eigene patent- oder sonstige schutzrechtsfähige Erkenntnisse der TUHH 

auf Wunsch gegen Zahlung einer angemessenen Vergütung zu übertragen bzw. an mir 

erteilten Schutzrechten gegen Zahlung einer angemessenen Lizenzgebühr ausschließliche 

oder nichtausschließliche Nutzungsrechte einzuräumen. 

 

Hamburg, den 21.04.2017 

 

 

 

Unterschrift 

 

 



 

 

Acknowledgement 

The present work was performed in the period from September 2016 to April 2017 at the 

Institute of Thermal Separation Processes at the Hamburg University of Technology, 

headed by Prof. Dr.-Ing. Irina Smirnova. In the following I would like to express my 

gratitude to the people who collaborated with me with in this work by offering their 

professional or personal support. 

First of all, I would like to thank Prof. Dr.-Ing. Irina Smirnova and Prof. Dr.-Ing. Maria 

José Cocero for coordinating my exchange programme in this university, I sincerely wish 

long life to the collaboration between Valladolid and Hamburg. 

In this regard, I would like to express my gratitude to Rafael Mato and Raúl Muñoz, 

former and current exchange coordinators in the faculty of Chemical Engineering in 

Valladolid for promoting and encouraging this experience among all the students. 

Special thanks to Dr.-Ing Carsten Zetzl for welcoming me in the biorefinery group and 

for offering me such an interesting research topic. 

I am deeply grateful to M. Sc. Wienke Reynolds and Dipl. Ing. Lisa Marie Schmidt for 

their continuous support, guidance and patience. It was a true pleasure to work with them 

and especially, learn from them. 

At this point I would like thank several colleagues at the institute: Xixi, Joana, Stefan, Julia 

and Corin which at some point helped me during my, sometimes frustrating, 

experimental work. 

I would like to thank especially to my recently graduated girl-friends Sheila and Martha 

for all the time spent together during the last few months. To the extend, to all the master 

students who inhabited the student room during this period. 



iv 

 

 

Last but not least, I would like to thank all my friends in Schüttstraße 3 and 5 for the 

amazing stay in Hamburg together. Also to my friends (especially for the ones who visited 

me), girlfriend and family for their daily support. 



 

 

Abstract 

So far, most biorefinery facilities have focused on the production of bio-ethanol from the 

cellulosic fraction, disregarding the potential of lignin and hemicellulose fractions for 

being transformed into a wide range of platform and fine chemicals. Modern biorefineries 

instead, aim at an efficient utilization of all the different fractions. Unfortunately, 

pretreatment of the biomass represents a serious bottleneck for the biorefinery process, 

since the use of low solid-to-liquid ratios results in high energy needs, elevated water 

consumption and low sugar concentrations of the products. The main objective of this 

work is to investigate the influence of reaction conditions and reactor operating modes 

during the Liquid Hot Water (LHW) pretreatment on the potential hemicellulose 

applications and on the overall economic feasibility of biorefinery facilities. For this 

purpose, the performance of thermal hydrolysis of wheat straw in a high-pressure fixed-

bed reactor under four different reactor configurations (batch, flow through, circulation 

and partial recirculation) have been studied. 

The alternative operating modes for the fixed-bed reactor have been modelled and 

simulated in Aspen Custom Modeler (ACM).and the most crucial model responses have 

been studied by means of Response Surface Methodology (RSM). The influence of the 

pretreatment conditions such as temperature, residence time and acidity of the medium 

during LHW pretreatment have been successfully confirmed at lab-scale. Particularly, the 

operation with partial recirculation of hydrolysate presented outstanding results in terms 

of sugar recovery (60 %) and sugar concentration (40 g/L). Finally, the optimum 

pretreatment conditions and reactor configurations have been integrated in an existing 

overall biorefinery model. The economic assessment evidenced that water consumption 

is the most critical factor for low market value applications whereas the production of 

finer chemicals is equally dependent on sugar recovery and water utilisation. 
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1 Introduction and objectives 

1.1 Introduction 

During the last decades, the growing environmental concern and the scarcity of fossil fuel 

resources have attracted attention towards lignocellulosic biomass as a reliable and 

renewable source of raw materials for the chemical industry. Lignocellulosic biomass is 

formed from three different kinds of polysaccharides: cellulose, lignin and hemicellulose, 

which present very differentiated chemical structures, properties and reactivity. Second 

generation (2G) biorefineries aim at an efficient utilization of all the fractions for the 

production of bio-originated fuels and chemicals. But still, this technology has to address 

three major challenges: improve the fractionation of the components avoiding 

degradation of the sugars, minimize production costs especially derived from water 

consumption and high energy demand and develop high added-value products from the 

most underused fractions: lignin and hemicellulose. 

The pretreatment of the biomass is a serious bottleneck in the biorefinery process. The use 

of low solid-to-liquid ratios results in high energy needs, elevated water consumption, 

and low sugar concentrations. In order to address this issue, an innovative pretreatment 

technology based on the consecutive hydrothermal and enzymatic hydrolysis in a single 

high pressure fixed-bed reactor has been developed at the Institute of Thermal Separation 

Processes. Along with this technology, a model has been proposed by REYNOLDS et al. 

in [63], which aims at maximizing the sugar recovery, investigating different operating 
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modes and optimizing the conditions for the pretreatment of wheat straw pellets in the 

fixed-bed reactor system. Recent studies show that high sugar recoveries and low sugar 

degradation can be achieved with a water flow-through operation, nevertheless, this 

operation requires high amounts of water. In contrast, experiments with full recirculation 

of the hydrolysate show high hemicellulose solubilisation with a lower amount of water 

but with significant sugar degradation. 

In addition to the efficient fractionation of the biomass, it is of crucial importance for the 

biorefinery economic feasibility to expand the product portfolio. So far, biorefinery 

facilities have focused on the production of bio-ethanol from the cellulosic fraction, 

disregarding the potential of lignin and hemicellulose as sources of aromatic compounds 

and rare sugars respectively. The conditions of the pretreatment step have enormous 

influence on the downstream processes and as a consequence on the potential of the final 

products. Comprehensive models for the techno-economic assessment of an overall 

biorefinery facility have been proposed, with especial focus on the market 

competitiveness of bioethanol. Implementing the pretreatment model and the 

downstream processes for the desired hemicellulose applications can help to determine 

which are the water consumption, the energy requirements and the optimum operating 

conditions and reactor configuration that might ensure the economic feasibility of a future 

biorefinery. 

1.2  Objectives 

The main objective of this work is to investigate the influence of operation conditions and 

reactor configurations over the hemicellulose fraction applications and the overall 

economic feasibility of biorefinery facilities. For this purpose, the thermal hydrolysis of 

wheat straw in a high-pressure fixed-bed reactor will be studied under four different 

reactor operating modes: flow-through, circulation, partial recirculation and batch. The 
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contents of this study are divided in four sections: (i) selection of promising applications 

of the hemicellulose fraction, (ii) process modelling of the diverse reactor configurations, 

(iii) experimental characterization of the liquid hydrolysate for different pretreatment 

conditions and (iv) techno-economic assessment of the investigated processes in an 

overall biorefinery process. 

The selection of an adequate and diversified product portfolio is essential for the viability 

of 2G biorefineries. Current and future possibilities for hemicellulose transformation will 

be reviewed, with special focus on applications involving green processing and with 

potential to compete at a market level against their equivalent petro-based compounds. 

Influence of varying pretreatment conditions, water consumption and reactor 

configuration on the hydrolysate characteristics will be studied. The development of 

accurate mathematical models which emulate the behaviour of biorefinery processes is of 

especial importance for process optimization and scale-up. The influence of key 

pretreatment operating conditions such as temperature, reaction time, mass flow and 

hydrolysate recirculation during hydrothermal hot water pretreatment will be simulated 

on Aspen Custom Modeler (ACM). In addition, response surface methodology (RSM) will 

be used for studying parameter interaction and for comparing the performance of 

different reactor configurations. To give support to the simulation results, model 

responses for the different reactor configurations and pretreatment conditions will be 

compared to empirical results from experiments conducted at lab-scale. The adaptability 

of the fixed-bed reactor set-up to changing reactor configurations will be tested. Finally, 

the selected operation conditions and the hydrolysate experimental characterization will 

be integrated in an existing overall biorefinery model including the downstream units for 

the production of the selected hemicellulose-derived products. Mass and energy balances 

will be determined in order to present an integrated techno-economic assessment of the 

different alternatives in terms of product potential, water consumption and energy 

demand. 



 

 

2 Fundamentals and state of art 

This chapter summarizes the fundamentals and state of art of the modelling and techno-

economic assessment of second generation biorefineries for the production of valuable 

products from lignocellulosic biomass, with special focus on the pretreatment step and 

the hemicellulose fraction application. In the first place, lignocellulosic biomass 

characteristics and the possibilities of transformation towards chemicals and fuels are 

illustrated. Secondly, the operating conditions and important challenges of different 

alternatives for the pretreatment of lignocellulose materials are discussed Afterwards, 

current and future promising applications for the hemicellulose fraction are reviewed. 

Finally, existing models for representing the lignocellulose kinetics, the pretreatment step 

and for simulating integrated biorefinery processes are described. 

2.1 Principles of biorefinery technology 

 Lignocellulosic biomass composition 

Lignocellulosic biomass is the most abundant organic compound on Earth representing, 

with approximately 150 billion tons, the major portion of the world’s annual renewable 

biomass production [4]. It is composed primarily of the polysaccharides cellulose and 

hemicellulose and the phenolic polymer, lignin, but elements as proteins, ash and organic 

acids are also present in minor amounts [82]. Chemical structure of the lignocellulosic 

biomass can be understood as a natural composite material in which hemicelluloses are 



2.1 Principles of biorefinery technology 5 

 

covalently bonding cellulose fibres, strong in tension, to a lignin matrix which resists 

compression and is highly hydrophobic [55]. Composition of lignocellulosic biomass 

depends principally on the plant species but also remarkable variance is noticed for 

different geographic location, climate or soil conditions [80]. In particular for wheat straw 

the composition ranges between 34-40 % for cellulose, 20-25 % for hemicellulose and 15-

20% for lignin [84]. Wheat straw is considered one of the most promising raw materials 

for bioconversion to chemicals and fuels in the so-called second generation biorefineries 

because of its wide availability, it is the second most abundant residue crop after rice 

straw, and because of its beneficial effect in the “Fuel vs Food” dichotomy [37,43]. 

Cellulose is the major constituent of lignocellulosic biomass and it is the most important 

polysaccharide because its fibres are responsible for the structure and shape of the plant. 

It is a crystalline linear polymer made up of D-glucose units linked with 1-4-β bonds. This 

structure is a result of multiple intra and intermolecular bonds existing between the 

different glucose units [66]. Lignin is the major non-carbohydrate component of 

lignocellulosic biomass and it is considered the second most abundant renewable polymer 

in the world [35]. Lignin is not just a compound but a variety of them, they are complex, 

amorphous and three dimensional molecules formed by three different building blocks 

known as phenyl-propanes, The three-dimensional structure of this compound and the 

tendency to stablish covalent bonds with cellulose and hemicellulose are responsible for 

the mechanical structure and resistance against enzymatic degradation and microbial 

attacks of the plants [74]. Lignin is by far the most common aromatic natural resource on 

earth and it is the only one available in enough quantity to fulfil the requirements for 

substitution of current used aromatic compounds in the petrochemical industry [30]. 

Hemicelluloses are the world’s second most abundant renewable polymers after cellulose 

in lignocellulosic materials [35]. Hemicelluloses are a heterogeneous class of 

heteropolymers which may contain pentoses ( β-D-xylose and α-L-arabinose), hexoses (β-

D-glucose and α-D-galactose) and uronic acids [20]. The composition and amount of 
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hemicellulose depends strongly on the plant source, the plant tissue and the geographical 

location [35]. For the case of wheat straw, as well as for the rest of grass and herbaceous 

plants, xylans are the most relevant hemicelluloses [21]. Besides the heterogeneity of this 

fraction, every hemicellulose is formed for a xylose, glucose and/or mannose backbone in 

which every building block is connected with β-1-4 bonds and with side groups formed 

mostly by monomers or short oligomers, an example of this structure can be observed in  

Figure 2.1. This branched and amorphous structure results in low molecular weights and 

polymerization degrees, between 50 and 300, compared to cellulose. Consequently, these 

compounds present attractive properties for conversion in biorefinery such as facility to 

be hydrolysed and high solubility in water [87]. Current or potential hemicellulose 

applications as source of monomers or bio-polymers will be discussed in detail in the 

section 2.3.  

 

Figure 2.1:  Chemical structure of an arabinoglucuronoxylan (AGX), one of the most 

abundant hemicelluloses in wheat straw [20]. 

 Second generation (2G) biorefineries 

Fossil economy is facing serious challenges and alternative production chains are 

necessary for reducing the dependence on oil and mitigate climate change. In this context, 

biorefining of lignocellulosic biomass has arisen as a new method for producing energy 
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and chemical products. As defined by CHERUBINI et al. in [14], “a biorefinery is a facility 

(or network of facilities) that integrates biomass conversion processes and equipment to produce 

transportation biofuels, power, and chemicals from biomass”. This concept is equivalent to 

nowadays petroleum refinery which offers a wide product portfolio of refined fuels and 

chemicals from petroleum. 2G biorefineries aims at an efficient fractionation and 

transformation of all the biomass fractions.  

The main limitation of second generation biorefineries is to overcome the lignocellulose 

“recalcitrance” or in other words the natural resistance of the plants against degradation 

[29]. They key factors for the economic feasibility of such facility are: improving the 

fractionation of the components avoiding their degradation, minimizing production costs 

especially derived from water consumption and high energy requirements and 

developing high added-value products from the most underused fractions: lignin and 

hemicellulose. Hemicelluloses are natural biopolymers with interesting properties for the 

pharmaceutical and food industries as well as being considered a promising source of 

rare sugars, namely xylose, arabinose or mannose, which enormous potential as platform 

chemicals. However, rapid sugar degradation during the pretreatment and the resulting 

low sugar concentration are still major limitations to its commercialization. Similarly, the 

lignin fraction is considered the most suitable renewable feedstock to substitute petro-

aromatics, acting as a source of different aromatic building blocks. Nevertheless, lignin 

depolymerisation and valorisation remains a challenge. Despite these outstanding 

properties, up to now, hemicellulose concentrated solutions and pelletized lignin have 

been mainly used for co-producing heat and energy helping to close the energetic balance 

of bioethanol production processes. 
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2.2 Pretreatment of lignocellulosic biomass 

 Lignocellulose recalcitrance 

Lignocellulosic materials have been widely used in industry and everyday life thanks to 

its natural resistance against degradation of microbes and surrounding environment 

conditions [12]. This natural “recalcitrance”, defined in 2007 in Science by HIMMEL et al. 

as “the natural resistance of plant cell walls to microbial and enzymatic deconstruction”, is 

nowadays the primary obstacle for an efficient utilisation of all the lignocellulosic biomass 

fractions. The great complexity of lignocellulose chemistry hinders the development of a 

low-cost technology for overcoming this recalcitrance, hence the convivence of active and 

inert compounds and solid, liquid and gas substances cause that the degradation of any 

of the ingredients is subjected to the constraints of the rest [13]. The set of operations 

necessary to overcome this resistance are known as pretreatment. The pretreatment is the 

first step in every biorefinery process and it has a large impact on the economic feasibility 

of the process because it affects the digestibility of the different sugars and influences 

downstream costs derived from purification of the products, enzyme loading and water 

and energy demands. An efficient pretreatment strategy aims at modifying the biomass 

macroscopic and microscopic structure as well as the chemical composition so that 

hydrolysis of the carbohydrate fraction to monomeric sugars can be achieved more 

rapidly and with greater yields. The ideal pretreatment step is capable of extracting 

hemicelluloses, remove lignin, reduce cellulose crystallinity and increase its 

 surface area (Figure 2.2) [3]. 

 Pretreatment fundamentals 

The key features for an ideal pretreatment process are broadly described by ALVIRA et 

al. in [1] and include: (1) flexibility for using multiple crops, (2) produce a highly digestible 

solid, (3) avoid degradation of the sugars, (4) minimize the amount of toxic compounds 

released, (5) minimize heat and power requirements, (6) obtain high sugar concentrations, 



2.2 Pretreatment of lignocellulosic biomass 9 

 

(7) increase solid to liquid ratios, (8) minimize capital costs and (9) limit the amount of 

solid-waste residues. Each pretreatment process has a specific effect on the cellulose, 

hemicellulose and lignin fraction; thus, different pretreatment methods and conditions 

should be chosen according to the process configuration selected for the subsequent 

hydrolysis and fermentation steps [49]. Therefore, the challenge of any lignocellulose 

pretreatment strategy is the flexible operation set up that leads to an adequate 

fractionation of hemicellulose, cellulose and lignin, together with a minor degradation, in 

order to get maximal fermentation yields and rates [26]. 

