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Abstract 

With an increasing demand for biofuels, residual biomass streams offer a 

large untapped potential for renewable energy. However, poor fuel quality 

prevents their widespread application in power generation. Hydrothermal 

carbonisation (HTC) is an innovative technology for the upgrading of fuel 

properties. During HTC biomass is treated in hot compressed water to yield 

a solid, lignite-like fuel. In the presented work, a holistic evaluation of the 

technology for the provision of high quality fuels from residual biomass is 

conducted. 

An assessment of nineteen substrates showed that HTC is most suitable for 

feedstock with high lignocellulosic content that exceed 50 % moisture 

content. Substrates used as feed or functional material should not be 

converted by HTC. Lignocellulosic biomass composition was found to 

influence mass yield and energy densification. High lignin content led to 

poor energetic compaction after HTC but achieved higher mass yields. 

The impact of HTC on properties relevant for combustion was investigated 

experimentally. Feedstock type, treatment temperature, time and solid 

concentration were examined as influencing factors. Treatment 

temperature and solid concentration have the highest impact on fuel 

properties. For lignocellulosic feedstock HTC increases lower heating values 

by 10–15% at 180 °C and 45-55% at 270 °C. Mass yield decreases for 

increasing treatment temperature. The inorganic composition of fuels is 

strongly altered after HTC: On average over 75 % of K and Cl are removed 

during HTC. Inorganics with lower solubility like Ca, Mg, P, Si and Al are 

removed to a lesser extent and thus accumulate in the hydrochar ash. Higher 

overall removal rates are observed for higher treatment temperature and 

lower solid concentration. The transformations in inorganic composition 

lead to improved ash melting temperatures for alkali-rich fuels. The risk for 

corrosion, deposition and aerosol emission assessed by fuel indices is 

significantly lower for HTC fuels. In contrast, the expected NOx emission risk 
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is higher for HTC fuels. Applying the same criteria, the fuel quality of high 

ash substrates like digested sludge are not improved significantly. Yet, HTC 

improves dewatering, storage and feedstock logistics of said feedstock. 

Kinetic analysis of selected samples reveals a strong decrease in reactivity 

with increasing treatment severity.  

The amount of process water generated by HTC was calculated. Typically, 

around 2.3 m3 of process water arise per ton of HTC fuel. Experimental 

examinations showed that process water is heavily contaminated with 

organic material that could contribute around 10 % of the thermal energy 

demand of the process, if valorised by anaerobic digestion. However, 

convincing treatment concepts still need to be developed. 

The thermal efficiency of a HTC plant determined by process modelling is in 

the range of 50-70 %. Lower treatment temperature and higher solid 

concentration during processing increases efficiency. Major losses are 

attributed to chemical energy losses in the process water. A techno-

economic assessment reveals fuel production cost of around 9 € GJ-1 

rendering HTC fuels economically uncompetitive in the current market 

situation. Treating substrates with a considerable gate-fee or increasing CO2 

taxes could improve the economics of HTC. 

 
Key words: Biomass pre-treatment, hydrothermal carbonisation, residual 
biomass, combustion, inorganic elements, fuels indices  
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Kurzfassung 

Angesichts einer steigenden Nachfrage erneuerbaren Brennstoffen, bieten 

biogene Reststoffe ein großes ungenutztes Potenzial. Die oft schlechte 

Brennstoffqualität verhindert jedoch eine breite Anwendung dieser 

Brennstoffe in der Energieerzeugung. Eine innovative Technologie zur 

Verbesserung von Brennstoffeigenschaften ist die hydrothermale 

Karbonisierung (HTC). In diesem Verfahren wird Biomasse bei 

Temperaturen von 150-300 °C unter Druck in flüssigem Wasser zu einem 

braunkohleähnlichen Brennstoff umgewandelt. In der vorliegenden Arbeit 

wird eine ganzheitliche Bewertung der Technologie zur Bereitstellung von 

Brennstoffen aus Reststoffen vorgenommen. 

Eine Bewertung von neunzehn Einsatzstoffen zeigt, dass HTC am 

geeignetsten für Substrate mit hohem Lignozellulosegehalt ist, die mehr als 

50 % Wassergehalt aufweisen. Einsatzstoffe, die stofflich oder als 

Futtermittel verwendet werden können, sollten nicht verwendet werden. 

Die Zusammensetzung der lignozellulosehaltigen Biomasse beeinflusst die 

Massenausbeute und energetische Verdichtung stark. Die Karbonisierung 

von Substraten mit hohem Ligningehalt führt zu einer schlechten 

energetischen Verdichtung, erzielt aber höhere Massenausbeuten. 

Der Einfluss der HTC auf die Brennstoffqualität wurde experimentell 

untersucht. Als Einflussfaktoren wurden Substrattyp, Behandlungs-

temperatur, -zeit und Feststoffkonzentration untersucht. Temperatur und 

Feststoffkonzentration haben den größten Einfluss auf die Brennstoff-

eigenschaften. Bei lignozellulosem Ausgangsmaterial erhöht HTC den 

unteren Heizwert um 10-15 % bei 180 °C und 45-55 % bei 270 °C. Die 

Massenausbeute nimmt bei steigender Behandlungstemperatur ab. Auch 

die anorganische Zusammensetzung der Brennstoffe wird durch die HTC 

stark verändert: Durchschnittlich werden über 75 % der anfänglichen 

Menge von K und Cl ausgewaschen. Anorganische Stoffe mit geringerer 

Löslichkeit wie Ca, Mg, P, Si und Al werden in geringerem Maße entfernt und 

reichern sich daher in der Asche der HTC Biomassen an. Eine stärkere 

Auswaschung von anorganischem Material wird bei einer höheren 
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Temperatur und geringeren Feststoffkonzentration beobachtet. Die 

Veränderungen der anorganischen Zusammensetzung führen zu 

verbesserten Ascheschmelztemperaturen für Brennstoffe mit hohem 

Alkaliengehalt. Die Bewertung der Brennstoffqualität mithilfe von 

Brennstoffindices ergab ein deutlich geringeres Risiko für Korrosion, 

Depositionen und Feinstaubbildung für HTC-Brennstoffe. Im Gegensatz 

dazu ist das erwartete Risiko für NOx-Emissionen bei HTC-Brennstoffen 

höher. Bei Anwendung der gleichen Kriterien kann die Brennstoffqualität 

von aschereichen Substraten wie Faulschlamm nicht verbessert werden. 