 

Figure 2.2:  Pretreatment effect over the microstructure of lignocellulosic materials. 

Adapted from [54]. 

 Pretreatment alternatives 

Most part of 2G biorefineries have focused their attention in an efficient conversion of 

lignocellulosic biomass into fuel ethanol. It has been stated that the two main factors 

affecting the economic feasibility of these facilities are the large flows of water needed for 

separation and the low profitability of the by-product streams. A variety of technologies 

have been developed for the pretreatment of all kind of lignocellulosic materials, they are 
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usually classified into physical, chemical, physicochemical and biological treatments. 

Detailed information concerning the different pretreatment alternatives was presented by 

MAURYA et al. in [49]. Recent techno-economic studies comparing the different 

pretreatment technologies using similar feedstocks and analytical methods suggested that 

there is not an overall winning pretreatment alternative and that the method has to be 

chosen and optimized accordingly to every available substrate and desired product 

portfolio [22,35,89,90]. Pretreatment technologies are always a combination of physical 

and chemical steps and are responsible for more than 40% of the total processing cost [35]. 

Physical pretreatment 

Physical pretreatments are usually applied for reducing the size and disrupting the 

macroscopic structure of lignocellulosic materials. At first sight, the size reduction by 

cutting, milling or grinding has major benefits for the easier biomass handling, greater 

transportability and the homogenisation of the raw materials. Moreover, further studies 

have shown that the breakdown of the biomass feedstock into smaller particles improves 

the hydrolysis of the hemicelluloses and the digestibility of the cellulose [7,11]. Physical 

pretreatment methods act by reducing particle size, cellulose crystallinity and degree of 

polymerisation, increasing bulk density, porosity and surface area, as well as improving 

flow properties, providing higher hemicellulose extraction yields and better accessibility 

of enzymes [35]. In contrast, the main challenge of physical pretreatment methods is the 

required high energy demand [7]. 

Thermal hydrolysis 

GIRIO et al. in [26] provided detailed information concerning the different pretreatment 

methods for an efficient removal of hemicellulose, aiming to reduce structural constraints 

for further enzymatic cellulose hydrolysis. The most studied options for the effective 

fractionation of hemicelluloses include the use of acids, water, steam, organic solvents 

and alkaline agents, but the latter two are not selective towards hemicelluloses as they 
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also dissolve the lignin. Lignin phenolic compounds are considered undesired by-

products in the liquid fraction, usually known as hydrolysate, because they usually act as 

microbial growth inhibitors and reduce the potential for bioconversion of hemicelluloses. 

Thus, acid, water and steam pretreatment are the technologies which provide higher 

recovery of C5-Sugars, combining high solubilisation from the solid with low degradation 

of the oligomers, which enhances the further usability of the hemicellulose fraction 

Thermal hydrolysis, also known as hydrothermal treatment or liquid hot water extraction 

(LHW), is considered by many researchers as the best trade-off pretreatment alternative 

for the valorisation of hemicellulose and lignin [26]. In this step, lignocellulose is treated 

with water at high temperatures (150 ºC – 230 ºC) during reaction times ranging from a 

few minutes to an hour and under pressure in order to keep the water in liquid state [35]. 

At high temperatures, the auto-ionization of the water molecules occurs, leading to the 

solubilisation of the hemicelluloses and part of the lignin (aquasolv liquid (AL-)Lignin) in 

the water and the further hydrolysis of the oligosaccharides into monomers [71]. During 

the hydrolysis of hemicelluloses, acetyl groups are cleaved, especially when arabinose is 

present, and acetic acid is released, decreasing the pH of the mixture. This operation is 

usually referred to as autohydrolysis because the presence acetic acid catalyses selectively 

the reactions of solubilisation and degradation of the hemicelluloses, however, extreme 

temperatures and acid concentrations will enhance the degradation of the sugars into 

furfural, 5-HMF and other degradation products. The pretreatment mechanism is based 

on the selective depolymerisation of the hemicellulose fraction [32,72]. As a result, two 

product streams are obtained, a liquid phase rich in C5-Sugars and with variable content 

in AL-Lignin and a solid residue of cellulose and lignin ready for the subsequent 

enzymatic digestion, leading to a solid residue known as aquasolv solid (AS-)Lignin. 

Apart from the remarkably high C5-Sugar extraction yields, LHW pretreatment presents 

numerous advantages over other methods: it doesn´t require the addition or recovery of 
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any chemicals, the equipment corrosion is reduced and the operation is simple and 

economical [71]. Besides the high rates of hemicellulose extraction, significant 

degradation of the sugars is observed when the liquid residence time is high, nevertheless, 

no significant degradation is observed in the solid phase over time. The different reaction 

rates of the solid and liquid phase points at the selection of the reactor set-up and 

configuration as a crucial decision factor regarding this technology. As further discussed 

in section 2.2.4, the LHW pretreatment of lignocellulosic biomass can be conducted in all 

kinds of reactors configurations but the operation in a fixed-bed reactor has attracted great 

attention due to the high sugar recoveries achieved at rather low residence times for the 

liquid phase. However, this technology is still under investigation at lab-scale and 

numerous problems regarding the complexity of fixed-bed reactors at large scale have to 

be overcome. Also, reactor configuration and operating conditions in order to increase the 

solid-to-liquid ratios and diminish the water and energy demand are yet to be  

optimized [26,49]. 

Enzymatic hydrolysis 

The solid residue (AS-Lignin) resulting from the thermal hydrolysis, formed mainly from 

cellulose and the non-dissolved part of the lignin, can be treated enzymatically in order 

to obtain smaller sugar molecules that will be further transformed into bioethanol or other 

chemical products. However, significant limitations on the efficiency of the enzymatic 

action has been observed due to the presence of products of the thermal hydrolysis such 

as xylose derivatives, furfural, 5-HMF, organic acids and phenolic compounds. These 

compounds have shown also negatives effects on the further transformation of glucose 

[38]. The enzymatic degradation of the solid residue is a complex process, it takes places 

in a heterogeneous system where water has an important role as a reactant but also as 

transport mechanism for the enzymes. The initial cellulose breakdown takes places when 

the enzymes are adsorbed onto the solid and then the smaller sugars are cleaved into their 
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monomeric forms. The transformation of hemicelluloses into monomers is more complex 

and it involves a cocktail of enzymes known as hemicellulases. These enzymes are 

responsible for the selective cleaving of the different bonds which form the hemicellulose 

structure. In this case, hemicellulases are only important for removing small residues of 

hemicelluloses present in the solid residue. LHW pretreatment of lignocellulosic biomass 

 General reactor configuration 

As stated by YU and WU in [92] the reactor configuration has a strong influence in the 

efficiency of the hydrothermal pretreatment, namely on the C5-Sugar recovery and on the 

enzymatic digestibility, hence, in the characteristics of the liquid and solid products. Four 

different reactor configurations have been described in the literature, which provide an 

effective contact between the lignocellulosic materials and the liquid hot water (Figure 

2.3). First, the batch reactor where the biomass particles and the hot water are mixed and 

stirred together, second, the fixed-bed reactor where the biomass is packed and the water 

goes through the stationary bed and it is continuously swept out and finally a continuous 

reactor where both phases are mobile, these phases can move in the same (co-current) or 

opposite directions (counter-current) [49]. 

Batch reactor systems have been widely used at lab-scale and results point at an almost 

complete removal of hemicelluloses if stirring and liquid residence time are long enough 

[35]. Besides that, studies have shown that the lignin removal while using batch reactors 

is rather low because the phenolic compounds rapidly reacts with other soluble products 

forming insoluble species (lingo-humic substances) which are left in the reactor, leading 

to less digestible solid residues [91]. Also, batch operation in this case faces problems if 

taken to the industrial scale because the energy demand for an efficient stirring is 

considerably high. On the other hand, flow through and continuous processes have 

important potential advantages, including higher hemicellulose recoveries, AL-Lignin 

removal and thereby enhanced cellulose digestibility [91]. Control of operation in co- and 



2.2 Pretreatment of lignocellulosic biomass 14 

 

counter-current reactors is more complicated than flow through reactors and they require 

of higher temperatures and pressures to achieve similar sugar recoveries. Flow through 

operation is considered a promising alternative for 2G biorefineries, because it allows 

complete removal of hemicelluloses and AL-Lignin and requires shorter liquid residence 

times than batch and continuous reactors [71]. Shorter residence times for the liquid avoid 

the production of degradation products which will inhibit enzymatic and microbial 

transformation of the sugars. Unfortunately, flow through processes suffer from high 

water and energy use in addition to a rather more complicated process design and control 

compared to traditional reactor set-ups [91]. 

 

Figure 2.3: Different configuration of reactors for the LHW pretreatment of 

lignocellulosic materials: (A) batch reactor, (B) semi-continuous reactor 

(fixed bed), (C) continuous reactor (co-current) and (D) continuous 

reactor (counter-current). 
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 LHW pretreatment in a fixed-bed reactor 

A multistep process for the fractionation of wheat straw developed at the Institute of 

Thermal Separation Processes, TUHH, has been chosen for the present study. Grinded 

and pelletized wheat straw is subjected to a hydrothermal treatment for the extraction of 

hemicelluloses and part of the lignin (AL-lignin). Afterwards, the cellulose rich solid 

residue from the hydrothermal process is degraded into glucose in continuously stirred 

batch reactors at ambient pressure by enzymatic hydrolysis. Finally, high purity solid 

lignin is recovered from the glucose solution. The objectives of the pretreatment focus on 

a maximal sugar recovery, optimized enzymatic degradation and a high production of 

valuable by-products derived from cellulose, hemicellulose and lignin as well as a 

reduced energetic and chemical input. Thermal hydrolysis step and hydrolysate stream, 

where the hemicelluloses and part of the lignin (AL-lignin) are dissolved are considered 

the main focus of this research and for that purpose they are highlighted in Figure 2.4. 
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Liquid-Solid 
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Solid residue

Cellulase

Glucose 
solution
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Figure 2.4:  Cascade process for the fractionation of wheat straw studied in the 

Institute of Thermal Process in TUHH [61]. 

RISSANEN et al. in [68] identified the key parameters influencing the LHW pretreatment 

of lignocellulosic materials including temperature, pH, biomass morphology, particle 

size, solid to liquid ratio, heat and mass transfer phenomena and reactor setup. Several 
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studies have been performed studying the influence of these parameters on the 

hemicellulose extraction. Thereby, previous studies conducted in the Institute of Thermal 

Separation Processes, in TUHH, have concluded that the optimum conditions for the 

pretreatment of wheat straw pellets in a pressurized fixed-bed reactor are: temperature of 

200 ºC, mass flow of 250 g/min, dry biomass weight of 845.8 g and reaction time of 2100 s 

[62]. These studies showed that the consecutive thermal and enzymatic hydrolysis of 

lignocellulosic materials in a single high pressure fixed bed reactor is capable of achieving 

an outstanding separation of the biomass fractions with low degradation of the sugars, 

highly digestible solid residue and high purity lignin. However, the studies also pointed 

out the necessity of reducing the water demand of the process. With this in mind, the 

partial recirculation of the hydrolysate could constitute a rather simple alternative for 

reducing water consumption during LHW pretreatment. However, it is well-stablished 

that the acetic acid catalyses the solubilisation, hydrolysis and further degradation of 

hemicelluloses. As stated by GRÉNMAN et al. [27], pH in the solution during LHW 

extraction is directly related to the release of acetyl groups in the mixture. In fact, PEREZ 

described a comparable influence of pH and temperature during the hydrolysis of 

hemicelluloses after long residence time [56]. The influence of recirculating low pH 

hydrolysates to the reactor will be studied in this work, aiming at catalysing the extraction 

of hemicelluloses while reducing the water needs. 

 Different fixed-bed reactor operating modes 

The main focus of this work is to study the adaptability of the fixed-bed operation to 

different product requirements by changing the reactor operation mode. For that purpose, 

the thermal hydrolysis of wheat straw under batch, flow through, full recirculation and 

partial recirculation will be studied in a 3 L high pressure fixed bed reactor (Figure 2.5). 

The batch operation consists in filling the fixed bed reactor with hot water and hold at the 

pretreatment conditions during the whole reaction time (Figure 2.5 a). The advantages of 

the batch process are that it requires a minimum amount of water and that the operation 
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is very simple. However, mass transfer limitations are expected to influence the 

hemicellulose solubilisation and the AL-Lignin removal. Also, the acetic acid release is 

expected to be rather high and in consequence, degradation of the sugars caused by longer 

residence time for the liquid phase. Nevertheless, it can be a feasible option due to the low 

energy, water and equipment requirements and the hydrolysate might still be useful for 

anaerobic digestion. In order to avoid mass transfer problems, the performance of 

hydrothermal pretreatment under full recirculation of the hydrolysate has been studied 

(Figure 2.5 b). The liquid product stream is continuously recycled to the reactor until most 

part of the hemicelluloses is solubilised. The removal of hemicelluloses is expected to be 

similar to the flow through mode but also degradation of the sugars is enhanced due to 

the higher acidity of the reaction mixture and the longer reaction time of the liquid. 

Digestibility of the cellulose is similar to flow through even though the AL-Lignin 

removal is decreased due to repolymerisation of AL-Lignin caused by the longer liquid 

residence times. Main advantage of the circulation mode is the minimal consumption of 

water 

In contrast, flow through operation shows high sugar recovery yields and low production 

of inhibitors, which in addition to the removal of AL-Lignin results in a highly digestible 

cellulose. Besides that, the sugar concentration of the hydrolysate is rather low and the 

water and energy demand are extremely high (Figure 2.5 c). Flow through operation in 

fixed-bed rectors is a recent trend and its applicability at industrial scale is being widely 

studied currently. The recirculation of part of the hydrolysate is likely to be a compromise 

between the full recirculation and the flow through modes (Figure 2.5 d). Recycling a 

percentage of the hydrolysate leads to water and energy savings while the acetic acid 

recirculated to the reactor catalyses the solubilisation of hemicelluloses. Influence of key 

parameters such as temperature and pH on the hemicellulose solubilisation and 

degradation will be monitored for the different operation modes. 
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Figure 2.5:  Different fixed-bed reactor operating modes. (a) batch mode, (b) full 

recirculation mode, (c) flow through mode and (d) partial recirculation 

mode. 

2.3 Hemicellulose fraction applications 

Besides improving biomass fractionation and minimizing production costs, it is of crucial 

importance for 2G biorefineries to increase the economic revenue by widening the 

product portfolio. The potential of lignin and hemicellulose fractions for producing high-

added value chemicals are still under investigation. In this regard, liquid hydrolysate 

characterization and potential applications are the main focus of this work. 

Hemicellulose’s unique structure and composition and its derivatives have shown 

promising results for many applications. In its oligomeric form, it could be used in 

pharmaceutical and food industries as a slow drug release compound and as 

encapsulating agent [10,28,83] In its monomeric form, hemicellulose can be used as a 

source of platform chemicals and even degradation products as furfural or 5-HMF have 

interest as bulk chemicals for the industry [68]. LANDUCCI et al. in [40] proposed the 

following five criteria in order to decide on a suitable product portfolio for 2G 

biorefineries: (1) high theoretical product yields from substrate, (2) market interest on the 

product as an end product or as an industrially important intermediate, (3) high 

production volume (current or potential), (4) non-food use of the raw material and (5) 
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ability to be biologically synthesized from the common sugars derived from various 

forms of biomass. According to these criteria, three promising applications of the 

hemicellulose fraction have been proposed for further analysis in this work: biogas, 

molasses and furfural. 

 Biogas 

Different studies have shown that the future economic feasibility of 2G bioethanol 

facilities goes through the transformation of the remaining biomass fractions into other 

biofuels that will help to close the energetic balance of these facilities [2]. As the use of 

hemicellulose hydrolysates for ethanol production will require the development of 

genetically modified microorganisms and further optimization of the process, the 

anaerobic digestion of hemicelluloses has been proposed as an interesting alternative for 

harvesting the energy of this fraction [3]. The result of the anaerobic digestion of the 

hemicellulose fraction is biogas. It is composed mainly of methane and carbon dioxide 

and it is considered to be clean and renewable form of energy. Different studies have 

presented biogas as one of the most efficient technologies, showing high energy recovery, 

environmental benefits and easy implementation [24,95]. In addition, the use of pelletized 

lignin for energy production could be replaced for hemicellulose-based biogas and the 

product portfolio could be extended to produce lignin-based phenolic chemicals.  

Anaerobic digestion of hemicellulose is a multistep process consisting of hydrolysis, 

fermentation, acidification and methanation (Figure 2.6) [25]. In conventional anaerobic 

digestion processes the acidification and methanation steps are conducted in the same 

reactor and operating conditions but several studies have reported that the degradation 

products formed during the pretreatment of lignocellulosic biomass, mainly organic 

acids, furans and phenolic compounds, act as inhibitors of the enzymatic processes 

resulting in low methane yields [5]. An alternative that can be considered to increase the 

biomethane production is performing the acidogenic and the methanogenic stages in two 
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separate reactors. In the first stage of the process, the hemicellulose hydrolysate is 

biodetoxified and hydrogen is recovered, while in the second one, the methanogenic 

process is carried out under optimal conditions, increasing the biomethane yields. This 

combined production of biohydrogen and biomethane is very promising because it 

admits all kind of hydrolysate mixture which allows to use more severe pretreatment 

conditions [3]. A techno-economic assessment presented by ZECH et al. in [93], confirmed 

that adding fermentation steps and increasing the complexity of the plant for producing 

biogas or bioethanol enhances internal energy provision and integration as well as 

minimizing waste streams, which compensate the increase in capital and equipment cost. 

JOELSSON in [34] confirmed this point and stated that the profitability of the plant is 

further improved if yields of conversion are improved and the biogas can be upgraded to 

biomethane.  

 

 

 

 

 

 

 

Figure 2.6:  Reaction steps in anaerobic digestion of complex polysaccharides. 

Adapted from [25]. 
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 Sugar molasses 

C5-Sugar fraction awaits for suitable transformation processes which still sufficient 

stability, cost effectiveness and high yields. Meanwhile, some applications have been 

developed which do not require high equipment costs and complex transformation, one 

example of these applications is molasses. Molasses are concentrated solutions (app. 40 % 

wt) of xylo-oligosaccharides (XOS) and sugar monomers which have shown interesting 

properties as food additives for cattle or human consumption [46]. Several studies and 

organisations support the use of wood sugar molasses as livestock feed resulting in 

equivalent feeding values to that of cane, beet or corn molasses [41,44,88]. Apart from the 

equivalent feeding values, MCLAREN et al. published a broad list of studies 

demonstrating that the acid resistant hemicellulose extracts had a positive effect on the 

digestibility in the intestine of ruminants, pigs and chickens, stimulating the growth of 

probiotic strains [23,50]. In addition, phenolic compounds and degradation products 

derived from the lignin-cellulose complex may stimulate animal growth by 15 % [17]. 

However, more concentrated and purified solutions of XOS have attracted the attention 

of the industry because of their demonstrated prebiotic effects. These compounds are not 

carcinogenic, present low calorific values and as non-digestible carbohydrates, they 

stimulate the growth of beneficial bacteria in the colon. The need of finding renewable 

sources for the production of prebiotics has attracted special attention towards the 

production of XOS for being considered as a promising ingredient in future functional 

foods [47]. The utilisation of XOS as food additive or cattle feed is growing as long as the 

interest of the market on prebiotic compounds. SUNTORY in Japan, IBUS in Denmark 

and the university of Vigo in Spain have developed interesting manufacturing processes 

for the production and isolation of XOS concentrated solutions. In the short run, the 

transformation of C5-Sugars into molasses is considered as a good solution but this 

process still addresses important challenges as avoiding sugar degradation, control the 

depolymerisation of the xylan compounds and avoid the release of toxic compounds [67]. 
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 Furfural 

Furfural production is one of the most promising applications for C5-Sugar 

transformation in modern biorefineries, thus there is no synthetic route available for the 

production of furfural and it is exclusively produced from renewable biomass resources 

[70]. Furfural or 2-furaldehyde is a chemical compound of the furan group and is used in 

oil refineries, as well as in the plastics, food, pharmaceutical and agricultural industries. 

It was considered as one of the top 12 platform chemicals derived from biomass in a report 

from the U.S. Department of Energy thank to its potential to replace crude-oil based 

organics for the production of resins, lubricants, adhesives and plastics as well as a wide 

range of important chemicals [86]. Furfural presents interesting thermosetting properties, 

physical strength and corrosion resistance and it is present in 70% of the resins in the 

market. Due to its unsaturated bonds and aldehyde group, furfural is a highly versatile 

and key derivative used in the manufacture of a wide spectrum of important chemicals, 

such as furfuryl alcohol, tetrahydrofuryl alcohol, methyltetrahydrofuran and polyols 

[18,45]. The current world market for furfural is estimated to range between 200,000-

210,000 tpa of which about 60% is used for the production of furfuryl alcohol [9]. 

 

Figure 2.7:  Scheme of the two step production of furfural: (1) hydrolysis of the 

pentose chain catalysed by acids followed by (2) the dehydration of 

pentose into furfural [65]. 
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Current methods for furfural production are considered old and inefficient, for example 

the use of mineral acid catalysts results in high equipment corrosion, difficult separation 

and recovery of the catalyst and pose environmental and health risks [94]. Hence, 

developing new environmentally friendly processes for the production of furfural is 

crucial for improving it competitiveness with petroleum-based alternatives in the global 

market. In this regard, different researches have investigated the use of hemicelluloses as 

a raw material for furfural production. The transformation of xylan into furfural consists 

of a two-step process. First, the hydrolysis reaction of the xylans to form xylose monomers 

and second, a dehydration reaction catalysed by acids in which the xylose is transformed 

into furfural [70]. In currently existing furfural production processes, the two steps are 

performed in a single batch reactor which decreases the equipment cost but results in very 

low yields of furfural. Processes in which the hydrolysis and the dehydration take place 

in different reactors show higher yields but technology is still under investigation [65,77]. 

Kinetics of degradation of hemicelluloses are complex with different parallel and series 

reaction involving macromolecules. As stated by DE LA TORRE et al. in [39], the furfural 

produced from the degradation of xylose monomers is easily degraded at the same 

temperature conditions (Figure 3.1). Thus, for improving furfural yields it is necessary a 

continuous removal of the product from the reaction mixture, technologies for the 

stripping and the use of biphasic systems have shown promising results [42,69]. The use 

of LHW pretreatment as a preliminary step for furfural production will be studied 

in this work. 

2.4 State of the art: Modeling of biorefining processes 

Although the fundamentals of biorefinery processes are well known, the large number of 

possible process configurations and products results in a high complex multivariable 

optimisation problem which cannot be solved using simple heuristics or rules of thumb. 
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Moreover, experimental work in this field is frequently expensive and time consuming. 

For these reasons, accurate process models have become essential for the development of 

profitable biorefinery plants. This chapter gives an insight about the fundamentals and 

state of art of the mechanistic modelling of LHW pretreatment of lignocellulosic biomass, 

the RSM analysis of the process dynamics and the existing techno-economic assessment 

studies of the whole biorefinery process. 

 Modelling of LHW pretreatment 

The development of accurate models predicting the behaviour of the hydrothermal 

pretreatment of lignocellulosic materials has attracted the attention of several researchers 

during the last 70 years because of its importance for process optimization and scale-up. 

Most part of the publications are based on the studies of SAEMAN et al. back in the 40s 

[73] in which a first order kinetic model for the degradation of cellulose was developed. 

Afterwards, the model was adapted for explaining the hydrolysis of other 

polysaccharides, such as hemicellulose and lignin. The generally accepted pathway for 

the solubilisation and subsequent degradation of hemicellulose consists in the direct 

release of the xylan from the solid biomass into the liquid phase and its further 

depolymerisation into shorter oligomers and xylose monomer units, which are 

transformed into furfural and other pentose degradation products. Moreover, 

MORINELLY et al. in [53] proposed a first order kinetic model for the rapid degradation 

of furfural over 200 ºC, which solved significant discrepancies between the original model 

and experimentally observed furfural consumption rates. For modelling purposes, 

CONNER et al. in [16] proposed splitting hemicellulose into two fractions: an easily 

hydrolysed and a resistant portion. In addition, the hydrolysis is catalysed by the acetic 

acid formed in the solution after the release of acetyl groups present in the side chains of 

the hemicellulose. As stated by GRÉNMAN et al. in [27], the pH of the hydrolysate is 

directly influenced by the acetic acid release and it is an essential factor in the hydrolysis 

kinetics together with temperature. However, pH calculation from the actual acetic acid 
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concentration is not always accurate due to the buffering effect of the hydrolysate and the 

adsorption of acetic acid [8]. Also, recent studies associate the presence of acetic acid in 

the liquid with the depolymerisation and condensation reactions affecting lignin [6]. A 

common approach to the kinetic analysis of different pretreatment methods is to use 

simplistic predictive models for sugar recovery and hydrolysis yield. The severity factor 

R0 has been widely used as a measure of the intensity of the treatment, which includes 

temperature and residence time in an approximation to the Arrhenius equation. 

Combined severity factors have been proposed by CHUM et al. in [15] also taking into 

account the effect of the acetyl groups in order to better fit the experimental values. 

Nevertheless, these models based on the assumptions of first order homogeneous kinetics 

reach their limits with the increasing complexity of the reaction systems, especially 

regarding mass and heat transfer phenomena. [68] identified several parameters 

influencing the LHW pretreatment of lignocellulosic materials including temperature, 

pH, biomass morphology, particle size, solid to liquid ratio, heat and mass transfer 

phenomena and reactor setup, most of them neglected in traditionally used models.  

Models describing the performance of LHW pretreatment in fixed-bed reactors are not 

common so far. Most of them are based on empirical approaches and assume constant 

and uniform conditions for the solid phase considering only parameter variation in the 

axial direction which leads to wrong estimations of crucial parameters such as pressure 

drop or bed porosity which make them unsuitable for scale-up purposes. In many cases, 

models are fitted to experimental values by using an elevated number of parameters. 

Often, the nature of these parameters is merely empirical and they lack of interest for 

describing mass and heat transfer phenomena or non-ideal behaviour. These models 

cannot be employed for scale-up purposes because its validity is reduced to a unique 

experimental set-up under determined operation conditions. Mass transfer models are a 

promising alternative for developing integrated model capable of depicting in a reliable 

way the behaviour of the different biomass fraction during hydrothermal pretreatment in 
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all kinds of reactor set-ups. This method proposes separate differential mass balances for 

the bulk liquid and the solid particles and relies on the combination of heterogeneous 

mass transfer models and first order kinetics as an accurate approximation of the real 

behaviour of the processes. 

An integrated model for describing the hydrothermal pretreatment of wheat straw pellets 

in a pressurized 3 L flow through fixed-bed reactor has been used for simulation and 

calculation purposes in this work. This model was developed by REYNOLDS et al. at the 

Institute of Thermal Separation Processes at Hamburg University of Technology and has 

been validated for temperatures between 185ºC and 215ºC and reaction times from 0 min 

to 30 min in the fixed-bed reactor. The mathematical model gathers results and 

conclusions from different studies performed during the last decade in the institute 

regarding mass transfer, heat transfer and hemicellulose reaction kinetics. REYNOLDS 

and colleagues studied the degradation pathway of hemicelluloses from wheat straw 

during LHW treatment and proposed a reaction pathway for hemicellulose solubilisation 

based on the first model for cellulose degradation described by SAEMAN et al. and 

including furfural degradation kinetics as proposed by MORINELLY et al. [53,73]. 

Important parameters regarding mass and heat transfer in the high-pressure fixed bed 

such as bed porosity, axial dispersion and non-ideal flow properties were analysed in 

other publications. REYNOLDS coordinated the project and proposed the overall model 

combining the three separate parts: reaction kinetics, mass transport and heat transfer. 

Comprehensive description of this model and detailed citation of the different authors 

who participated in this work can be found in a submitted manuscript [63]. Further details 

concerning this model along with the implementation in AspenTech Aspen Custom 

ModelerTM V8.0 (ACM) are described in the following chapter. 
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 Design of Experiments (DoE) for biorefinery process modelling 

As previously mentioned, the behaviour of the different lignocellulose fractions during 

the LHW pretreatment is in occasions too complex to be completely emulated by 

mechanistic modelling approaches and simple kinetic schemes. Moreover, experimental 

work in this field is frequently expensive and time consuming. Also, the strategy of single 

parameter variation from one experiment to another blurs the action of parameter 

interaction. For this reason, researchers have recently started to consider DoE as a 

promising alternative for modelling and simulating biorefinery processes [62]. Statistical 

DoE provides a set of powerful standardized tools for the effective planning and 

evaluation of experimental designs by minimizing the number of required experiments 

which avoids the realization of unnecessary experiments and helps to analyse the 

combined influence of different operation parameters [78]. Additionally, RSM offers a 

library of statistical and mathematical tools for the modelling and optimization of 

processes. However, this method is only applicable within a reduced set of parameter 

boundaries. It does not allow detailed understanding of different transport phenomena 

which are essential for scale-up purposes. Combining DoE and RSM it is possible to 

condense the information of the experimental work in the form of a polynomial equation 

(See equation (3.1)). Even if it is not possible to fully represent the real behaviour of the 

system with linear or quadratic models, the polynomial represents reliably the local shape 

of the investigated system responses which facilitates the visual representation of the 

results and can be used to find the optimal factor setting for a predefined goal. In this 

work, DoE and RSM are used for minimizing the amount of required simulations and for 

generating data of the system responses to different pretreatment conditions that can be 

further transferred to the techno-economic assessment. 

 Techno-economic assessment of integrated biorefinery processes 

For a comprehensive optimization of biorefinery processes, economic, social and 

environmental issues have to be considered simultaneously. For this purpose, process 
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system engineering (PSE) methods have been introduced for providing a systematic 

framework capable of combining results generated in simulation studies as well as in 

experimental works. The PSE methodology starts with the selection of a list of candidate 

scenarios which are formed for the set of parameters of interest to be evaluated, namely, 

raw materials, geographical location of the plant, pretreatment process and conditions, 

selected product portfolio or production volume. Then, data for the different scenarios is 

generated by simulation or experimental work in order to select the most profitable 

process design and allocation schemes while considering the environmental impacts. 

Afterwards, mass and energy integration assessments are performed in order to minimize 

the consumption of energy and raw materials as well as reducing waste streams. This 

allows calculating the capital and utility costs, which complete the economic and 

environmental evaluation of the whole process under the selected conditions. Several 

works have been published evaluating the single variation with different renewable 

feedstocks, pretreatment processes and conditions and selected product portfolio on the 

economic feasibility and the environmental impact of 2G bioethanol biorefineries. 

However, combined assessment of the influence of reactor configuration, water 

consumption and selected product portfolio, comparable to the scope of this work, has 

not been reported. 

The net present value (NPV) has been traditionally used as key economic indicator for the 

evaluation of the different promising scenarios but it has been proven insufficient and 

invalid for this kind of studies because it tends to underestimate the potential benefits of 

new technologies and it is based on severe assumptions about the current market 

behaviour. Recent studies use the minimum ethanol selling price (MESP) as standard for 

comparing the different scenarios because it gives a reliable idea of the cost-

competitiveness and the potential market penetration of the bioethanol in comparison 

with other petroleum or starch based products. Sensitivity analysis on the bioethanol 

price can help to evaluate the different alternatives for selecting the pretreatment process 
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conditions and the possibilities of transformation of the by-products. Analogously, other 

economic indicators such as the minimum lignin selling price (MLSP) have been used for 

investigating the potential market penetration of determined bio-based products [58,76]. 

Several techno-economic analysis studies have been performed with the intention of 

determining the most suitable pretreatment option and conditions for all kinds of biomass 

feedstocks. FEROZ et al. in [36] investigated four alternative pretreatment processes 

coupled with three different downstream. The conclusions of this work pointed out that 

dilute acid and liquid hot water pretreatment are the most promising technologies and 

that separate fermentation of C5- and C6-Sugars is a great opportunity of reducing 

ethanol costs. In an exhaustive review, TAO et al. in [85] compared the performance of six 

different pretreatment options for the fractionation of switchgrass in terms of MESP. The 

study evidenced that the utilisation of the C5-Sugar fraction for ethanol or monomer 

sugar production reduces significantly the selling price of ethanol, especially in the case 

of LHW pretreatment. This study indicated also that LHW pretreatment can just be 

considered as a competitive option when hemicellulose hydrolysate is transformed into 

high added-value products. In a study performed based on the INBICON demonstration 

plant in Denmark, PETERSEN et al. in [59] indicated that high water consumption is the 

most serious obstacle for LHW pretreatment biorefineries and it evidenced that industrial 

processes with such high volumes of water are not economically viable due to the high 

energy required for heating. This point is corroborated by the NREL report in 2011, in 

which a comprehensive model for the co-fermentation of hemicellulose and cellulose into 

ethanol is described, including lignin combustion. In fact, this study points at the waste 

water treatment and the ethanol/water separation units as the most expensive and critical 

for the economic performance of the whole facility Therefore, further integrated economic 

and environmental assessments are needed for optimizing the conditions for LHW 

pretreatment in order to overcome the difficulties of the compromise between high C5-

Sugar recovery and low water and energy consumption. 
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Many researchers have used techno-economic assessment studies for evaluating the 

transformation alternatives of the bioethanol production side streams. ZECH et al. in [93] 

studied in 14 different scenarios the performance of the INBICON plant, proposing three 

valorisation alternatives for the C5-Sugars: animal feed, biogas production and co-

fermentation to bioethanol. JOELSSON et al. in [34] corroborated the conclusions of this 

study and deepened in the assessment of a co-production plant of biogas and bioethanol 

from lignocellulosic feedstocks. It also stated that upgrading of the biogas to vehicle fuel 

quality and transformation of xylose to ethanol is necessary for improving the 

profitability of the plants. MISAILIDIS et al. in [19] investigated the importance of 

widening the product portfolio of biorefineries and studied the potential 

commercialization of arabinoxylans (AX) from wheat straw. So far, multiple studies have 

been published evaluating the performance of different potential applications of the C5-

Sugar fraction but there is a need to develop a well-structured methodology that enables 

decision makers to evaluate the integrated processes and identify the optimal set of 

products and the best reaction pathways to obtain them. For this purpose, SAMMONS 

JR. et al. in [75] have developed a systematic method that in his own words will “assist 

bioprocessing industries in evaluating the profitability of different possible production routes and 

product portfolios”. Further elaboration of such assistance tools is crucial for the future 

development of more flexible biorefinery facilities in which different products can be 

offered depending on the biomass feedstock composition.  