Dennoch verbessert HTC die Entwässerbarkeit, Lagerung und Logistik 

solcher Einsatzstoffe. Eine kinetische Analyse ausgewählter Proben zeigt 

eine starke Abnahme der Reaktivität mit zunehmender HTC 

Behandlungsintensität. 

Die Menge des bei der HTC anfallenden Prozesswassers wurde berechnet. 

Unter typischen Bedingungen fallen etwa 2,4 m3 Prozesswasser pro Tonne 

Brennstoff an. Experimentelle Untersuchungen zeigen, dass das 

Prozesswasser stark mit organischem Material belastet ist. Mithilfe einer 

anaeroben Vergärung dieser Stoffe könnte jedoch etwa 10 % des 

thermischen Energiebedarfs des Prozesses gedeckt werden. Schlüssige 

Verwertungsprozesse für HTC Prozesswasser müssen zukünftig noch 

entwickelt werden. 

Der thermische Wirkungsgrad einer HTC Anlage wurde durch eine 

Prozessmodellierung ermittelt und liegt im Bereich von 50-70 %. Eine 

niedrigere Behandlungstemperatur und eine höhere Feststoffkonzentration 

im Reaktor erhöhen die Effizienz des Prozesses. Die größten Verluste sind 

auf den Verlust chemischer Energie im Prozesswasser zurückzuführen. Eine 

wirtschaftliche Berechnung ergab Produktionskosten von 9 € GJ-1 für HTC-

Brennstoffe. Somit ist die Technologie in der derzeitigen Marktsituation 

wirtschaftlich nicht konkurrenzfähig. Die Behandlung von Substraten mit 

einer Entsorgungsgebühr oder die Erhöhung von Steuern auf CO2 

Emissionen könnten die Wirtschaftlichkeit der HTC verbessern. 
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 Introduction 

1 

1 Introduction 

Moving towards a more sustainable society has become one of the most 

important challenges of the 21st century. With a growing world population 

and increasing greenhouse gas (GHG) emissions, mitigating climate change 

is vital for the survival of our society [1–3]. A major part of the worldwide 

greenhouse gas emissions originates from the energy production using 

fossil fuels. In 2018, coal-fired power plant were the single largest 

contributor to the growth in GHG emissions, accounting for roughly 30 % of 

the global CO2 emissions [4]. 

Biomass as an abundant, renewable energy carrier offers the possibility to 

reduce net GHG emissions by substituting fossil fuels. In the European Union 

(EU), bioenergy continues to be the main source of renewable energy with 

a share of almost 60 % [5]. As Figure 1.1 shows, within the bioenergy sector, 

solid biomass fuels constitute the most important energy carrier. 

Compared to other renewable energy resources, like wind of photovoltaic, 

biomass offers several advantages: First of all, the electricity production 

from biofuels is a known, dispatchable technology. Biomass can be 

combusted in traditional steam-boilers or gasified for further use in 

combined cycles. For these systems long-term experience for operation 

exists and by using present infrastructure a fast implementation with a low 

incremental learning curve and fairly low capital expense can be realised. 

Biomass can be regarded as a baseload power source and can help to 

compensate grid fluctuations caused by other volatile renewables. Further, 

the combination of biomass combustion that produces no net CO2 emissions 

with carbon capture and storage offers the potential of negative emissions 

[6]. Being a widely available energy source, biomass could also facilitate 

climate change mitigation in regions that may have limited solar, wind, or 

geothermal alternatives. Biomass is a local resource that is unlikely to be 

transported long distances for economic reasons. Consequently, using 
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biomass rather than imported fossil fuels for energy production could 

benefit energy security. 

 

Challenges in the use of solid biomass fuel include the need for sufficient and 

sustainable feedstock supply, increased difficulty in fuel handling, 

transportation and potential health impact by emissions from biomass-fired 

power plants. In recent years, also the carbon neutrality of biomass 

combustion has been questioned and the sustainability of bioenergy 

practices in the EU is currently being reassessed [8]. Especially the 

utilisation of wood, which accounts for over 60 % of biomass feedstock used 

for bioenergy in the EU [9], is seen as problematic. Burning biomass for 

energy purposes releases large amounts of carbon into the atmosphere all 

at once. But the uptake of the same amount of CO2 by forests producing 

wood might take decades or even centuries depending on the tree type [10]. 

Moreover, biofuel provision should have minimal impact on the food chain, 

water supply, land use and environment. Consequently, to boost 

sustainability of bioenergy and to enable further growth in the market of 

solid biofuels, novel feedstock need to be exploited. 

F i g u r e  1 . 1 :  C o n t r i b u t i o n  o f  g a s e o u s ,  l i q u i d  a n d  s o l i d  b i o e n e r g y  c a r r i e r s  
t o  b i o e n e r g y  s u p p l y  f r o m  2 0 0 5 - 2 0 1 7  i n  E u r o p e .  D a t a  f r o m  [ 7 ] .  
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Biomass residues seem to be a suitable candidate for this: Agriculture, 

forestry, municipalities and industry are the main sectors that produce 

biomass residues. Among them, agricultural residues offer the biggest 

untapped biomass potential. Currently, this sector contributes less than 3 % 

to the total bioenergy production, but has the potential of contributing up to 

17 % of the total energy supply worldwide [11]. 

Agricultural residues typically originate from plants that regrow within a 

year, balancing the emissions from their combustion much faster. In 

contrast to energy crop production, no further land use is required, thus 

avoiding potential conflict between food and energy production. 

Additionally, residue utilisation avoids GHG emissions from the 

decomposition of biomass residues that are left and sometimes burned on-

site after harvesting. Commonly, biogenic residues are also disposed in 

landfills where GHG emissions from their biological degradation arise. 

Unfortunately, biomass residues often exhibit poor fuel quality posing 

challenges in their energetic utilisation. Most residual biomass feedstock 

have low bulk density, high moisture content, low calorific value and a 

highly hydrophilic nature. With these properties, multiple problems arise 

[12, 13]: Firstly, hydrophilic biomass is subjected to biological 

deterioration, limiting the practical time for storage which is a challenge for 

seasonally available agricultural residues. Further, the fibrous nature of a 

lot of biomass materials brings milling and handling difficulties that 

negatively influence their economic utilisation. Compared to fossil fuels, 

biomass often contains higher amounts of alkali metals and chlorine. 

Common problems in biomass combustion are often ash-related, such as 

deposit formation, corrosion, ash-melting and particle formation, as well as 

problems regarding NOx, SOx and HCl emissions. 