 



 

 

3 Materials and methods 

The following chapter summarizes the experimental procedures and analytical methods 

employed in this work, including required chemicals and laboratory materials. In 

addition, the modelling of the reactor in ACM, the statistical analysis by means of DoE 

and the techno-economic assessment in Aspen Plus (AP) are explained in detail. 

3.1 Materials 

 Wheat straw pellets 

8 mm wheat straw pellets were obtained from Speers-Hoff, Stelle, Germany. The moisture 

content of the pellets is 10.03 ± 0.03 wt %. The composition of the dry and pelletized wheat 

straw is 35.8 wt % of cellulose, 19.6 wt % of xylose, 2.7 wt % of arabinose, 1.6 wt % of 

others and 23.9 wt % of Klason lignin. The remaining 16.4 wt % is formed for other 

substances, of which 9.7 wt % is ash. The compositional analysis was carried out at vTI – 

Institute of Wood Technology and Wood Biology, Germany. For further calculation of 

yields and recoveries, xylose and arabinose were completely assigned to the 

hemicellulose fraction while the complete amount of glucose was considered as cellulose. 
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 Chemicals 

All commercially available chemicals used in the present work are summarized in Table 

3.1. For the reducing sugar analysis, citrate buffer, DNS-reagent and xylose solution had 

to be prepared. 

Table 3.1: Summary of needed reagents and laboratory materials 

Chemicals CAS Number Supplier 

Citric acid monohydrate (≥ 99.5 %) 5949-29-1 Carl Roth 

3,5-Dinitrosalicylic acid (DNS) (≥ 98.0 %) 609-99-4 Sigma-Aldrich 

D-(+)-Xylose (≥ 98.5 %) 58-86-6 Carl Roth 

Sodium hydroxide (NaOH) (≥ 99 %) 6381-59-5 Carl Roth 

Potasium sodium tartrate tetrahydrate 1310-73-2 Carl Roth 

 

Citrate buffer 

At first, concentrated 1 M buffer is prepared by dissolving 210 g of citric acid 

monohydrate and approx. 50 g NaOH in 0.7 L of demineralized water. The volume is 

added up to 1 L and the pH is adjusted to 4.3 with NaOH. Then, the 1 M solution is diluted 

to the desired concentration of 0.05 M needed for the reducing sugar analysis. 

DNS-reagent 

5 g of 3,5-dinitrosalicylic acid (DNS) are dissolved in 100 ml 2 M NaOH solution. 

Afterwards, 150 g of pre-dissolved potassium sodium tartrate tetrathydrate are added. 

The solution is added up to 500 ml with demineralized water and stirred until all 

chemicals are dissolved. The bright yellow DNS-reagent is photosensitive and should be 

stored in a brown glass bottle or shielded by aluminium foil at 4 °C. 
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3.2 Analytical methods 

 Analysis of the solid residue 

Analysis of solid composition 

For sugar analysis, the solid samples are treated in a two-step acid hydrolysis with 72 % 

(w/w) and 4 % (w/w) H2SO4, respectively, according to the protocol developed by 

NREL[81]. The analysis is conducted using HPAEC with borate puffer as mobile phase. 

All contained glucose was assigned to the cellulose fraction, whereas all other sugars, 

mainly xylose as well as smaller amounts of arabinose, galactose, mannose and rhamnose, 

were summarized as hemicellulose. 

Moisture content determination 

For accurate determination of the moisture content of the solid residue, a laboratory 

procedure published by NREL is followed [81]. The wet biomass samples are mixed 

thoroughly and weighed into pre-dried aluminium pans. The samples are further dried 

in an oven at 105 ºC for at least four hours. Finally, samples are cooled down in a 

desiccator, weighed and further dried to constant mass (± 0.1 wt.%). 

 Analysis of the liquid hydrolysate 

Analysis of liquid composition 

LHW hydrolysates are analyzed for their sugar monomer and oligomer content in the 

Central Laboratory of Chemical Analysis, in TUHH. An analytical hydrolysis is executed 

for 60 min at 121 ºC with 4% (w/w) H2SO4. The samples are neutralized with CaCO3, 

centrifuged and analyzed for their sugar content in an Agilent HPLC with refraction index 

detection. Pure water as eluent is pumped into a VA 300/7.8 Nucleogel Sugar Na 

(Machery-Nagel) with a flow rate of 0.3 mL/min. The detection limits are 50 and 100 mg/L 

before and after analytical hydrolysis, respectively. 
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AL-Lignin content determination 

The AL-lignin content in LHW hydrolysate has been determined gravimetrically. First, 

two mililiters of the sugar solution are transferred into eppendorf tubes. The liquid 

samples are centrifuged in pre-dried centrifuge tubes for 20 minutes at 4500 times g. 

Afterwards, the supernatant liquid is removed with a pipette and the samples are dried 

to constant mass in an oven at maximal 60 °C. 

Density determination 

An Anton Paar DMA 4500M density meter was used to determine the density of the LHW 

hydrolysate samples by means of bending vibration. The density measurements give an 

insight into the biomass component concentration in the hydrolysates, mainly sugars and 

AL-Lignin, and of the severity of the pretreatment conditions. 

pH determination 

The pH of the different samples collected during the experiments was analysed using a 

WTW pH 340. Previous works have shown that acetic acid is the main organic acid 

present in the final hydrolysate mixture and that acetic acid release can be easily 

correlated from the pH value [27]. Nevertheless, only estimated results can be expected 

given the fact that hemicellulose hydrolysates have shown buffering effects at some extent 

[8]. pH analysis can be considered a rough estimation of the severity of the pretreatment 

and has been demonstrated to be a cheaper and faster alternative compared to expensive 

and time consuming analytical procedures.  

Reducing sugar analysis 

As described in the NREL lab procedure for the determination of cellulase activity [54], 

DNS-reagent can be used for the photometric measurement of reducing sugar 

concentration under alkaline conditions. The functional aldehyde group in reducing 

sugars like glucose is oxidized to a carboxyl group. In parallel, 3,5-dinitrosalicylic acid is 
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reduced to 3-amino-5-nitrosalicylic acid, which strongly absorbs light at 540 nm [51]. At 

first, the hydrolysate samples are centrifuged at approximately 2500 times g for 10 

minutes. The supernatant is diluted in order to match the valid absorbance range of the 

applied UV-photometer. Afterwards, 0.167 ml of the diluted sample 0.333 ml 0.05 M 

citrate buffer and 1 ml DNS-reagent are pipetted into 2 ml centrifuge tubes and mixed 

thoroughly. The mixture is boiled in a water bath for 5 minutes and cooled in iced water 

immediately in order to stop the reaction. The colour of the samples should have changed 

from bright yellow to orange or red, according to the reducing sugar concentration. 0.1 ml 

of the boiled sample is diluted with 1.25 ml of demineralized water in a polystyrene 

cuvette and UV-absorbance is measured at 540 nm. A calibration for xylose in a range of 

0 – 10 g/l has been conducted prior to the sample analyses. 

3.3 Experimental section 

 Experimental set-up 

The fixed-bed biorefinery pilot plant at the Institute of Thermal Separation Processes, 

TUHH has been constructed and commissioned in 2011 by HOLLENBACH in his 

Diploma Thesis [31]. The experimental set up has been upgraded and adapted during the 

following years for admitting different pretreatment configurations and experiments. The 

plant is designed for performing the consecutive hydrothermal and enzymatic 

pretreatment of biomass feedstock but in the context of this work, only the hydrothermal 

equipment will be required. The detailed layout of the pilot plant can be observed in 

Appendix ¡Error! No se encuentra el origen de la referencia... 

The core of experimental set-up is a stainless steel high pressure reactor with a volume of 

3.9 L. The reactor is equipped with a LAUDA thermal oil bath connected to a heating 

jacket of 3.6 L for temperature regulation Two different feed lines are connected to the 
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reactor- the fresh feed line F1 and the circulation line F2, both equipped with LEWA 

diaphragm metering pumps. To compensate the irregular flow caused by the pulsation 

pump, a cylindric stainless-steel pulsation damper is connected to the fresh feed line F1. 

Feed line F1 is equipped with an electrical oven and three heating jackets for preheating 

the inlet water while an additional heating jacket is installed installed in the circulation 

line for compensating heat losses. The outlet stream can be cooled down in a heat 

exchanger with cooling water from the local supply network. Biomass is introduced in a 

stainless-steel cartridge which is sealed by slot screens and inserted into the-high-pressure 

reactor. Reactor set up can be adjusted in order to set the flow to bypass, flow through or 

circulation modes. Bottom-up flow direction is set by default in the reactor. In order to 

avoid the evaporation of the feed, the reactor can be pre-pressurized with nitrogen. Two 

purge lines equipped with manual valves are connected to the reactor, one on top and 

one at bottom for decompressing and emptying the reactor when necessary. Pressure in 

the system is controlled by an overpressure valve which set point can be set manually 

throughout the experiment. Several thermocouples, pressure gauges and flow-meters are 

installed in the piping and around the reactor. Data logging is performed using NI 

LabVIEW on a personal computer at the plant 

 Experimental procedure 

Flow through experiments are considered as the standard and therefore, the following 

experimental steps are detailed for that particular case. Nevertheless, the special 

arrangements needed for performing the LHW pretreatment under different operating 

conditions will be discussed at the end of this section. Note that four different reactor 

configurations have been studied in this work as previously mentioned in section 2.2.6. 

Before starting the LHW experiment, the cooling system for the hydrolysate and the oil 

bath are switched on. The temperature of the oil bath is set 20 ºC above the desired 

reaction temperature. For the LHW treatment, demineralized water is pumped from a 
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plastic storage tank. In order to reduce excessive pump pulsation, the pulsation damper, 

previously compressed with air from the local supply, is connected to the line. The heating 

system (Oven and heat exchangers HJ1-JH3) are turned on and the flow is set in bypass 

mode (valve plate S1) until desired temperature is reached. Temperature set point is set 

10 ºC above reaction temperature considering the heat loss across the piping. Pressure in 

the system is regulated manually with the overpressure valve and set to approximately 

50 bar. When temperature set-point is reached, the cartridge, previously filled with 

biomass, is introduced into the reactor and the head of the rector is closed tightly. The 

reactor is pre-pressurized with nitrogen to a pressure of 30-40 bar in order to avoid feed 

evaporation. Once pressure and temperature are stable, the flow direction is set to bottom-

up (valve plate S2) and the feed is switched to flow through mode (valve plate S1). At the 

outlet, the LHW hydrolysate is cooled, collected in plastic canisters and weighed. After 

finishing the experiment, pressure is relieved and the plant is cooled down. Solids and 

liquid hydrolysate are analyzed as described in section 3.2. 

For batch and full circulation experiments, once the bed is completely wetted and the 

hydrolysate is flowing out at a constant rate, the feed is switched to bypass (Valve plate 

S1) and the reactor is isolated closing the inlet and outlet valves (Valve plate S1). When 

working at full circulation, inlet and outlet connections of the circulation line are opened 

and the circulation pump is switched on and set to the desired flow rate. Intermediate 

heating in the circulation line is necessary to compensate heat loss across the piping. The 

set point of the heating jacket is set 25 ºC above the desired reaction temperature. Finally, 

in both cases, when the desired reaction time is reached, the reactor is carefully 

decompressed in order to avoid sudden pressure drops that can damage the reactor and 

piping. Subsequently, the hydrolysate is cooled down and stored in a plastic bottle. 

In partial recirculation experiments, the hydrolysate is only partially recycled to the 

bottom of the reactor and fresh water flow is adjusted so the total flow is constant through 
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the fixed bed. The previously described experimental plant equipped with a 3 L high-

pressure fixed reactor was unable to conduct the partial recirculation experiments as 

planned, especially because the circulation pump lacked of sufficient power to overcome 

the pressure difference between bottom and top of the fixed-bed. In consequence, an 

analogous plant equipped with a 40 L high-pressure fixed-bed reactor was used for 

achieving the partial recirculation experiments. This plant was commissioned by SINGER 

[79] in the Thermal Separations Institute, in TUHH. Detailed explanation of the features 

of this pilot plant can be found in [61]. 

3.4 Modelling procedure 

 LHW simulation in Aspen Custom Modeler (ACM) 

For studying the performance of the different operation conditions of a fixed-bed reactor 

for the hydrothermal treatment of wheat straw, a mathematical model has been 

implemented and simulated using AspenTech Aspen Custom ModelerTM V8.0 (ACM). 

The model was developed by REYNOLDS in the TVT, in TUHH, combining the results 

from previous studies in the same institute, as mentioned in section 2.4.1. The model has 

been validated for temperatures between 185ºC and 215ºC and reaction times from 0 min 

to 30 min and the parameters adjusted to fit the experimental behaviour of different 

experiments performed in the 3 L pilot plant mentioned in the previous subchapter. The 

single transport phenomena were analysed and modelled independently and later on 

combined in the general fixed-bed reactor model. The model has been especially 

elaborated for emulating the solubilisation and degradation of the hemicellulose, 

therefore, cellulose and lignin fractions are considered inert compounds and are constant 

throughout the process. Further details regarding the structure of the model are described 

by REYNOLDS in [63]. All equations named and described in this work are summarized 

in Table 8.5. The selected reaction pathway was proposed by DE LA TORRE, based on 
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previous studies of SAEMAN and MORINELLY [39,53,73], as discussed in the previous 

chapter. The reaction pathway implemented in the model can observed in Figure 3.1. The 

consecutive and parallel reactions describing the hemicellulose degradation are modelled 

using irreversible pseudo-homogeneous first and second order kinetics with an 

Arrhenius approach for the temperature dependence including acid-catalyzed effects. 

Kinetic constants (𝑘𝑖) are determined from Arrhenius equation. For this calculation, 

kinetic reaction constants (𝑘𝑖,0) were determined previously in a batch reactor. 

 

Figure 3.1: Suggested reaction pathway for biphasic hemicellulose degradation 

during wheat straw autohydrolysis using irreversible pseudo-

homogeneous sequential first-order reaction kinetics [63]. 

Both solid hemicellulose and solubilized oligomers are treated as homogeneous phases, 

disregarding the chain length. The fast and slow reacting hemicellulose fractions were 

modelled by means of a second order reaction, accounting for fast degradation at the 

beginning and a slower reaction rate with advanced reaction progress, in substitution of 

the 𝛼 factor by SAEMAN in [73]. Effect of acid concentration is not considered in the solid 

hemicellulose and its concentration (𝑋𝐻(𝑧, 𝑡)) is calculated considering both liquid and 

solid as homogeneous phases. In contrast, the hydrolytic effect of the acid concentration 

is considered in the partial mass balance equation for the different hemicellulose 

components solubilized in the stagnant pore (𝑌𝑖,𝑝𝑜𝑟𝑒(𝑧, 𝑡)) and in the bulk liquid 

(𝑌𝑖(𝑧, 𝑡)). The effective acid concentration in the pore (𝑎,𝑝𝑜𝑟𝑒(𝑧, 𝑡) and in the bulk liquid 
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𝑎(𝑧, 𝑡) is calculated in the same way as the solubilised sugar components. The reaction 

rates of the individual species are calculated separately for the stagnant 𝑟𝑖,𝑝𝑜𝑟𝑒(𝑧, 𝑡) and 

the free liquid 𝑟𝑖(𝑧, 𝑡). Water density changes have been taken in account when 

calculation interstitial fluid velocity 𝑢(𝑧, 𝑡) and continuity equation 𝑚(𝑧, 𝑡). The 

suggested reaction mechanism starts with the solubilisation of the solid hemicelluloses 

into the swelling pores, followed by the consecutive hydrolysis of the compounds 

towards monomers and degradation products in parallel to the mass transfer from the 

pores to the bulk liquid. The oligomers, monomers and degradation products can be 

independently released into the flowing liquid with different values for transfer 

resistances (𝑘𝐴𝑖). A scheme of the reaction mechanism can be observed in Figure 3.2. 

 

 

 

 

 

 

Figure 3.2:  Modelling approach from hemicellulose hydrolysis and mass transfer 

from solid to liquid phase in the swollen biomass pores and the free 

moving liquid [63]. 

 

The biomass fixed-bed reactor is modelled using a one-dimensional model in which the 

solid and liquid phases are treated as continuous phases, assuming ideal mixing in radial 

direction. Reactor system is discretized using a backward difference method with the 
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origin of coordinate 𝑧 at the inlet of the reactor, hence, at the bottom in this case. Empty 

spaces were identified inside the reactor, below and above the biomass bed. These spaces 

are modelled as continuously stirred tank reactors (CSTR) with respect to mass and 

energy balances. Note that reaction of the solubilised compounds is also considered in the 

CSTR spaces. The overall fixed bed pretreatment is modelled according to a sequence of 

(1) filling of the bottom CSTR, (2) hot water percolating the biomass bed and (3) 

hydrolysate compounds fill the upper CSTR and leave the reactor system. The complete 

CSTR- fixed bed- CSTR can be observed in Figure 3.3. 

 

Figure 3.3: General fixed-bed model scheme used in the model [63]. 

 



3.4 Modelling procedure 42 

 

The solid phase is considered to have a constant bulk volume with variable porosity and 

density. Two sorts of porosities are defined for the biomass fixed-bed: the actual bed 

porosity 𝜀𝑎𝑐𝑡(𝑧, 𝑡), describing the pure solid volume fraction, and the effective flow 

porosity 𝜀𝑒𝑓𝑓, representing the available volume for volume flow, including stagnant 

liquid on the particle surface, biomass swelling and dead-zones. Previous studies have 

shown that the effective porosity reaches a constant value of 0,41 almost instantly after 

the biomass is wetted [64]. The real porosity 𝜀(𝑧) included in the mass balances is 

determined as an average of the actual and the effective porosity depending on the filling 

level of the reactor. Heat balances have been calculated having in account that 

hemicellulose degradation kinetics depend mainly on the local reaction temperature 

𝑇(𝑧, 𝑡), hence heat losses, mixing effects, water during the filling process and 

dispersional effects have to be considered at every position of the fixed bed. For solving 

the heat balance, an overall heat capacity of the whole system (𝜌 · 𝑐𝑝) (𝑧, 𝑡) is calculated 

including the biomass, the moisture, the applied fluid and the stainless-steel reactor. Full 

description of the equations, balances and boundary and initial conditions constituting 

the model are detailed in [63]. 

Simulation considerations 

The mathematical model is implemented in ACM. This software allows to structure the 

mathematical model in independent building blocks or scripts that can be interconnected 

via ports. The mathematical model is implemented in seven different blocks: (1) feed tank, 

(2) mixer, (3) bottom CSTR, (4) fixed bed reactor, (5) top CSTR, (6) splitter and (7) collector 

tank. In the feed tank, the desired conditions for the LHW treatment are selected 

(temperature, mass flow, pressure and reaction time), also, 𝑌𝑠𝑡𝑒𝑝 is initialized. The 

simulation plan with detailed description of reactor configurations and reaction 

conditions used is summarized in Table 8.1 and Table 8.2. Accumulative mass balances 

for the hydrolysate are calculated in the collector tank. In this work, the model has been 
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extended to emulate four different under four different reactor configurations, namely 

batch, flow through, partial recirculation and full recirculation. Two variables 𝐹𝑏𝑎𝑡𝑐ℎ and 

𝐹𝑐𝑖𝑟𝑐, emulating inlet and outlet valves respectively, have been introduced for regulating 

the water and hydrolysate flows in the system. Mass and energy balances have been re-

written in the mixer and splitter blocks for simulating the different operating modes. The 

filling process is equivalent for all the operating conditions, then, when the reactor is 

filled, the simulation is stopped and the operating configuration is selected. The 

simulation ends when the desired reaction time is reached. An implicit Euler method is 

used as integrator for solving the equations. Finally, the calculated hydrolysate properties 

are summarized in a table and transferred to an excel file in order to adapt the simulated 

values to the model responses evaluated by means of RSM. The different model responses 

evaluated by means of RSM can be observed in Table 4.2. 

 Design of Experiments (DoE) and Response Surface Methodology 

(RSM) 

Stat-Ease Design-Expert® 8.0.7.1 has been used for experimental design and analysis. Set-

up and analysis of the designs were conducted according to the standard procedure 

implemented in the software. In addition, polynomial expressions for modelling and 

assessment of the most important model responses have been obtained by means of 

Response Surface Methodology (RSM). 

Central Composite Design (CCD) for LHW pretreatment 

For the planning of the simulations and evaluation of the different operating conditions 

for the LHW pretreatment of wheat straw in a fixed bed reactor, a Central Composite 

Design (CCD) has been used. CCD was chosen over Box-Behnken Design (BBD) due to 

its higher stability, even though the external values (±𝛼) cannot be used for estimation 

purposes ( 
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Figure 3.4). A complete simulation plan has been proposed by means of DoE in order to 

observe the local shape of the most interesting model responses under the four different 

operating conditions. Repetition of the central points is not required, given the accurate 

replicability of the simulations. 

 

Figure 3.4: 4-factor, 5-level Central Composite Design (CCD). The external points 

are merely used for providing stability to the design and cannot be 

reliably used for parameter estimation [60]. 

 

For examining the batch, flow through and full recirculation operating modes a 3-factorial 

rotatable (α = 2) has been used. The three factors to be optimized are temperature (A), 

reaction time (B) and mass flow (C). The factor ranges have been chosen in agreement 

with the validity of the model: temperature 170-230 ºC, reaction time 0-30 min. and mass 

flow 160-320 g/min. Temperature factor A refers to the temperature set-point in the 

reactor which might differ from actual reaction temperature due to heat transfer to the 

biomass and to the stainless-steel reactor. Reaction time starts at the beginning of the 

simulation, comprehending both filling time and reaction time. The wheat straw mass is 

1 kg in all the experiments. Examined values of the factors at the different levels can be 

observed in Table 3.2. 
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Table 3.2: CCD (3 factors, 5 levels) design for the LHW pretreatment valid for: batch, 

flow through and full recirculation experiments. 

Factor Coding Units Levels 

   - α -1 0 +1 +α 

Temperature A ºC 170 182.16 200 217.838 230 

Time B s 1200 1443.24 1800 2156.76 2400 

Mass flow C g/min 160 192.43 240 287.568 320 

 

For partial recirculation simulations, the recirculation rate (D) has been taken in account 

as a fourth factor, ranging between 0.1 and 0.9, because operations with values 0 and 1 

are equivalent to flow through and full circulation operation respectively. The values 

conforming the 4-factorial CCD can be observed in Table 3.3. 

Table 3.3: CCD (4 factors, 5 levels) design for the LHW pretreatment valid for: partial 

recirculation experiments. 

Factor Coding Units Levels 

   - α -1 0 +1 +α 

Temperature A ºC 170 185 200 215 230 

Time B s 1200 1500 1800 2100 2400 

Mass flow C g/min 160 200 240 280 320 

Recirculation rate D dim. 0.1 0.3 0.5 0.7 0.9 
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Statistical analysis and evaluation (RSM) 

The most important model responses have been evaluated with the Response Surface 

Methodology (RSM). This tool allows to fit experimental data to a quadratic polynomial, 

showed in (3.1). 𝑌 stands for the model response, 𝑥𝑖  are the different factors selected for 

the DoE, 𝛽𝑖 are the constant polynomial regression coefficient and 𝜖 is the statistical error 

of the expression. The regression coefficients are determined by the method of least 

squares. 

Model responses regarding hemicellulose solubilisation, C5-Sugars recovery, furfural 

production and C5-Sugars degradation are evaluated by this method. The polynomial 

expressions have been used to study the changing liquid hydrolysate characteristics 

under different operating conditions. A summary of the different model responses 

evaluated for fully characterizing the hydrolysates can be observed in Table 4.2. Also, 

Stat-Ease Design-Expert® 8.0.7.1 is equipped with powerful optimization tools for 

determining the optimal parameters which maximize the desired responses. Moreover, 

graphical assistance tools have been used for representing the local shape of the model 

responses. Statistical interpretability of the results can be assessed before the simulation 

execution by means of the variance inflation factor (VIF), leverage and the FDS graph 

(fraction of design space) [52]. In addition, an analysis of variance (ANOVA) for the 

generation of a significant prediction model for the investigated design space was carried 

out. The ANOVA analysis is summarized in a table which contains indicators such as 

sums of squares, mean squares and degrees of freedom for the entire model, all model 

terms and the residuals. Finally, several visual diagnostic tools for the evaluation of the 

model quality are provided by the software. Thereby, the accuracy and prediction 

performance of the model can be checked. All the tests regarding evaluation and 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + ∑ 𝛽𝑖𝑖𝑥𝑖
2 + 𝜖

𝑘

𝑖=1𝑖<𝑗

 (3.1) 
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assessment of the model variance and predictability will be discussed in 

detail in section 4. 

 Techno-economic assessment in Aspen Plus (AP) 

Techno-economic assessments allow to integrate results from multidisciplinary 

investigations such as reaction rates and yields, mass and energy integration, selection of 

the best available technologies and economic assessment of the fixed and operational 

costs of the facility. For a complete understanding of the influence of the pretreatment 

configuration and conditions on both the economic viability of the process and the 

potential of the offered product portfolio, a techno-economic assessment has been 

developed by the Institute of Environmental Technology and Energy Economics in 

TUHH. Comprehensive description of the modelling in AP, the necessary technological 

and economic assumptions and the methodology followed is detailed by SCHMIDT in 

[76]. 

The economic assessment is performed in the context of an overall biorefinery based on 

process modelling with Aspen Plus. This biorefinery model describes the fractionation, 

transformation and downstream separation of wheat straw from the raw material to the 

final products (Figure 3.5). The pretreatment process integrated in the overall model is 

based on the cascade process described in 2.2.5 and shown in Figure 2.4. Reactor 

configuration and conditions of the thermal hydrolysis step are main focus of this study 

(orange in Figure 3.5). Most part of the input data regarding reaction rates and yields have 

been extracted from the ACM model and from previous experimental work in the 

Institute of Thermal Processes, in TUHH. The necessary data for the transformation and 

downstream separation steps have been extracted from literature. The model implements 

numerous possible applications for the different fractions conforming the lignocellulosic 

materials. In the context of this work, the transformation of the liquid hydrolysate 

towards molasses, biogas, fertilizers and furfural will be investigated (green in Figure 3.5) 
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while glucose is transformed into bioethanol and lignin is dried and milled for being 

directly sold in the market. Detailed layout of the process can be observed in Figure 8.6. 

 

Figure 3.5: Overall block diagram of the 2G biorefinery model implemented in AP 

for studying the influence of the reactor configuration and product 

portfolio on the economics of a bioethanol facility. Adapted from [76]. 

 

A set of pretreatment configurations and conditions have been selected for studying the 

influence of the pretreatment step on the overall economic assessment of the process. Four 

different reactor configurations have been studied. Base case scenarios were selected for 

flow through and circulation operating modes based on the standard experiments 

performed at lab-scale (b). Two other reaction scenarios have been selected according to 

the conditions which maximize sugar recovery (m) and minimize water consumption (w). 

Batch and partial recirculation operating mode have not been implemented in the overall 

model but their economic performances have been evaluated by comparison with the 

flow through and circulation scenarios. Summary of the selected pretreatment 

configurations and conditions is shown in Table 3.4. 
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Table 3.4: Summary of the selected pretreatment configuration and conditions for the 

techno-economic study. 

Reactor configuration Scenario Temperature (ºC) Time (min) Liquid/Solid 

Batch  

(not implemented) 

- 185 25 3.2 

Flow through b 200 30 9.1 

m 217.8 24 12.1 

w 200 30 5.9 

Circulation b 185 30 3.2 

m 200 30 3.3 

w 230 30 3.0 

Partial recirculation (0.5) 

(not implemented) 

- 200 33 5.2 

 

In order to study the combined economic impact on the overall 2G biorefinery of the 

different pretreatment options and the selected product portfolio, a set of scenarios have 

been selected. The feasibility of using flow through and full circulation pretreatment 

options for the production of biogas, solid and liquid fertilizers, C5-Sugar molasses and 

furfural have been studied. The performance of batch and partial recirculation operating 

modes have been studied qualitatively. Disposal of the remaining liquid hydrolysate 

streams as waste water is also contemplated in the economic assessment. Table 3.5 

summarizes the investigated scenarios. 
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Table 3.5: List of selected scenarios for studying the influence of pretreatment 

conditions on the available product portfolio.  

Scenario Pretreatment step Hydrolysate application 

A Flow-through (b, m, w) Molasses 

B Flow-through (b, m, w) Biomethane, solid and liquid fertilizer 

C-1 Flow-through (b, m, w) Furfural, solid fuel and waste water 

C-2 Flow-through (b, m, w) Furfural, solid fuel and biomethane 

D Flow-through (b, m, w) Waste water 

E Circulation (b, m, w) Molasses 

F Circulation (b, m, w) Biomethane, solid and liquid fertilizer 

G-1 Circulation (b, m, w) Furfural, solid fuel and waste water 

G-2 Circulation (b, m, w) Furfural, solid fuel and biomethane 

H Circulation (b, m, w) Waste water 

I Batch (n/a) 

J Partial recirculation (n/a) 

 

The economic assessment of the described facility is carried out by means of lignin 

production costs because there are not reliable data available on lignin market prices. The 

production costs are estimated using the minimum lignin selling price (MLSP) as 

reference, according to the methodology of equivalent annual costs described in VDI-

6025, VDI-2067 and in [58] by PETERS. This methodology includes capital-, consumption- 

and operation-linked costs as well as the revenues from the by-products. The calculations 

are based on the mass and energy balances of the process simulations in Aspen Plus® and 

the Aspen Energy Analyzer®. Further details regarding the cost calculation methodology, 

the pricing of the equipment and raw materials and the market value of the products is 

described by SCHMIDT in [76]. 



 

 

4 Results and discussion 

The influence of changing reactor configuration during LHW treatment on the potential 

of the liquid hydrolysate and on the economic viability of a 2G biorefinery, has been 

studied in three separate sections. First, four different reactor configurations for a high-

pressure fixed bed reactor were modelled and optimized by means of DoE and RSM in 

ACM. Then, lab-scale experimentation at optimal conditions and laboratory analysis of 

liquid and solid product streams were conducted for corroborating the modelling results. 

Finally, the influence of reactor configuration and water consumption on the economic 

feasibility of a 2G biorefinery was studied by integrating the modelling results in an 

overall bioethanol facility model in AP. This chapter is structured according to the three 

differentiated research blocks. 

4.1 Modelling of different reactor configurations 

This subchapter summarizes the results of the modelling of four different reactor 

configurations for the hydrothermal pretreatment of wheat straw in a fixed bed reactor. 

First, a simulation plan for a comprehensive study of the behaviour of the model was 

performed by means of DoE. Afterwards, different model responses were evaluated by 

means of RSM for characterizing the liquid and solid product streams. Finally, the 

conditions for the LHW were optimized for each of the reactor configurations. These 

modelling results are veryfied experimentally in chapter 4.2. 
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 Simulation plan (DoE) 

Two different DoE designs have been used for simulation purposes in this work. The first 

design is based on a rotatable CCD with 3 factors and 5 levels and it has been used for the 

simulation and planning of batch, flow through and full circulation experiments. The 

second design is based on a rotatable CCD with 4 factors and 5 levels, which has been 

used for simulating and planning the partial recirculation experiments. 

It is possible to assess the statistical predictability of the designs prior to the execution of 

the experiments. In Table 4.1, important parameters for the assessment of the designs are 

summarized. The models are fitted to a quadratic polynomial and present 19 and 30 

design points respectively. The simulation plan detailing the conditions of these design 

points are listed in Table 8.1 and Table 8.2. For fitting this polynomial, 18 and 29 degrees 

of freedom (DF) are necessary, of which 9 and 14 belong purely to the model while the 

rest are assigned to the residuals. The DesignExpert software recommends that at least 3 

df are assigned to the lack of fit while 4 DF should be assigned to pure error. The 

polynomials are formed from 3 and 4 linear terms, 3 and 6 interaction terms and 3 and 4 

quadratic terms respectively. If model terms are insignificant and can be eliminated, more 

degrees of freedom are left for residuals. In this case, the generated CCD provided an 

adequate number of degrees of freedom and no model terms need to be aliased. Variance 

inflation factor (VIF) indicates how much the variance of a model coefficient increases due 

to lack of orthogonality in the design and it is of especial importance for measuring 

multicollinearity. In the design, VIF values are very close to one which implies that 

multicollinearity is not affecting the calculation of the coefficients. Leverage is used to 

measure the potential for a design point to influence the model coefficients. Leverage 

values close to one are undesired, in this case, the maximum leverage values are 0.6698 

and 0.5833, respectively. 
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Table 4.1: Summary of parameters for assessing statistical predictability in a CCD 

design. 