A promising approach to overcome these problems is a thermo-chemical 

pre-treatment. Several competing technologies exist that aim to improve the 

physio-chemical properties of biomass fuels. Hydrothermal carbonisation 

(HTC), torrefaction and steam-explosion are the most prominent 

technologies for the valorisation of challenging feedstock. The desire to 
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access difficult feedstock for fuel production by pre-treatment leads to the 

motivation of this work: 

This work focuses on the pre-treatment of residual biomass streams by HTC. 

A holistic approach to assess the possibilities and limitations of this 

technology for the production of solid fuels is taken.  

During HTC, biomass is treated at elevated temperatures of 180-300 °C in 

hot compressed water. The process yields a solid product, called hydrochar 

or HTC fuel, that has an increased energy density, higher hydrophobicity 

and is more brittle than the original material [14–16]. First, selection 

criteria for the identification of suitable HTC substrates are developed by 

comparing the conversion efficiency of HTC to other technologies of 

energetic valorisation. HTC leads to significant changes in the both the 

organic and inorganic composition of the resulting fuel. Therefore, the core 

of this study investigates the impact of HTC on the fuel quality regarding 

combustion-related challenges. An emphasis is set on the changes in 

inorganic composition of the resulting hydrochars. 

Further, the resulting process water from HTC, representing the main side 

product of the process, is characterised and evaluated. Some utilisation 

options for this process water are discussed. 

Finally, the commercial viability of the process is assessed in a case study by 

techno-economic analysis.  
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 Previous Work at the Chair of Energy Systems 

In previous work Ulbrich considered the optimisation of HTC process para-

meters for the application of HTC fuels in gasification processes [17]. In an 

in-depth experimental parameter study the hydrothermal carbonisation of 

brewer’s spent grains, rice husk and corn cobs was investigated. The 

transformations of the organic biomass matrix during HTC at different 

temperatures and residence times were examined in detail. Significant 

changes in the organic fuel composition were attributed to the degradation 

of principal biomass components hemi-cellulose, cellulose and lignin. The 

gasification reactivity was found to be significantly reduced for HTC chars. 

The decline in reactivity was attributed to the transformation of the biomass 

matrix to an aromatic graphite-like structure with increased amount of fixed 

carbon. Ulbrich also performed an initial assessment of the fate of inorganic 

matter during HTC. He found increased ash melting temperatures and 

decreased alkali and chlorine contents in all fuels. The findings of this 

previous study are considered for this work. The investigated temperature 

and treatment times are reduced to include only conditions were significant 

changes in the biomass structure are expected. Residence time is limited to 

time-scales of up to 4 h, within which Ulbrich determined the main HTC 

reactions to be completed. Transcending previous work at the chair, a much 

broader range of substrates, considering number and origin of feedstock is 

considered. In contrast to the focus on the transformation of the organic 

biomass components and an application of the resulting HTC fuels in 

gasification reactions covered in Ulbrich’s thesis, the spotlight of the current 

work is set on ash-related challenges in biomass combustion and the fate of 

inorganic elements during HTC. 

 Structure of the Thesis 

The thesis is structured as follows: Chapter 2 explores the opportunities of 

the use of biomass for energy purposes. The availability, composition and 

possible energetic valorisation pathways of biofuels are summarised. In 

Chapter 3 the fundamentals of hydrothermal processes including governing 

conversion mechanisms and characteristics of solid, liquid and gaseous 
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products from the process are presented. Subsequently in Chapter 4, the 

state of the-art of HTC for the provision of high-quality fuels is summarised. 

Current research considering the fate of inorganic elements during HTC, fuel 

quality assessment and economic performance of the process are presented. 

Chapter 5 discusses the research demand identified in the previous chapter. 

The methodology used in this work and targeted contributions beyond the 

state-of-the art are presented. In chapter 6 the analytic techniques, test-rig 

and modelling tools used in this work are described in detail. The following 

chapters discuss the findings of the holistic assessment of HTC for the 

provision of fuels from residual biomass: Chapter 7 discusses criteria for the 

selection of suitable feedstock for HTC. In chapter 8 the impact of HTC on 

fuel properties relevant for combustion is explored. Chapter 9 provides 

insights to the amount of process water generated during HTC, its 

characterisation and possible utilisation and treatment options. The 

technical and economic performance of HTC is discussed in chapter 10. 

Finally, chapter 11 summarises the findings and provides some 

recommendations for future work in the research field.  

.
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2 Biomass as Bioenergy Carrier 

The term biomass is defined as organic matter derived from plants and 

animals. It can be used as a source of energy and is generally considered a 

renewable energy source, since it contains stored energy from the sun that 

has been transformed to solid matter by photosynthesis. Biomass is used in 

a broad spectrum of applications ranging from traditional use for cooking 

and heating, to modern combined heat and power generation. Biomass can 

be collected from various sectors. Table 2.1 shows a classification of 

different biomass sources by sector. 

Main 
sector 

Sub sector Examples 

Agriculture 

Dedicated  
cultivation 

Crops for biofuels (corn, sugarcane, rapeseed, oil palm, 
cassava etc.), energy grasses , short rotation forests, others 

By-products 
and residues 

Herbaceous by-products: straw from cereals, rice, corn, 
bagasse, empty fruit bunches, prunings from stover, empty 
corn cobs, etc. 

Woody biomass: pruning from vineyards, olive and oil palm 
plantations 

Other forms: Processing residues such as kernels, sunflower 
shells, rice husks, foliage 

Farm 
manure 

Digestate, solid manure (horse, chicken, cattle), liquid 
manure (pig, cattle) 

Forestry 

Main 

product 
Stems, wood fuel from forests or trees outside forests, 
woody biomass from landscape cleaning 

By-products 
and residues 

Harvesting residues (branches, tops, stumps), residues of 
wood industry (bark, sawdust, black liquor, recycled wood) 

Industry 
Waste 
management 

Food residues from dairy, sugar, beer, wine, fruit juice 
industry, olive oil filter cake, waste from slaughterhouses 

Municipal 

Waste 
management 

Food waste from stores, restaurants and households, green 
cut from landscaping, autumn foliage 

Water 
management 

Sewage sludge, screenings 

As Table 2.1 shows, the main biomass source sectors are agriculture, 

forestry, industry and waste from municipalities. The majority of feedstock 

T a b l e  2 . 1 :  B io m a s s  c l a s s i f ic a t i o n  b y  o r i g i n .  A d a p t e d  f r o m  [ 1 8 ] .  
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under consideration for an energetic utilisation originate from plants. 