Design   

Parameter 1 2 

Operating mode 

Batch 

Flow through 

Full circulation 

Partial recirculation 

Design type CCD CCD 

Factors 3 4 

Levels 5 5 

Design points 19 30 

Total DF 18 29 

Model DF 9 14 

Residuals 9 15 

Lack of fit 5 10 

Pure error 4 5 

Linear terms 3 4 

Interaction terms 3 6 

Quadratic terms 3 4 

Maximum leverage 0.6698 0.5833 

Mean leverage 0.5263 0.5 

VIF Range 1-1.04 1-1.05 

 

After reviewing all the statistical outputs for design evaluation, it is recommended to 

observe the fraction of design space (FDS) plot of the standard error over the design of 

space (Figure 4.1). FDS plots offer a simple way to compare the prediction performance 

of different experimental designs. A flat FDS means that the overall prediction error will 

be constant while a lower curve indicates that the prediction error will be smaller. It can 
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be observed that in this case the FDS plots are flat across all the design space and that the 

accuracy and predictability of the results decreases on the borders of the design ranges. 
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Figure 4.1: FDS plot for the CCD 3 factorial design used for the simulation of batch, 

flow through and full circulation models (1) and the CCD-4 factorial 

design used for the simulation of partial recirculation model (2). 

 Model responses (RSM) 

The results from the simulations have been evaluated by means of Response Surface 

Methodology (RSM). The responses have been selected for evaluating the fractionation 

performance, characterizing the liquid hydrolysate and monitoring the degradation of the 

sugars. Polynomial expressions for estimating the value of the different responses at 

determined conditions of temperature, reaction time, mass flow and recirculation rate 

have been obtained. The regression factors of these polynomials give an insight to the 

most influencing factors and provide important information regarding parameter 

interaction. The quadratic polynomial expressions have been graphically represented for 

a better understanding of the different pretreatment behaviours. The responses evaluated 

for the four different operating conditions are summarized in Table 4.2. 
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Table 4.2: List of model responses evaluated by means of RSM for the different 

operating conditions. 

Response Coding Units 

Total hemicellulose solubilisation THS % 

C5-Sugar recovery SR % 

C5-Sugar concentration SC g/L 

C5-Oligomer recovery OR % 

C5-Oligomer concentration OC g/L 

C5-Monomer recovery MR % 

C5-Monomer concentration MC g/L 

Monomer to oligomer ratio MOR % 

Furfural yield FY % 

Furfural concentration FC mg/L 

Degradation product formation DPF % 

Degradation product concentration DPC mg/L 

pH pH - 

 

Total hemicellulose solubilisation 

The total hemicellulose solubilisation is a key parameter for achieving an efficient 

separation of the different biomass fractions. It can be considered as a rough 

approximation to the enzymatic digestibility of the solid residue because the removal of 

hemicelluloses and AL-Lignin increases porosity and surface area of the remaining 

biomass fractions, enhancing the accessibility of the enzymes to the cellulose matrix. The 

total hemicellulose solubilisation is calculated as the fraction of the hemicelluloses present 

in the solid that are transferred to the liquid phase during the hydrothermal pretreatment. 

Hemicellulose solubilisation is extremely dependent on temperature and reaction time. 

The catalytic effect of the acid concentration on the hydrolysis of hemicelluloses have been 
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widely studied, nevertheless, the mechanism of the acid hydrolysis of hemicelluloses in 

the solid phase has not been clearly stated yet. Mass transfer has also a significant 

influence on the hemicellulose solubilisation given the fact that the hemicellulose will 

solubilise first in the biomass pore and then it will be transported to the bulk liquid. The 

total hemicellulose solubilisation for the four different operating set-ups studied is 

depicted in Figure 4.2. 
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Figure 4.2: Contour plot of total hemicellulose solubilisation (%) as a function of 

temperature and reaction time (240 g/min) for the different reactor 

configurations: (A) batch, (B) flow through, (C) full recirculation and (D) 

partial recirculation. 
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As shown in Figure 4.2, complete removal of hemicelluloses can be achieved with the four 

different operating modes at temperatures over 215 ºC. High yields of around 90% are 

obtained at 200 ºC and reaction times of 1900 s. The interaction of temperature and time 

can be recognized by the diagonal shift of the curves. Note that the temperature factor 

used for the DoE and therefore depicted in the graphs, is the set point temperature and 

not the actual temperature in the reactor. Thereby, narrower regions in plots C and D 

indicate that the temperature set points are not reached because of the heat losses in the 

circulation line. Simulations for the different reactor configurations at 200 ºC, 250 g/min 

and 2000 s were performed in order to observe the mean temperature inside the reactor, 

as given in Figure 4.3. 

 

Figure 4.3: Plot for the time evolution of the mean temperature (ºC) inside the 

reactor during LHW treatment for different reactor configurations. 

 

The plot shows that the main heating of the system is due to the fresh feed of water to the 

reactor and that increasing the circulation rate leads to a decrease on the mean 

temperature. The complete removal of hemicelluloses improves the enzymatic digestion 
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of the solid residue, nevertheless, other factors such as the lignin removal or the 

repolymerization of the sugars may affect the digestibility. Unfortunately, the lignin 

removal is not represented in the model but these effects will be further discussed in the 

next subchapter with the help of lab-scale experimentation. 

C5-Sugar recovery 

C5-Sugar recovery can be considered as a measurement of the quality of hemicellulos 

extraction. It measures the number of hemicelluloses that can be recovered from the liquid 

hydrolysate, having in account the losses in the solubilisation step and the further 

degradation of the sugars. Therefore, it is calculated as the fraction of hemicelluloses 

present originally in the solid biomass which are solubilised in the liquid hydrolysate at 

the end of the pretreatment, calculated in weight basis. The C5-Sugar recovery accounts 

for C5-Oligomer recovery and C5-Monomer recovery, nevertheless, the observed amount 

of monomeric sugars in all the experiments is rather low. Thus, C5-Sugar recoveries are 

mostly due to the contribution of oligomeric chains. Sugar recovery is strongly dependent 

on temperature and residence time. Provided that the hemicellulose solubilisation from 

the solid to the liquid is almost total under all the different operating conditions, lower 

sugar recovery values are caused by acid catalysed degradation of the sugars. Contour 

plots for the C5-Sugar recovery model responses are shown in Figure 4.4 
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Figure 4.4: Contour plot of C5-Sugar recovery (%) as a function of temperature and 

reaction time (240 g/min) for the different reactor configurations: (A) 

batch, (B) flow through, (C) full recirculation and (D) partial 

recirculation. 

For all reactor configurations excepting batch, temperature, reaction time and mass flow 

are significant parameters. A closer look to the ANOVA analysis shows that these 

parameters are present in its linear and quadratic forms in the model as well as a 

significant interaction parameter between temperature and time. The presence of 

quadratic terms allows to find a maximum within the limits of the design space, as it can 

be noticed from the figures B, C and D. Maximum sugar recoveries are reached at 
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intermediate temperatures of 200 ºC, which is indeed absolutely consistent with the 

previous optimization of the LHW pretreatment in this reactor [60]. Below that 

temperature, the solubilisation of hemicelluloses is rather low (see Figure 4.2) and above 

200 ºC the degradation of the sugars is already severe. Degradation effects are remarkable 

in batch and full circulation modes due to the higher liquid residence times. For batch 

operation, the sugar recovery is merely dependent on temperature and degradation of the 

sugars is significant even at mild reaction conditions. 

Contour plots of flow through and partial recirculation modes are very similar but slightly 

longer reaction times are needed for achieving higher sugar recoveries in the case of 

partial recirculation. It is noticeable also that the maximum of sugar recovery is achieved 

at similar temperatures, this is of especial important because as recently described, the 

temperature depicted in the plots is not the actual temperature in the reactor but the 

temperature set point. An assessment of the temperature profile (see Figure 4.3) showed 

that the real temperature in the partial recirculation mode is lower than expected, 

especially due to the heat losses in the recirculation and the lower amount of fresh hot 

water entering the reactor. The observed effect of achieving similar sugar recovery at a 

lower temperature could be explained by a higher concentration of organic acids due to 

the recirculation of the hydrolysate. The higher acid concentration might lead to a faster 

hydrolysation of the sugars into the liquid by combining the effect of temperature and 

pH. 

C5-Sugar concentration 

Obtaining hydrolysates with high sugar concentration is one of the biggest challenges of 

2G biorefineries. Higher concentration hydrolysates lead to a reduction of size and 

complexity of downstream processing and separation equipment. There are two main 

factors affecting the sugar concentration: First, the amount of water used for the 

separation and second, the degradation of the sugars. Up to now, there is a technological 



4.1 Modelling of different reactor configurations 61 

 

compromise between these two factors. On one hand, degradation can be minimized 

when using significant amounts of water. But on the other hand, this results in low 

concentrated hydrolysates and vice versa. In this context, the suggested partial 

recirculation operating mode shows interesting features as a compromise between flow 

through and circulation reactor configurations. C5-Sugars concentration comprises both 

monomers and oligomers, nevertheless, no significant concentration of monomers was 

obtained during the LHW treatment, which points at a rapid degradation of the 

monomers towards furfural and other degradation products. Sugar concentration 

contour plots for the different operating conditions are shown in Figure 4.5. 

The sugar concentration shows very different behaviours depending on the pretreatment 

operating modes. For the batch reactor, there is a linear dependence with temperature 

whereas mass flow and reaction time are not significant parameters. Really high sugar 

concentrations are obtained at low temperatures and reaction times, nevertheless, at these 

same conditions, the removal of hemicelluloses (see Figure 4.2) is too low to be considered 

as an efficient pretreatment option. For flow through operation, the model response is 

dependent linearly on temperature, mass flow and reaction time, in addition, it shows a 

quadratic term for temperature which allows to find a maximum within the limits of the 

design space of app. 40 g/L. In turn, the full circulation model response shows linear and 

quadratic terms for temperature as only significant terms and the slight shift of the curves 

points to a parameter interaction of temperature with time. In this case, the maximum in 

sugar concentration is above 60 g/L. Sugar concentration during partial recirculation 

operation is influenced by all the factors linearly, the interaction factor between 

temperature and time and also by the temperature quadratically. The maximum in this 

case is above 40 g/L. Summarizing, batch and full circulation modes show the highest 

sugar concentrations due to the lower amount of water used. However, as discussed 

earlier, a higher degradation of the sugars is expected under these pretreatment 

conditions for these configurations. 



4.1 Modelling of different reactor configurations 62 

 

0

2060

80

170 230

1200

1440

1680

1920

2160

2400

200 215185

T
I
M

E
 
(
s
)

TEMPERATURE (ºC)

A

80

60

40

20

0

0

10

20

30

40

170 230
1200

1440

1680

1920

2160

2400

200 215185

T
I
M

E
 
(
s
)

TEMPERATURE (ºC)

B

20

20

30

40

10

0

20

40

60

170 230200 215185

TEMPERATURE (ºC)

1200

1440

1680

1920

2160

2400

T
I
M

E
 
(
s
)

C

40

20

0

60
40

0

20

40

40

1200

1440

1680

1920

2160

2400

T
I
M

E
 
(
s
)

170 230200 215185

TEMPERATURE (ºC)

D
0

20

40
40

 

Figure 4.5: Contour plot of C5-Sugar concentration (g/L) as a function of 

temperature and reaction time (240 g/min) for the different reactor 

configurations: (A) batch, (B) flow through, (C) full recirculation and (D) 

partial recirculation. 

Additionally, it can be noticed that higher sugar concentrations can be achieved under 

partial recirculation compared to the flow through mode. Two confronted effects are 

influencing the sugar concentration during partial recirculation experiments: The 

reduction of water consumption and the higher liquid residence time. The relative weight 

on the sugar concentration of these two differentiated effects is assessed on Figure 4.6. 
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Figure 4.6: Contour plot of sugar concentration (g/L) as a function of temperature 

and recirculation rate (240 g/min, 1800 s) (left) and as a function of time 

and recirculation rate (240 g/min, 195 ºC) (right). 

From these plots, it can be deduced that temperature has a dominant influence for 

obtaining high concentrated sugar solutions. The effect of temperature is prominent over 

the remaining factors, namely recirculation rate, acidity of the medium and liquid 

residence time. In the first graph, it can be observed that changes in temperature are 

stronger than changes in the recirculation rate. Again, temperatures over 200 ºC lead to 

excessive sugar degradation. As will be apparent, increasing recirculation rate is 

enhancing sugar concentration due to the reduction of water amount whereas no 

significant degradation is observed due to the longer liquid residence time. In the right 

plot, it can be corroborated that increasing reaction time has milder effect on sugar 

degradation than the effect of reducing water consumption. Given these results, it is 

reasonable to believe that the partial recirculation of hydrolysate to the reactor will not 

enhance sugar degradation severely and that the effects of increasing acid concentration 

and liquid residence time will be compensated in terms of sugar concentration and sugar 

recovery for the reduction of water utilisation. 
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Furfural and degradation products formation 

Furfural is one of the main degradation products of C5-Sugar monomers as well as 5-

HMF is for C6-Sugar monomers. The yields and concentration of furfural and other 

degradation products have been modelled in order to assess the sugar degradation 

behaviour and the severity of the pretreatment for the different suggested configurations. 

Furfural and degradation products formation are calculated as the fraction of compound 

present in the liquid hydrolysate compared to the original hemicellulose concentration in 

the solid. Contour plots depicting the model responses for furfural production are given 

in Figure 4.7. 

As it can be deduced from these contour plots, furfural production is strongly dependent 

on temperature and the similar trends between the different configurations point to fast 

kinetics of formation and degradation. For every configuration, the amount of furfural 

produced below 200 ºC is almost negligible. Anyhow, the maximum yields observed at 

230 ºC do not exceed values of 10 %. Slight parameter interaction between temperature 

and reaction time can be observed, which indicate a combined effect on the degradation 

of the sugars. Nonetheless, furfural is a product of interest for 2G biorefineries as 

discussed in previous chapters and for that purpose it has been included in the techno-

economic assessment study. A preliminary idea in this research was to study if LHW 

pretreatment could constitute a first step for the production of furfural. At first sight, 

furfural yields are far too low to be considered an efficient alternative. In addition, it has 

been observed that the conditions that enhance furfural production are also promoting its 

fast degradation. Maximum furfural yields together with corresponding degradation 

products for the different reactor configurations are summarized in Table 4.3. 
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Figure 4.7: Contour plot of furfural formation yield (%) as a function of temperature 

and reaction time (240 g/min) for the different reactor configurations: 

(A) batch, (B) flow through, (C) full recirculation and (D) partial 

recirculation. 

Therefore, the selectivity towards furfural at these conditions is very low and it is not 

possible to produce significant amount of this compound without degrading the sugars 

to another inhibition products. Hence, even if furfural can be easily separated from the 

reaction mixture due to its high volatility, the degradation of the remaining sugars in the 

hydrolysate will be almost complete and other technologies for production of furfural 

from the extracted monomeric or oligomeric sugars should be considered. 
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Table 4.3: Maximum model responses for furfural production and degradation 

products formation for the different reactor configurations. 

Model response Reactor configuration 

Batch Flow through Full circulation Partial recirculation 

Furfural (g/L) 11.96 4.09 7.15 13.10 

Degradation products (g/L) 52.21 18.30 31.64 56.28 

Furfural yield (%) 7.31 9.12 8.00 8.01 

Degradation products yield 

(%) 

31.92 40.81 35.42 34.41 

 

 Optimisation of different operating conditions 

In order to investigate the different reactor configurations at lab-scale, an optimization of 

the model responses has been performed with the help of DesignExpert. This software 

has implemented several optimization tools which allow to maixmize the desired model 

responses according to different criteria. Sugar recovery and sugar concentration have 

been maximized for each of the LHW pretreatment configurations. Given the lower 

influence of reaction time and mass flow on the model responses, both parameters have 

been condensed into a water consumption parameter which is more valuable for the scope 

of this study, especially regarding the techno-economic assessment. The results of the 

optimization are summarized in Table 4.4. 
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Table 4.4: Optimum conditions for C5-Sugar recovery and C5-Sugar concentration of 

the different reactor configurations. 

Operation Temperature 

(ºC) 

Water consumption 

(kg) 

Sugar recovery 

(%) 

Sugar conc. 

(g/L) 

Batch 182.16 3.00 30.47 49.84 

Flow through 193.75 6.34 63.77 37.96 

Full circulation 190.01 3.00 40.43 66.13 

Partial recirculation 192.54 5.13 58.45 39.90 

 

From the results, it can be observed that optimum temperatures are ranging between 180-

190 ºC, avoiding excessive sugar degradation. The low sugar recovery and sugar 

concentration obtained during the batch process, compared to full circulation process, is 

triggered by the lower hemicellulose solubilisation. Mass transfer limitations and poor 

AL-Lignin removal might be responsible of the low efficiency of the separation. As for the 

temperature difference between these two configurations, it confirms the assumptions of 

a lower mean temperature in the reactor when circulation of the hydrolysate is used at 

some extent. Of all the pretreatment options, full circulation yields the maximum sugar 

recoveries with a liquid to solid ratio of 3:1. Comparing flow through with partial 

recirculation mode, it can be observed that similar sugar concentrations, 37.96 g/L and 

39.90 g/L, and sugar recoveries, 63.77 % and 58.45 %, can be achieved respectively. 