Therefore, the following sections focus on the structural properties of plant-

based, lignocellulosic biomass. 

Any conversion of the biomass feedstock is strongly dependent on its 

chemical and physical properties that determine the outcome of these 

processes. This applies especially for processes which form pollutants. 

Compared to fossil fuels, biomass exhibits a large variety in its fuel 

characteristics. Consequently, for an environmentally friendly energetic 

conversion of biogenic solid fuels, the respective special features or 

properties of the fuel must be adequately taken into account. Mainly the 

elemental composition as well as basic fuel properties such as moisture and 

ash content are of high importance. 

Therefore, availability, composition and characteristics of biogenic solid 

fuels are described in more detail in the following sections. In addition, 

different options for the energetic valorisation of biofuels are introduced. In 

this context, fuel upgrading by HTC is compared to other thermo- and bio-

chemical pre-treatment technologies. 

 Availability of Biomass Energy Carriers 

Due to the transition of the European energy system towards higher shares 

of renewable resources and energy carriers, there is an increasing demand 

for biomass to be used for energy purposes. That is in addition to the 

existing use for production of e.g. construction materials, pulp and paper, 

and even for more novel uses such as chemicals. Therefore, an important 

question is how much biomass resources will be available for bioenergy in 

the future. 

Large quantities of carbon are fixed in the form of terrestrial and aquatic 

biomass each year. However, only a small proportion of this biomass is 

available for an energetic utilisation. First of all, not all growing biomass is 

accessible for harvesting and collection by current technical means and 

economic framework conditions. Secondly, as mentioned in the 
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introduction, several factors, like growth cycles, logistics, land or fertiliser 

use determine the sustainability of a certain feedstock. 

Consequently, there is a distinction between technical potential, potential 

for energy and sustainable potential as subsequently defined: 

Technical potential is the available biomass for all uses under current 

framework conditions with the current technological possibilities including 

existing harvesting techniques, infrastructure, and accessibility as well as 

processing techniques. 

Economic potential is the proportion of the technical potential that can be 

exploited economically. 

Potential for energy use is a proportion of the technical potential after 

satisfying other existing and projected competing uses of the same biomass 

feedstock. 

Sustainable potential constricts energy potential based on sustainability 

criteria (i.e. carbon flux, land use, fertiliser use). 

The technical potential can be assessed most easily and serves as a first 

indicator of the availability and geographic distribution of a specific 

feedstock. Several studies have calculated the domestically available 

biomass sources in Europe from 2020 onwards [19–23]. Generally, the 

results of different studies are difficult to compare, since the applied 

definitions of biomass potential, methodologies used, constraints for 

biomass potentials and the geographic scopes vary significantly. Therefore, 

the figures presented remain indicative: 

Studies predict the technical biomass potential to range between 169 and 

737 Mtoe. A meta-analysis by Faaji [19] concludes that a middle range 

potential for energy of 406 Mtoe could be achieved. This is in accordance 

with two other assessments that predict 411 Mtoe and 483 Mtoe of 

technical biomass potential by 2030 [20, 21]. 

This would be equivalent to about 25% of the gross available energy in the 

EU-28 [24] and provide room to almost triple current amount of bioenergy 
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in the European energy mix, which amounted to 144 Mtoe in 2017 [22]. 

Figure 2.1 shows the technical biomass potential, the potential for energy 

use and the sustainable biomass potential predicted for 2030 in the EU-28 

countries. The bioenergy use in 2017 is shown for comparison. 

 

Comparing the technical potential and the sustainable potential of biomass 

it becomes clear, that a sustainable growth in the bioenergy sector is limited. 

It can be observed that a large, currently unused potential is comprised of 

residues from agriculture and forestry. In contrast, additional resources 

from forest stem wood are limited. The predicted growth in theoretical 

biomass potential towards 2030 is attributed to improved forest 

management and the cultivation of energy crops on abandoned or unused 

land. Yet, the biomass potential for energy and the sustainable potential are 

much lower: 

It should be noted that, already today, there is a mismatch between the 

available sustainable resources of wood in the EU and their current use. 

Currently, approximately 40 % of wood pellets used for bioenergy are being 

F i g u r e  2 . 1 :  G r o s s  i n l a n d  e n e r g y  c o n s u m p t i o n  o f  b i o m a s s  i n  2 0 1 7  a n d  
p r o j e c t e d  t e c h n i c a l ,  e n e r g et i c  a n d  s u s t a i n a b l e  p o t e n t i a l  i n  2 0 3 0  f o r  E U -
2 8  c o n t r i e s  i n  M t o e .  D a t a  f r o m  [ 2 1 ,  2 2 ]  
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imported from overseas diminishing the environmental advantage of their 

use [25, 26]. For a sustainable bioenergy provision, it is essential to rely on 

local resources, decrease the use of woody biomass and replace it with 

agricultural and other residues. Figure 2.2 shows the technical potential of 

biomass residues by origin in the EU-28, as determined by Elbersen et al. 

[20]. 

 

Agricultural residues are the most abundant resource within the technical 

residual biomass potential in Europe. Animal manure and cereal straw make 

up for the largest part of the theoretical potential. Forestry is the second 

largest source of residual biomass [20, 23]. Here, primary forestry residues 

are left over materials from logging operations - thinning or final felling 

(branches, tree tops, stumps, bark, sawdust, etc.). Secondary forestry 

residues are by-products and co-products of industrial wood-processing 

operation (black liquor, sawmill and other industrial residues.). Tertiary 

forestry residues are comprised of waste wood products after use in 

households or building sites [20]. Municipal and industrial waste account 

for 22 % of the technical residue potential with cardboard residues, 

landscaping material and biogenic municipal waste contributing the largest 

proportions. 

F i g u r e  2 . 2 :  C o n t r i b u t io n s  o f  d i f f e r e n t  f e e d s t o c k  t y p e s  a n d  c a t e g o r i e s  to   
E U - 2 8  t h e o r e t i c a l  p o t e n t i a l  o f  b i o m a s s  r e s i d u e s .  D a t a  f r o m  [ 2 0 ] .  
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Consequently, tapping into the potential of residual biomass feedstock is 

key for the future of a sustainable bio-economy. However, most of these 

biomass feedstock suffer from low bulk density, high moisture content, low 

calorific value and their highly hydrophilic nature. These properties pose 

multiple challenges on the energetic valorisation of such feedstock. Hence, 

pre-treatment steps are applied in order to upgrade the fuel quality and to 

facilitate an energetic use of these feedstock with the highest possible 

efficiencies. 

 Biomass Fuel Composition and Properties 

The chemical structure of plant derived biomass consists of a variety of 

components that are of organic and inorganic nature. The main structural 

components are cellulose, hemicellulose and lignin. Considering the 

abundance of single elements one can classify major- (> 1.0 wt.-%), minor 

(0.1-1.0 wt.-%) and trace elements (< 0.1 wt.-%) according to their 

elemental concentrations on dry basis of feedstock [27]. Major elements in 

decreasing abundance are carbon (C), oxygen (O) and hydrogen (H). Minor 

elements include nitrogen (N), potassium (K), calcium (Ca), silicon (Si), 

magnesium (Mg), sulphur (S), phosphorous (P), chlorine (Cl) and sodium 

(Na). Trace elements typically include iron (Fe), aluminium (Al), manganese 

(Mn) and some heavy metals [27, 28]. This order can change due to the large 

variability of biomass that depends not only on type or part of the plant, but 

also on the growing location and harvesting season. 

The composition of solid fuels can also be differentiated into organic and 

inorganic matter. Organic matter is combustible and yields the energy 

content of the fuel, whereas many challenges in thermal biomass utilisation 

are related to its inorganic content. 

2.2.1 Organic Composition of Biomass 

The organic matter of biomass typically consists of C, O and H bound in 

complex macromolecules. The basic organic components of biomass include 

the three main structural biopolymers cellulose, hemi-cellulose and lignin 

plus some extractives, lipids and proteins [28, 29]. The structure formed by 
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these components is called lignocellulose, which is a composite material 

responsible for the structural integrity of plant cells providing mechanical 

strength. Figure 2.3 illustrates the association of cellulose, hemi-cellulose 

and lignin in lignocellulosic structures.  

Plant walls consist of cellulose micro fibrils, i.e. bundles of cellulose coated 

with hemi-cellulose and lignin deposits in between the fibrils. The strongly 

entangled components are chemically bound by non-covalent forces and 

covalent cross-linkages [29, 30]. 

 

With a proportion of 40-80 wt.-% cellulose is the basic component of 

lignocellulose. It is a polymer which consists of D-glucose monomers that 

are linked by a β-1,4-glykosidic bond [29, 30]. Hydrogen bonds are formed 

between individual and neighbouring polymer chains, forming the above 

described cellulose micro fibrils that are of high crystallinity and possess 

high mechanical strength. 

On the other hand, hemi-cellulose that accounts for 10-15 wt.-% of 

lignocellulose and is a disorganized, amorphous macromolecule. Hemi-

cellulose consists of sugar molecules that form a heterogeneous and highly 

F i g u r e  2 . 3 :  S c h e m a t i c  o f  t h e  s t r u c t u r e  o f  l i g n o c e l l u l o s e .  A d a p t e d  f r o m  
[ 3 1 ,  3 2 ] .  
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branched polymer chain which are associated with poor interaction through 

hydrogen bonding and are ultimately responsible for the amorphous 

structure and low crystallinity of hemi-cellulose [29, 30]. 

The content of lignin, the third main component of lignocellulose is highly 

variable. Its structure is very different from that of cellulose and 

hemicellulose: It is a high molecular weight compound, consisting of 

aromatic alcohols that are strongly cross-linked via ether or carbon bonds 

in a three-dimensional network. Lignin is considered to be the main binder 

for fibrous components in plants. The lignin content is higher in biomass 

that is composed of tightly bound fibres such as woody biomass and is 

decreasing in the order softwood > hardwood > herbaceous and 

agricultural biomass [28, 29, 33]. 

Extractives are defined as compounds that are not an integral part of the 

biomass structure. They consist of various organic and inorganic 

components that are extracted by different solvents such as water or 

alcohols from biomass. According to Vassilev et al. [34] they include 

commonly various saccharides and other carbohydrates, proteins, 

hydrocarbons, oils, aromatics, lipids, fats, starches, phenols, waxes and 

inorganic materials. 

2.2.2 Inorganic Matter in Biomass  

Inorganic matter also plays a substantial role for the utilisation of biomass. 

After combustion of biomass, the solid residue is called biomass ash. It 

originates mainly from inorganic fuel constituents. Technical inefficiencies 

in biomass combustion are often ash-related, leading to deposit formation, 

corrosion and fine particle emissions. Therefore, understanding 

characteristics of inorganic matter in biomass is essential to overcome these 

challenges. Compared to the organic phase, it exhibits an even higher 

variability and constitutes between 0.1-46 wt.-% of biomass material [27]. 

The origin of inorganics in biomass can either be authigenic (formed in 

biomass mainly by plant growth), detrital (formed outside biomass but fixed 
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on/in it) or technogenic (inorganic materials introduced to biomass during 

harvesting, processing, etc.). 

The concentration of individual elements depends on biomass type, growth 

environment, but also on physiological and morphological differences in 

plant structures. During growth plants acquire inorganics from the soil and 

air. Each plant part has a unique inorganic composition, depending on its 

functionality [35]. For instance, considering spruce, in branches K and Na 

levels are significantly increased compared to spruce stem wood and bark 

where Ca and Mg account for the major mineral phases [36]. Figure 2.4 

shows the large variety of inorganic ash forming matter in biomass fuels 

investigated in this study with lignite and wood as a reference material.  

 

The most common inorganic elements in biomass are P, S, K, Mg, Ca and Cl 

that typically occur in concentrations ranging from 0.2-4.0 wt.-%. Inorganic 

elements like Fe, Mn, Zn, Cu, B, Mo, Cl and Ni with concentrations below 

0.2 wt.-% are less abundant in biomass [35]. 

The most common approach to study technological and ecological 

challenges in biomass processing is to evaluate the concentration of 

F i g u r e  2 . 4 :  A s h  f o r m i n g  e l e m e n t s  i n  v a r i o u s  b i o m a s s  f e e d s t o c k  
i n v e s t i g a t e d  i n  t h i s  s t u d y .  W o o d  a n d  l i g n i t e  a r e  s h o w n  a s  r e f e r e n c e  
m a t e r i a l s .  
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individual elements in biomass. However, such problems are more likely 

connected to the different phases and minerals in which these elements are 

present in biomass. Figure 2.5 shows a more advanced characterisation of 

inorganic - or ash-forming matter and its classification according to the way 

they are bound in the fuel.  