However, this similar performance comes with a lower reaction temperature (app. 10ºC) 

and lower water consumption (10 % less). Apparently, the recirculation of part of the 

hydrolysate might constitute an improvement of the economic feasibility of the process 

as a result of reducing energy and water consumption. This statement will be further 

investigated in the section 4.3 within the techno-economic assessment. 

However, partial recirculation should not be considered as a single operation because the 

behaviour of the system varies dramatically with changing recirculation rate. The 
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performance of this operation ranges from flow through operation to full circulation. 

Therefore, selecting just one maximum point is not a trivial choice. For this purpose, 

simulations have been performed at different recirculation rates in order to identify the 

compromise set of parameters that will maximize the effect of the partial recirculation 

mode. As given in Figure 4.8, sugar recovery decrease significantly with recirculation 

rates above 0.5 while sugar concentrations do not increase significantly throughout the 

whole recirculation rate range. Therefore, the longer liquid residence times caused by the 

recirculation of the hydrolysate are not influencing the sugar degradation as severely as 

expected. The relatively constant sugar concentration can be explained due to the fact that 

the higher sugar concentration values are compensated by the lower amounts of water. It 

can also be noticed that the water reduction can reach up to 50% compared to the standard 

flow through mode. The simulations which show more promising performance are those 

with the recirculation of 50 and 66 % of the hydrolysate because they present higher sugar 

concentrations with no significant decrease of sugar recovery. 

 

Figure 4.8: Comparative performance of partial recirculation operation from flow 

through mode to full circulation in terms of sugar recovery (%), sugar 

concentration (g/L) and water reduction (%). 
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4.2 Lab-scale experimentation on different reactor 

configurations 

This subchapter summarizes the results of the lab-scale experiments and the subsequent 

laboratory analysis performed for each of the suggested operating conditions of the fixed 

bed reactor. First, an experimental plan is presented, according to the optimal conditions 

extracted from the simulation work. Then, the solid and liquid product streams are 

analysed in order to corroborate some of the results from the modelling section. 

 Experimental plan 

Four experiments have been conducted at lab-scale for veryfing the results from the 

mathematical model discussed in the previous subchapter. The conditions for these 

experiments have been selected for maximizing sugar recovery and sugar concentration 

in the hydrolysate, according to the simulation results (Table 4.5). Samples were taken 

from the hydrolysate and the solid residue in order to perform subsequent analysis. For 

ensuring statistical reliability, experiments were replicated twice and analysis three times. 

Table 4.5: Experimental plan for the tests conducted at lab-scale 

Operating mode 
Experimental 

plant 

Parameter 

Temperature 

(ºC) 

Reaction 

time (min) 

Mass flow 

(g/min) 

Recirculation 

rate (dim.) 

Batch 3L 185 25 250 - 

Flow through 3L 200 30 250 0 

Full recirculation 3L 200 30 250 1 

Partial recirculation 40L 200 33 250 0.5 

 

The laboratory procedures followed for the analysis are described in section 3.2. The 

analytical results for the liquid and the solid samples are summarized in Table 4.6 along 
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with the standard deviation of the measurements. Plots depicting the influence  

of the reactor configuration on the measured properties are given in  

the Appendix (Figure 8.1-8.5). 

Table 4.6: Analytical results for the liquid and solid samples from the lab-scale 

experiments. 

Parameter (Units) Reactor configuration 

Batch Flow through Full circulation Partial recirculation 

Moisture content (%) 51.78 ± 2.12 69.91 ± 5.38 54.32 ± 5.11 74.04 ± 0.34 

pH 5.9 ± 0.1 4,7 ± 0.5 4.5 ± 0.6 4.42 ± 0.06 

Density (g/cm3) 1.026 ± 

0.004 

1.0174 ± 

0.0001 

1.024 ± 

0.009 

1.021 ± 

 0.001 

D-xylose DNS 

equivalent (g/L) 

6.13 ± 1.24 13.59 ± 4.36 20.89 ± 4.90 19.02 ± 4.68 

AL-Lignin (g/L) 10.25 ± 5.07 16.8 ± 0.8 11.92 ± 3.42 15.3 ± 0.4 

AL-Lignin recovery (%) 11.81 ± 5.84 48.27 ± 2.38 13.74 ± 3.94 36.6 ± 0.9 

 

 Solid Product characterization 

Solid samples were extracted from the treated biomass in order to analyse the chemical 

composition and to determine the moisture content. Unfortunately, the solid composition 

analysis performed by the Thünen Institute for Wood Research was not on time for being 

included in this work, nevertheless, results will be further assessed and included in the 

electronic version. 

Moisture content analysis of the solid residue is accepted as a good estimation of the 

changing porosity of the solid. This change is caused by the solubilisation of the different 

fractions, mainly hemicelluloses but also AL-Lignin. When the wheat straw pellets are 

introduced into the reactor they present a moisture content of app. 10% which increases 
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to values ranging from 50 % in the batch and circulation process to 70 and 75 % in flow 

through and partial recirculation respectively, as it can be observed in Figure 8.1. These 

values correspond to a higher solubilisation of hemicelluloses but also, of other fractions 

such as AL-Lignin, as depicted in Figure 8.5. Acid-soluble lignin recoveries are very low 

for batch and circulation experiments, barely over 10 % of the original acid-soluble lignin 

is present in the final hydrolysate. In contrast, flow through operation and partial 

recirculation show rather high acid-soluble lignin removal rates, with 48.27 and 36.62 % 

respectively. 

These results indicate that during batch and circulation processes there is an accumulation 

of lignin and degradation products in the reactor due to the longer residence times 

employed for the liquid phase. As previously discussed in section 2.2.6, these compounds 

tend to form aggregates (lingo-humic substances) and repolymerise, precipitating onto 

the surface of the solid. The precipitation of these substances is the cause of the lower 

removal of AL-Lignin and it might result in less enzymatically digestible AS-Lignin 

residue [91]. However, previous studies in the institute have shown that highly digestible 

solids can be produced in circulation experiments, showing that the enzymatic 

degradability is not severely affected by this phenomenon. The lower recovery rates 

encountered in the batch process might be caused by significant mass transfer limitations 

due to the lack of mixing in the reactor which leads to a bad wetting of the biomass. YANG 

et al. demonstrated that pumping effects have strong influence on AL-Lignin removal 

[91]. Therefore, it can be deduced that during the circulation experiment the removal of 

AL-Lignin occurs at higher rates than in the batch process but due to the longer reaction 

times, most part of the lignin is precipitated. These statements will help to confirm the 

hemicellulose solubilisation results provided by the simulations in ACM. 

In contrast, good removal of AL-Lignin is achieved with flow through and partial 

recirculation experiments, given the fact that the hydrolysate containing lignin fragments 
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and degradation products is continuously flushed out of the reactor. The lower AL-Lignin 

recovery in partial recirculation experiments compared to flow through can be explained 

by the higher liquid residence time resulting from the recirculation of the hydrolysate. In 

that case, repolymerisation of lignin compounds is expected at some extent. Further 

studies should be performed regarding the enzymatic digestibility of the different solid 

residues presented in this section. Nevertheless, previous studies have shown a 90% of 

enzymatic digestibility for the flow through and the full recirculation under similar 

conditions. Therefore, it can be stated that partial recirculation will not just provide high 

concentrated sugar solutions but also a highly digestible solid residue. 

 Liquid hydrolysate characterization 

Liquid samples were taken from the hydrolysate in order to analyse the chemical 

composition and to determine interesting properties such as the pH, the density and the 

AL-Lignin that can help to estimate the efficiency and the severity of the process. The 

results of the sugar composition analysis performed by the Central Laboratory of 

Chemical Analysis, are shown in Figure 4.9. HPLC is used for identifying separately the 

presence of monomeric sugars, oligomeric sugars, degradation products and organic 

acids.  
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Figure 4.9:  Liquid composition analysis (g/L) depicting C5-monomers, C5-

oligomers, degradation products and organic acids present in the liquid 

hydrolysate. 

Glucose present in the hydrolysate is considered to have origin on the amorphous fraction 

of cellulose, therefore it would not be included in the hemicellulose calculations. In the 

first place, it can be observed that the fraction of C5-Sugars corresponding to C5-

monomers is as low as expected and deduced from the model. Most part of the sugars 

present in the liquid mixture are formed from oligomeric chains. No significant difference 

in this regard can be noticed between the different reactor configurations. The major 

difference in behaviour between these categories is present in the C5-Sugar concentration. 

As discussed previously, the batch process present serious solubilisation and degradation 

problems and the presence of sugars in the hydrolysate is very low. In this case, the model 

is overestimating the concentration of sugars obtained by the batch simulation given the 

fact that not all the mass transfer limitations occurring during this process are 
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implemented in the model. As the model predicted, the highest sugar concentrations can 

be achieved when operating with circulation strategies. However, the partial recirculation 

experiments showed outstanding results in this field, with C5-Sugar concentrations over 

35 g/L. This difference cannot be fully explained by the better performance of the 40 L 

plant where these experiments were conducted. But it also leads to the conclusion that no 

severe sugar degradation occurs because of the longer residence times and the 

recirculation of the organic acids. In fact, it can be observed from this analysis, that no 

severe sugar degradation, mainly to furfural, happened. These results are in good 

agreement with previous optimization studies performed for the flow through [64] and 

circulation [57] operating modes of the reactor at the Institute of Thermal Separation 

Processes in TUHH. 

The DNS sugar analysis underlined the assumptions from the liquid composition analysis 

and from the model responses. In view of these results, it can be stated that hemicellulose 

solubilisation is lower in batch mode and the sugar degradation is very high. And that 

the sugar concentrations achieved with the partial recirculation mode is higher than in 

the flow through mode and significantly similar to the full circulation. The same trends 

are confirmed from the results of the density determination.  

pH determination has been performed to the liquid samples in order to assess the acidity 

of the reaction mixture. pH has been widely used as an estimation of the severity of the 

pretreatment due to the release of acetyl groups observed during the solubilisation and 

the hydrolysis of hemicelluloses. The main acid in the liquid hydrolysate is acetic acid but 

also lower amounts of formic acid and levulinic acid are present. Lower pH values were 

expected for the hydrolysates of more severe pretreatments due to higher temperature, 

reaction time or residence time. pH is rather high in the batch pretreatment compared to 

the other configurations. This can be explained for the lower solubilisation of 

hemicelluloses, in consequence, a lower amount of acetyl groups is released into the 
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liquid. It can also be caused due to the reaction of these acetic groups with other 

substances present in the reaction mixture which leads to the precipitation or adsorption 

of the acetic acid. This explanation can also be extended to full recirculation and partial 

recirculation experiments which pH was expected to be lower due to a higher 

solubilisation and hydrolysis of the hemicelluloses. Many researchers have pointed at an 

unexpected increase of the final pH during the hydrothermal pretreatment and the 

mechanisms behind the buffering effect of hemicelluloses has not been clearly stated yet 

[8,63]. Different studies point at the adsorption of acetic groups or the back 

polymerisation of the lignin substances [48,56]. pH should be monitored in the future 

during the partial recirculation in order to observe the behaviour and in order to 

understand if the acetic acid and the acids in general are influencing and catalysing the 

reaction. 

As stated throughout this section, the implemented model in ACM emulated reliably the 

behaviour of the different reactor configurations in the studied ranges of temperature 

(170-230 ºC), mass flow (160-320 g/min) and reaction time (1200-2400 s). Not enough 

laboratory experiments were carried out in this work in order to extend the outstanding 

accuracy of the model during flow through operation [63,64] to other reactor 

configurations such as circulation or partial recirculation. Nevertheless, the trends when 

comparing the different reactor configurations in terms of sugar recovery, sugar 

concentration and sugar degradation were reliably represented. The bigger problems 

were encountered for modelling the batch reactor given the fact that the macroscopic mass 

transfer limitations caused by phenomena such as channelling, poor wetting or biomass 

compacting due to sudden decompression of the reactor are not fully represented in the 

model. However, these phenomena are not significant for the rest of the suggested reactor 

configurations, therefore, including these effects in the model is not crucial for a reliable 

representation of LHW pretreatment. 
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4.3 Techno-economic assessment of a 2G biorefinery 

In this section, the results of the techno-economic study performed in the Institute of 

Environmental Technology and Energy Economics, in TUHH are assessed and discussed 

in order to determine the influence of reactor configuration, pretreatment conditions and 

product portfolio selection on the overall economics of the process. 

 Preliminary considerations 

Exemplary work has been performed by SCHMIDT in [76] for calculating production 

costs and product revenues for all the scenarios listed in Table 3.5. A process flow diagram 

of the overall design, including the sequential pretreatment process and the different 

fraction applications and separation processes is given in Figure 8.6. The economic 

evaluation is calculated from five budget items. Detailed description of the budget 

allocations included in each of the items can be found in Table 8.3 The capital, 

consumption and operational costs and the revenues from the proceeds items are 

balanced with the lignin price, calculated for this purpose with the annuity method [96]. 

The pretreatment conditions for each of the studied reactor configurations as well as the 

different scenarios depending on the selected product portfolio have been previously 

discussed in 3.4.3. The necessary input data regarding sugar recovery and pretreatment 

conditions have been extracted from both the simulation work in ACM and laboratory 

experimental work. All the input data needed for the techno-economic assessment have 

been correlated to the same design basis in order to minimize the discrepancies between 

the modelling and the experimental work (See Table 8.4). The economic performance of 

flow through and circulation reactor configurations for the different pretreatment 

scenarios, calculated in terms of minimum lignin selling price (MLSP) is presented in 

Figure 4.10. 
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 Figure 4.10: Techno-economic assessment of the different scenarios for (up) flow 

through and (bottom) circulation pretreatment. Economic performance 

is evaluated in terms of MLSP (€/t Lignin) 
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In the figure the different costs and revenues for two of the studied scenarios can be 

observed. The different scenarios are listed on the abscissae. As depicted in Table 3.5, a 

candidate scenario is formed by a pretreatment option- determined by the reactor 

configuration and LHW conditions- and by the final desired product. The accumulated 

costs of each candidate scenario are formed from the capital-linked, consumption-linked 

and operational-linked costs and are represented on the positive side of the ordinate axis. 

On the negative side, the revenues from all the final products excepting lignin are 

depicted. The yellow columns represent the MLSP of each scenario. The results will be 

evaluated in three differentiated sections according to the influence of pretreatment 

conditions, reactor configurations and product portfolio. 

 Influence of pretreatment conditions 

From this perspective, it can be noticed that the three scenarios (base case, maximum 

sugar recovery and minimum liquid/solid ratio) for a determined product do not show a 

high influence on the final MLSP. This effect is remarkable in each of the studied products 

and applicable for both pretreatment processes. As an example for the reader, it is possible 

to observe that the MLSP for sugar syrup production in the flow through mode present 

values of: 948, 1103 and 878 €/t respectively. The low variability on the lignin selling price 

is explained by the fact that an increase of the consumption-linked cost is counterbalanced 

by an increase of the proceeds revenues, and vice versa. Whereas, the capital and 

operation-linked costs are rather stable within a determined product option. In order to 

confirm this statement, a sensitivity analysis was performed for temperature, which was 

determined to be the most influencing factor during the pretreatment. Varying 

pretreatment temperature in the studied range, from 170 to 230 ºC, had a minor impact 

on the overall economics of the process, with barely a ± 5 % of the total cost. Hence, the 

studied conditions of the LHW pretreatment: temperature, mass flow and reaction time 

do not have a direct impact on the overall economics of the whole process. In contrast, as 

studied in the previous section, these conditions affect largely the recovery of the sugars 
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and the concentration of the products which explains the changes on consumption-linked 

costs and on the income obtained from selling the products. 

Besides that, it can be observed in the circulation plot that the total cost is rather constant 

for all of the depicted scenarios, which can be explained by the fact that the water 

consumption is nearly the same for scenarios b, m and w. In addition, it can be observed 

that increased sugar recovery between candidates (b) and (m) is not affecting the MLSP 

and the overall economics. The increase in sugar recovery is compensated with the 

increase of energy consumption for raising the temperature 25 ºC. In contrast, flow 

through operation show higher variability for the different pretreatment conditions when 

comparing the same product. The higher variability is caused by the large difference on 

water amount among the different flow through options. In view of the results it can be 

concluded that MLSP is reduced when using less amount of water, even though the 

recovery of sugars is decreased and the degradation enhanced. 