These fractions can be obtained by a sequential leaching procedure, that 

was originally developed for coal by Benson et al. [37] and later adapted for 

biomass [38]. The method involves leaching of samples in increasingly 

aggressive solvents (water, 1 M ammonium acetate (NH4Ac) and 1 M 

hydrochloric acid (HCl)), thus identifying in which modes the respective 

elements occur in the fuels.  

1. Leachable salts that include inorganic matter dissolved in plant 

fluid, e.g. cation K+, Na+, Ca2+, and anion Cl- SO4- HPO42-. These 

substances mostly remain water soluble after biomass drying 

(water fraction). 

2. Organically bound matter: Inorganic elements associated with the 

organic matter of biomass. Mostly metal cations (K+, Na+, Ca+, Mg2+) 

that are ion exchangeable with NH4+ are bound to anionic organic 

forms in the fuels; typically containing S, P and sometimes Cl 

(NH4Ac fraction). 

3. Minerals that are included in the fuel structure. In plants minerals 

originate from precipitation of Si as SiO2 and Ca as Ca-oxalate 

during the growth process. Silica is insoluble while Ca-oxalate is 

dissolved in acid (HCl fraction). 

4. External minerals are typically inorganics of technogenic origin 

from biomass harvesting and processing. 



 Biomass as Bioenergy Carrier 

17 

 

Figure 2.5: Forms of ash-forming matter. Adapted from [39]. 

Especially the two first classes of ash-forming matter in biomass are easily 

volatilised during combustion, making them available for reactions that 

contribute to the majority of ash-related challenges in biomass combustion 

[39]. Concerning the impact of pre-treatment on ash-forming matter, HTC 

that constitutes a conversion of biomass in water, should be easily capable 

of removing leachable salts from the biomass matrix. If structural changes 

induced by HTC also lead to the removal of inorganic species of the other 

classes is not known. 

 Technologies for Biomass Valorisation 

Several pathways exist to access the energy contained in biomass fuels. The 

easiest way is a direct conversion of the biomass fuel by e.g. combustion or 

gasification. However, depending on the fuel characteristics this might not 

be the best option for all biomass resources. For example, high moisture 

feedstock requires an energy intensive drying step prior to combustion 

which limits the net energy output of a direct thermal conversion. Other 
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feedstock contain high proportions of sugars and are more efficiently 

converted via a biochemical pathway to yield higher added value products 

like ethanol. This chapter aims to provide an overview on the different 

energetic biomass utilisation options with a focus on thermo-chemical 

biomass conversion for the provision of solid fuels. 

2.3.1 Overview 

Bioenergy carriers are defined as fuels produced from biomass. As 

described in Section 2.1, they include biomass from forests, dedicated 

cultivation, residues and waste streams. They can be processed via different 

conversion routes. As depicted in Figure 2.6, biomass can be used to provide 

solid, liquid and gaseous fuels for power generation, transportation and 

heating in different conversion routes.  

Besides direct utilisation by incineration, thermo-chemical conversions 

include processes that transform biomass into charcoal, pyrolysis oil, 

product gas and thermo-chemically treated solid biomass. Physicochemical 

conversion is mostly applied in the treatment of oilseeds for the provision 

of vegetable oil or biodiesel. Finally, bio-chemical conversion routes include 

anaerobic digestion of biomass to produce biogas from organic matter and 

the fermentation of sugar-rich feedstock into bioethanol [28, 40]. 

Worldwide 86 e.-% of biomass undergoes direct conversion by incineration, 

mostly for the provision of heat, and without any further processing [4, 11]. 

Also in developed regions like the EU, where modern biomass utilisation 

prevails, currently 63 e.-% of bioenergy stems from the utilisation of 

primary solid biofuels like wood chips or pellets [5]. Biofuels and biogas 

both account for roughly 9.5 % of bioenergy provided. The remaining share 

of 20 % originates from municipal and industrial waste.  

The supply of primary solid fuels with sufficient quality for a direct 

conversion is limited. On the other hand, thermo-chemical pre-treatment 

technologies such as carbonisation or pyrolysis offer the possibility to 

upgrade fuel properties of biomass residues making them accessible for an 

energetic utilisation. 



 Biomass as Bioenergy Carrier 

19 

Biomass energy sources

Harvesting / collection / provision

Thermo-chemical 
conversion

Solid biofuels

Bio-chemical 
conversion

Gaseous biofuel

Carbonisation Pyrolysis
Gasification, 
methanation

Anaerobic 
digestion

Alcoholic 
fermentation

Liquid biofuels

Physio-chemical 
conversion

Pressing, 
extraction

Transesteri-
fication 

Direct use

 

Bio-chemical conversion focuses on the conversion of sugars and often 

requires a dedicated cultivation of a feedstock. In contrast to that thermo-

chemical conversion impose little feedstock requirements and can be 

applied to a broad spectrum of different substrates. 

Hence, the focus of this work is on the thermo-chemical upgrading of 

biomass residues to solid fuels by hydrothermal carbonisation. Residue 

utilisation neither causes any additional land use, nor does it compete with 

food production. Additionally, methane-emitting landfilling can be avoided 

by tapping into the energetic potential of biogenic waste streams. In the 

following, thermo-chemical conversion technologies for the production of 

solid fuels from residues and competing technologies to HTC in the 

conversion of wet biomass streams will be considered in more detail. This 

includes feedstock requirements and fuel properties after upgrading. 

2.3.2 Thermo-Chemical Biomass Pre-treatment 

Biomass pre-treatment offers the possibility to modify undesirable 

properties of lignocellulosic biomass to improve their conversion efficiency 

and handling properties. Thermo-chemical pre-treatment are used to 

provide solid biofuels with characteristics more similar to those of fossil 

F i g u r e  2 . 6 :  C o n v e r s i o n  p a t h w a y s  o f  b i o m a s s  e n e r g y  r e s o u r c e s  t o  b i om a s s  
e n e r g y  c a r r i e r s .  A d a p t e d  f r o m  [ 4 0 ]  
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coal. Compared to the starting materials (“white pellets”), these so-called 

black pellets have higher volumetric energy density, are less subject to 

biological degradation, are safer to transport and have water resistant 

properties. Three different technologies have emerged for the production of 

black pellets: Torrefaction, steam explosion and HTC. Table 2.2 presents an 

overview comparing the three different pre-treatment technologies. 

Torrefaction 

In torrefaction, biomass is heated in absence of oxygen at temperatures 

around 200-320 °C. During this mild pyrolysis, water content, cellulose 

sugars and other volatile organic compounds are removed from the biomass 

matrix [41]. More specifically, biomass undergoes dehydration and 

decarboxylation reactions that remove oxygen from the material. As a 

consequence, the carbon content of torrefied biomass is increased, leading 

to a higher energy density of the material. In addition, torrefied biomass is 

more brittle and hydrophobic. Compared to the starting material, the ash 

content of torrefied material is increased due to the volatilisation of organic 

material during torrefaction [42]. Thus, to extract problematic ash 

components from the feedstock, a washing step has to be conducted prior 

or after the torrefaction treatment. Typically mass yield after torrefaction is 

around 70 %. However, this value strongly depends on process condition 

and feedstock. Values ranging from 43 to 91 % have been reported [43]. 

Apart from the solid biochar, the torrefaction process produces combustible 

off-gas, which can be used to cover most of the thermal energy needed. 

However, for an energy efficient torrefaction process, the feedstock 

moisture content should not exceed 10 wt.-% when entering the main 

torrefaction zone [44]. Most feedstock do not meet this requirement and 

often an energy intensive drying step is needed prior to torrefaction. 
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Method Torrefaction Steam explosion HTC Ref. 

Short description 
thermal treatment in 

oxygen-deficient 
atmosphere 

steaming of biomass at 
high pressures, followed 

by explosive 
decompression 

thermal treatment in water 
at elevated temperatures 

and pressures 
 

Process conditions 

T = 200-320 °C 

p = atmospheric 

τ ≈ minutes 

T = 160-280 °C 

p = up to 20 bar 

τ ≈ seconds to minutes 

T = 180-300 °C 

p = 20-100 bar 

τ ≈ minutes to hours 

[44, 45] 

Typical mass yield 70 % 90 % 65 % [44, 45] 

Product properties     

Carbon Content increased slightly increased strongly increased [45] 

HHV increased slightly increased strongly increased [45] 

Grinding energy lowered lowered lowered [45–48] 

Outdoor storage possible possible possible [42, 49] 

Hydrophobic yes yes yes [42, 45, 49] 

Bulk density decreased decreased decreased [46–48] 

Pelletization aggravated facilitated faciliated [45, 50, 51] 

Impact on ash 
properties 

increased ash content 
no compositional changes 

no compositional changes, 
slightly decreased ash 
melting temperature 

decrease of alkali and 
chlorine content, higher 
ash melting temperature 

[45, 52] 

Feedstock moisture < 10 wt.-% 8-10 wt.-% > 40-85 wt.-% [44] 

T a b l e  2 . 2 :  O ve r v i e w  o n  t h e  t h r e e  t h e r m o - c h e m i ca l  p r e - t r e a t m e n t  m e t h o d s  e x p l o r e d .  
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Steam Explosion 

A pre-treatment by steam explosion involves steaming of biomass for 5-

25 min at elevated pressure (1-20 bar) and temperature (160-280 °C) 

followed by a release of the hot and softened biomass to a lower pressure 

[53–55]. The expanding steam breaks the structure of the biomass, which is 

origin of the wording “steam explosion”. The extent to which the biomass 

structure is disintegrated depends on temperature and residence time. 

During steam explosion, hemi-cellulose as well as acetic acid is released 

from the biomass which results in partial hydrolysis the biomass structure. 

Further, lignin partly depolymerizes and the released sugars combine to so-

called pseudo-lignin, which spreads over the biomass surface and forms a 

strong moisture repelling coating [56]. Prior to steam explosion the feed is 

usually dried to a moisture content of 8-10 wt.-% to reduce the consumption 

of steam during the steaming phase. The obtained mass yield after steam 

explosion of wood and bark is around 90 %. Overall, steam exploded 

biomass is durable, water resistant, easy to grind, and has a higher energy 

density compared to the raw material [45, 48, 57]. 

The method is established as a pre-treatment method in second generation 

bioethanol production [53, 58, 59]. In the production of solid fuels steam 

explosion is mostly applied to upgrade woody biomass. Recently, also 

residual biomass feedstock such as bark, forestry residues and have been 

used [45]. Steam-explosion of straw and other agricultural residues is 

mostly applied in bio-refinery processes. 

Hydrothermal Carbonisation 

In HTC biomass is suspended in water and heated to temperatures around 

180-300 °C. Pressure is applied to keep water in the liquid phase. During the 

treatment, the material undergoes a similar transformation as during 

natural coalification, only much faster. Similar to torrefaction, these 

transformation yields a solid that has a higher carbon content, energy 

density, is more brittle and more hydrophobic. In comparison to other 

thermal treatment methods, HTC allows direct conversion of wet biomass 

without any pre-drying of the feedstock. After hydrothermal conversion, the 
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solid product can be mechanically dewatered to about 35 wt.-% moisture 

[60, 61], saving a considerable amount of energy compared to drying prior 

to a direct conversion. A rough calculation taking into account mass loss, 

energy densification and thermal energy need for HTC shows, that HTC is 

energetically favourable to drying if the feedstock moisture exceeds  

60 wt.-% [15]. Another advantage arises from a pre-treatment in water: 

Species active in corrosion, slagging and fouling such as chlorine and alkali 

metals are often present as water-soluble compounds that can be removed 

with the process water. Yet, the treatment in water also causes the biggest 

challenges the technology faces. Per ton of hydrochar produced 

approximately 2 m³ [62–64] of waste water is generated that is highly 

contaminated with organic matter and needs to be treated at a cost. 

To sum up, all of the tree pre-treatment technologies yield fuels that, in 

comparison with the raw material, have increased carbon content and HHV, 

require less grinding energy, are more hydrophobic and therefore storable. 

Pelletisation is facilitated for steam-exploded and HTC treated biomass, 

while torrefied pellets are less stable. Torrefaction and steam explosion 

both have little effect on ash composition and are most effective in the 

treatment of dry feedstock. HTC on the other hand is effective in the 

conversion of wet feedstock and fundamentally changes the ash properties 

of the fuel. 

2.3.3 Technologies for the Conversion of Wet Feedstock 

Besides HTC, also biochemical conversion technologies are well suited for 

the conversion of wet feedstock. The most prominent technology is 

anaerobic digestion (AD). During AD, organic matter is decomposed to 

biogas by various anaerobic microorganisms in the absence of oxygen. 