Consequently, it can be stated that downstream processing for the transformation and 

separation of the liquid hydrolysate on the final products is the dominant step in the 

process and that the energy demand of the pretreatment is almost negligible compared to 

the overall process costs. This conclusion is in good agreement with the techno-economic 

studies performed by PETERSEN in the INBICON demonstration plant in Denmark, 

which concluded that high rates of water consumption are the most serious limitation of 

LHW pretreatment [59]. To this point, it can be concluded that pretreatment temperature 

should be chosen for maximizing the sugar recoveries whereas water consumption 

should be minimized, disregarding the loss of sugar due to degradation. 

 Influence of reactor configuration 

In this regard, the techno-economic assessment has been performed for two reactor 

configurations: flow through and circulation. The conclusions have been extended 

qualitatively for batch and partial recirculation set-ups. It can be deduced from the figure 
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that in general, the LHW in circulation mode is more economically profitable than flow 

through operation even though the income from the products is much lower. This is 

explained by the increase of associated costs of the water intensive options. This statement 

is especially obvious when comparing low added value-products, namely sugar molasses 

and biogas, provided that the MLSP for these applications in each of the scenarios for 

circulation mode is lower than in flow through mode. As an example, the MLSP for the 

syrup cost for the circulation are 664 €/t and 675 €/t whereas in the flow through mode the 

values are ranging between 878 – 1103 €/t. Therefore, it can be concluded that water 

consumption is the main factor affecting the overall economics of biorefineries and that 

the increase of sugar recovery of flow through processes do not compensate the amount 

of water needed.  Nevertheless, this trend is not confirmed when producing furfural. As 

seen in the figure, MLSP for furfural are very similar in the cases of circulation and flow 

through, given the fact that the production volume is much higher in the latter case. The 

increase of product incomes compensates the amount of water used. This result points 

out that efforts on obtaining large volumes of high concentrated hydrolysates are 

economically worth it only if high value products are manufactured. 

Batch operation results were not integrated in the model but they can be qualitatively 

related to the case of circulation at high temperatures due to the similar operation costs, 

water consumption and sugar yields. It has been observed that during the batch process, 

very poor hemicellulose and lignin removal is achieved, therefore, enzymatic digestibility 

limitations affecting the production of bioethanol and lignin might appear. Moreover, the 

reaction conditions lead to a total degradation of the sugars which point at biogas 

production as the only technologically feasible option. The water amount needed for the 

batch process is the same as in the circulation and the reduction of reaction temperature 

observed in the previous section is not sufficient to be an economic advantage. For these 

reasons, batch process in a fix bed reactor is not considered as a promising option for 

biorefineries. 
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Given the fact that the main drawback and lack of competitiveness of the flow through 

operation is the amount of water needed, the partial flow through operation could be 

considered rather interesting. Moreover, as observed when producing high added value 

products, the increase of water consumption costs is balanced by the higher amount of 

product obtained. This statement is true for circulation and flow through, therefore, it 

should be extended to partial recirculation Thus, the performance of this reactor 

configuration is an intermediate between both in terms of water consumption and sugar 

recoveries (see Figure 4.8). Partial recirculation operation has the advantage of being able 

to work in a compromise between flow through operation and circulation which can be 

useful for the future of biorefineries. This flexibility would allow to select different 

products according to varying raw materials and it would be possible to adapt the 

manufacturing process to market fluctuations. 

 Selection of product portfolio 

Four applications for the C5-Sugar hydrolysate were considered in the techno-economic 

assessment. At first sight, it can be observed that the profitability trends of the products 

are the same and that reactor configuration or pretreatment conditions do not have a 

direct impact on the profitability of a determined product. Nevertheless, it can be noticed 

from the minimum liquid to solid ratio in the circulation operating mode that if reaction 

conditions are too severe, the potential portfolio of products to be offered is reduced due 

to the high rates of sugar degradation. In general, waste water treatment is the less 

profitable option, followed by the production of sugar molasses, biogas and furfural. 

The possibility of sending the C5-sugar hydrolysate to an out of battery limits waste water 

treatment unit was contemplated as an option. However, it can be observed that the 

treatment costs are extremely high even for circulation experiments due to the high 

carbon content of the hydrolysate. It is in indeed the most expensive option in the whole 

panorama of scenarios reviewed and any valorisation of the sugars would improve the 
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overall economics of the process. Same conclusion was achieved by TAO et al. after 

investigating different performance of six pretreatment processes with additional 

valorisation of hemicelluloses [85]. 

As shown in the figure, the production of a sugar syrup from the sugar hydrolysate is the 

less profitable product in every case. The market price of the product is not sufficient to 

overcome the excessive costs of separation and processing. This result is especially 

obvious in the flow through operating mode, where the energy demand is exaggerated 

due to the high utilisation of water. In good agreement with these results MISAiLIDIS et 

al. studied the need of developing refining processes of sugar molasses for improving the 

benefit of modern biorefineries and the market penetration of arabinoxylans [19]. In spite 

of the limitations of this product, it is confirmed that the valorisation of the hydrolysate 

even for producing low added value products, improve the economic feasibility of the 

biorefinery. 

From the results, it can be observed that the economic performance of a biorefinery based 

on biogas production is extremely dependent on water consumption. However, it 

constitutes a profitable option for both processes. In the case of flow through it will allow 

to minimize the amount of water taken to waste water treatment and will help to close 

the energetic balance of the facility. Nevertheless, biogas production is more profitable 

for the circulation mode given the fact that rather good yields of transformation can be 

obtained from the degradation products (50 %) whereas the conversion rates for 

hemicelluloses reach 90 %. Recent studies by JOELSSON et al. confirmed the 

coproduction of bioethanol and biogas as a promising option for improving the 

economics of biorefineries and also demonstrated that further improvements can be 

achieved with the upgrading of biogas towards biomethane [33,34]. 

Furfural performance is of especial interest within the scope of this work because it 

depicts the necessity of developing new applications for transformation of C5-Sugars. 
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From the figures, it can be observed that the MLSP of furfural is the lowest in every case 

and that the values are very similar regarding the reactor configuration, ranging from 353-

487 €/t for flow through and 358-360 €/t for circulation. These lower prices are possible 

thank to the high added value of furfural in the market. Flow through operation in this 

case is as profitable as circulation, in spite of the high water consumption and the low 

conversions of sugars into furfural (app. 50%). These results confirm that developing high 

added value products is especially important if flow through operation wants to be 

successful at industrial scale. The sugar recovery is only worth it when coupled to the 

production of high added value products, just as stated by TAO et al. in [85]. Intensifing 

the process adding new units for the production of high added value applications increase 

the actual performance of the 2G biorefineries. Nevertheless, there are strong restraining 

to these technologies given the fact that even if furfural is relatively easy to produce due 

to the easy separation through distillation and the direct degradation kinetics, it is difficult 

to find applications that yields higher conversions due to the high amount of cell growth 

inhibitors present in the mixture and the low concentrations of the hydrolysates. 

  



 

 

5 Conclusions 

This research aimed at studying the adaptability of the high-pressure fixed bed reactor 

for the LHW pretreatment to different operating conditions. Four different reactor 

configurations (batch, flow through, circulation and partial recirculation) were suggested 

and modelled in ACM. Two DoEs were successfully performed for studying the 

performance of the model with each of the studied reactor configurations. Critical model 

responses for the characterization of the liquid hydrolysate were studied by means of 

RSM, such as total hemicellulose solubilisation, sugar recovery, sugar concentration or 

sugar degradation. In general, the responses pointed at a good removal of hemicelluloses 

from the solid for all the reactor configurations, excepting the batch, where most probably 

mass transfer problems limited the solubilisation. The results from the modelling section 

depicted different behaviours for each of the configurations, especially regarding the 

sugar recovery and the sugar concentration. From the model results it was concluded that 

the fixed bed reactor system is highly adaptable to multiple configurations and that the 

reactor configuration has a large influence on the hydrolysate and solid residue 

characteristics. 

In order to corroborate the simulation results, lab-scale experiments were conducted at 

the optimal conditions for each of the reactor configurations. The experiments were 

conducted in a 3 L and a 40 L plant for the LHW extraction of wheat straw pellets and 

samples were taken from the solid residue and the liquid hydrolysate in order to perform 

different analytical determinations. Important parameters such as liquid sugar 
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composition, pH, AL-Lignin content and moisture content were measured. The trends 

observed during the assessment of the simulation results were in good agreement with 

the analytical results from the experimental work. Especially promising results were 

obtained from the partial recirculation operation. Both simulation and experimental work 

confirmed that the recirculation of a fraction of the hydrolysate provides higher 

concentrated sugar solutions than flow through at slightly lower sugar recoveries. The 

increase of C5-Sugar concentration is explained by the decrease of water consumption, 

which ranges between 10-50 % compared to flow through operation. Besides that, no 

severe sugar degradation was observed due to the higher liquid residence times and the 

recirculation of organic acids. Moreover, the acidity of the solution was not as 

significantly increased as expected, probably due to the pH buffering effect of 

hemicellulose solutions. 

The other main objective of this work was to link the ACM model for the pretreatment 

with an existing overall biorefinery model in AP. Integrating simulation results allow to 

study the influence of changing reactor configurations and reaction conditions of the 

pretreatment on the overall economics of the process. Changing pretreatment conditions 

such as temperature, mass flow and residence time did not have a significant influence 

on the economics of the process (barely a ±5 %). The techno economic study showed that 

when producing low-value products such as biogas or sugar molasses, the water 

consumption is the dominant parameter influencing the economic feasibility of the 

process. This scenario promoted the minimization of water; therefore, circulation 

operation was the most profitable option in this case. In contrast, when producing higher 

added value products, namely furfural, the water consumption had not such a big impact 

on the economics and the higher sugar recoveries from flow through and partial 

recirculation modes, balanced the cost of increasing the amount of water. Finally, it was 

concluded that the development of high added value products from the hemicellulose 

fraction is critical for increasing the revenues of these technologies.



 

 

6 Future prospects 

In this work, the influence of changing conditions and reactor configurations during LHW 

pretreatment was studied. In view of the simulation results, it was concluded that the 

fixed bed reactors are very versatile and that the configuration of the reactor influences 

strongly the characteristics of the hydrolysate. In addition, from the techno economic 

assessment it was observed that the economic feasibility of the process is highly 

dependent on the water consumption and on the revenues obtained from the side 

streams. In brief, future 2G biorefineries might use fixed bed reactors flexible to different 

operating modes in order to offer a wider product portfolio adjustable to seasonal raw 

materials or variable market demand. Nevertheless, as it was depicted from the economic 

assessment, up to now there exists just a few applications available for C5-Sugar 

transformation. Most part of current applications present low added-value products 

which have to be coupled with low water consumption alternatives. In contrast, the 

development of new products, namely furfural, succinic acid or levulinic acid, with high 

conversion yields and high added-value might increase the economic profitability of 

water-intensive alternatives. 

From the results of the simulation and experimental work, it was observed that partial 

recirculation operation could constitute an interesting alternative for the pretreatment of 

lignocellulosic materials, given the increase on sugar concentration and water reduction 

along with mild degradation of the sugars. In this regard, better understanding of the 

reaction mechanisms during the recirculation of hydrolysate would be needed for 
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optimizing the process. The pH buffering effect of hemicelluloses, formation of lingo-

humic substances and repolymerisation of lignin onto the solid have to be completely 

understood in order to guarantee a high quality solid residue, too. In this investigation, it 

was assumed that the enzymatic digestibility of the solid residue obtained from partial 

recirculation was not compromised. Nevertheless, further investigation on this topic need 

to be conducted. 

According to the results of this research, it can be stated that integrating modelling results 

for the pretreatment in an overall biorefinery model allow to study both processes with a 

different perspective. Further implementation of new product applications for the techno-

economic assessment and more detailed information about the pretreatment kinetics will 

open new ways for 2G biorefineries to develop. Deeper research in this holistic approach 

might allow decision makers to select the adequate pretreatment operation and 

conditions for obtaining a desired product from the currently available biomass feedstock 

. 
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8 Appendix 

Table 8.1:  Experimental plan for flow through, batch and full recirculation simulations 

according to the DoE assessment with a 3 factor-5 level CCD. 

Experiment Temperature [ºC] Time [s] Flow [g/min] 

 (A) (B) (C) 

1 170 1800 240 

2 182.16 1443.24 192.43 

3 182.16 2156.76 192.43 

4 182.16 1443.24 287.57 

5 182.16 2156.76 287.57 

6 200 1800 160 

7 200 1200 240 

8 200 1800 240 

9 200 2400 240 

10 200 1800 320 

11 217.84 1443.24 192.43 

12 217.84 2156.76 192.43 

13 217.84 1443.24 287.57 

14 217.84 2156.76 287.57 

15 230 1800 240 
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Table 8.2:  Experimental plan for partial recirculation simulations according to the DoE 

assessment with a 4 factor-5 level CCD. 

Experiment Temperature [ºC] Time [s] Flow [g/min] Recirculation rate [dim.] 

 (A) (B) (C) (D) 

1 170 1800 240 0.5 

2 185 1500 200 0.3 

3 185 1500 200 0.7 

4 185 2100 200 0.3 

5 185 2100 200 0.7 

6 185 1500 280 0.3 

7 185 1500 280 0.7 

8 185 2100 280 0.3 

9 185 2100 280 0.7 

10 200 1800 160 0.5 

11 200 1200 240 0.5 

12 200 1800 240 0.1 

13 200 1800 240 0.5 

14 200 1800 240 0.9 

15 200 2400 240 0.5 

16 200 1800 320 0.5 

17 215 1500 200 0.3 

18 215 1500 200 0.7 

19 215 2100 200 0.3 

20 215 2100 200 0.7 

21 215 1500 280 0.3 

22 215 1500 280 0.7 

23 215 2100 280 0.3 

24 215 2100 280 0.7 

25 230 1800 240 0.5 
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Figure 8.1: Moisture content (%) analysis of the solid biomass residue under 

different operating conditions. 

 

 

Figure 8.2: pH determination of the liquid hydrolysate under different operating 

conditions. 
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Figure 8.3: Density determination (g/cm3) of the liquid hydrolysate under different 

operating conditions. 

 

 

Figure 8.4: DNS-Reducing sugar (g/L) analysis of the liquid hydrolysate under 

different operating conditions. 
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Figure 8.5: AL-Lignin recovery determination of the liquid hydrolysate under 

different operating conditions. 
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Table 8.3: Summary of budget items used for the economic evaluation [76]. 

Nº Budget item Meaning 

1 Capital-linked cost Fixed costs of building the facility and cost 

equipment 

2 Consumption linked cost Operational costs such as water consumption, energy 

provision, raw materials and utilities 

3 Operational-linked cost Labour, licences, patents and other administrative 

costs 

4 Proceeds Revenues from the product sell (except lignin) 

5 Minimum lignin selling price Revenues from the dried and milled lignin 
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Figure 8.6: Process flow diagram of the 2G biorefinery implemented in AP for the 

techno-economic assessment [76]. 
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Figure 8.7: Pipes and instrumentation diagram of the complete experimental set up 

for the combined thermal and enzymatic pretreatment of lignocellulosic 

biomass in a 3L high pressure fixed-bed reactor. TVT, TUHH. 
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Table 8.4: Summary of pretreatment conditions and (correlated) sugar yields used for 

the techno-economic assessment [76]. 
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Table 8.5: List of model equations and balances described in the text. 

Equation Parameter Abbreviation Equation 

(8.1) 

 

Filling step 𝑌𝑠𝑡𝑒𝑝(𝑧) Differential mass balance 

(8.2) 

 

Reaction constant 𝑘𝑖(𝑧, 𝑡) Arrhenius equation 

(8.3) 

 

Actual bed porosity 𝜀𝑎𝑐𝑡(𝑧, 𝑡) Fixed bed mass balance 

(8.4) 

 

Real porosity 𝜀(𝑧) Actual and effective porosity 

correlation 

(8.5) 

 

Solid hemicellulose concentration 𝑋𝐻(𝑧, 𝑡) Simplified mass balance 

equation 

(8.6) 

 

Water mass balance 𝑚(𝑧, 𝑡) Continuity equation 

(8.7) 

 

Interstitial fluid velocity 𝑢(𝑧, 𝑡) Interstitial velocity definition 

(8.8) 

 

Local temperature 𝑇(𝑧, 𝑡) General heat balance 

(8.9) 

 

Overall system heat capacity (𝜌 · 𝑐𝑝)(𝑧, 𝑡) Linear combination of 

system heat capacities 

(8.10) Individual reaction rate 𝑟𝑖,𝑗(𝑧, 𝑡) Reaction rate expression for 

individual species 

(8.11) Effective acid concentration 𝑎𝑖,𝑗(𝑧, 𝑡) Partial differential mass 

balance 

(8.12) 

 

Solubilized component 𝑌𝑖,𝑝𝑜𝑟𝑒(𝑧, 𝑡), Partial differential mass 

balances 

 