Biogas consists mainly of methane, carbon dioxide and small amounts of 

other gases [65]. The produced biogas is used in small CHP units or is fed to 

the natural gas grid after upgrading. Two process variations exist: The 

widespread wet anaerobic digestion, that is easily scalable and treats a 

slurry of biomass in water and dry fermentation, which is a simpler and 

robust, small-scale technology, where biomass is piled up and biologically 
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converted in gas-tight fermenter boxes [65]. Today, AD is used as a waste 

management technology in the treatment of waste water, municipal solid 

waste and manures. Often also substrates from dedicated cultivation like 

maize, whole plant silage, sugar beet, grass silage are used in biogas plants. 

In principle, all biogenic material is suitable for AD. However, the obtained 

biogas yield, and thus carbon efficiency, of the process is heavily dependent 

on the feedstock composition. Generally, the higher the proportion of easily 

degradable organic substances such as fats, proteins and carbohydrates in 

the substrate, the more methane can potentially be produced by AD [66]. 

Fibrous substrates with high concentrations of poorly degradable carbon 

compounds such as lignocellulosic biomass is unsuitable for AD because 

they are highly resistant towards a fast biological degradation by bacteria 

[67, 68]. For example, AD of food waste achieves carbon efficiencies of 

around 60 %, while for straw (27 %) or fallen leaves (12 %) it is 

considerably lower [69]. 

Compared to HTC, the conversion temperature in AD is much lower. AD is a 

mature technology that is widely applied, especially in Germany. On the 

other hand, the required time for the conversion is longer. Thus the 

throughput is lower and land requirement higher in AD. Table 2.3 provides 

an overview on key characteristics, advantages and disadvantages of wet 

AD, dry fermentation and HTC. Consequently, AD is usually the preferred 

treatment technology for moist biomass that contains high amounts of 

sugar, fats and proteins. For example, biogenic municipal waste or residues 

from food industry are often treated by AD or dry fermentation.  

On the other hand, in cases where a high throughput is needed and limited 

space is available, like in metropolitan areas, HTC could be considered as a 

suitable alternative treatment technology to AD. While being a technology 

still in the research and development phase, HTC offers a high input 

flexibility and can be used to treat a wide range of different feedstock, 

including lignocellulosic biomass. 
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Anaerobic 
digestion 

Dry 
fermentation 

HTC Ref. 

Substrate 
requirements 

Liquid substrate, 
biodegradability 

Biodegradability None 
[68, 
70] 

Feedstock 
moisture 

> 80 wt.-% 60-85 wt.-% > 40-85 wt.-% [44] 

Temperature 

35-37 °C 
(mesophilic) 

55-70 °C 

(thermophilic) 

34-38 °C 180-250 °C 
[71, 
72] 

Treatment time 15-30 d  4-5 d 1-8 h [72] 

Carbon efficiency 

57 % 
(food waste) 

27 % 
(straw) 

- 

50 % 
(food waste) 
80 % 
(straw) 

[69] 

Products Biogas, heat, Power 
Biogas, heat, 
power, compost 

Biochar  

Space requirement 0.31 m² t-1 a-1  0.16 m² t-1 a-1 
[73, 
74] 

Advantages 

Mature technology, 
low capital 
investment, 
reduces water 
pollution 

Mature 
technology, fuel 
flexibility, 

reduced water 
usage 

No substrate 
requirements, 
high through-
put, low space 
requirements 

 

Disadvantages 
High space 
requirement, low 
throughput  

Difficult 
inoculation of 
new substrates, 
low throughput, 
high space 
requirement, 

New 
technology, 
wastewater 
treatment 

 

While AD can be seen as a competing technology to HTC in the treatment of 

wet feedstock both technologies could also complement each other: As 

described above, the biological treatment of lignocellulosic biomass is 

strongly limited due to the recalcitrant structure of these substrates. 

Typically, biomass hydrolysis becomes the rate-limiting step during 

traditional AD [75]. Thermo-chemical and physical pre-treatment are 

considered as a way to enhance the digestibility of lignocellulosic 

biomass [76, 77]. Among others, milling, steam explosion and hot water 

T a b l e  2 . 3 :  T e c h n o l o g i e s  f o r  t h e  e n e r g e t i c  v a l o r i s a t i on  o f  w e t  b i o m a s s  
f e e d s t o c k .   
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washing have been applied with the goal to facilitate biological conversion 

of lignocellulosic biomass by a disruption of the complex biomass structure 

that increases porosity and reduces overall crystallinity of the material. 

HTC is also a potential candidate to be integrated with AD increasing the 

energy recovered from a feedstock. One possible strategy is to subject 

biomass to a low temperature HTC treatment to hydrolyse the substrates 

[78]. Afterwards the entire HTC slurry including hydrochar and process 

water is fed to the AD plant. Another possibility is to separate process water 

and hydrochar and to only subject HTC process water to AD [79]. The 

separated hydrochar can be used as solid fuel or in other applications. HTC 

alters the biomass structure and also leads to the solubilisation of 

considerable amounts of organic material in the process water. This organic 

fraction is readily digestible and can bypass the hydrolysis stage of AD. The 

applicability of HTC process waters in AD has been proven by a range of 

studies for different feedstock, including lignocellulosic materials [79–84]. 
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3 Hydrothermal Carbonisation 

This chapter discusses hydrothermal carbonisation (HTC) as a pre-

treatment technology for biomass fuels in more detail. First the 

fundamentals of HTC and related processes are discussed, followed by a 

brief summary of governing conversion paths as well as the characteristics 

of solid, liquid and gaseous products from the process. 

 Fundamentals of Hydrothermal Processes 

The term hydrothermal is used to describe processes that involve hot water 

under pressure. It originates from the scientific fields of geochemistry and 

mineralogy, but is also used to describe technical processes using such 

conditions. In biomass conversion three hydrothermal processes are 

applied [85, 86]:  

 Hydrothermal Carbonisation (HTC). Hydrothermal 

carbonisation is generally conducted at conditions below the 

critical point of water, i.e. temperatures below 647 K and pressures 

above the respective vapour pressure of water. Biomass is 

subjected to heating and partial pyrolytic decomposition. The 

presence of water favours hydrolytic reactions. The main goal of the 

process is to provide a solid product. 

 Hydrothermal Liquefaction (HTL). Hydrothermal liquefaction is 

typically conducted under subcritical conditions in proximity of the 

critical point. Compared to HTC, the applied pressures are higher in 

HTL. Biomass is subjected to heating and partial pyrolytic 

decomposition. The presence of water favours hydrolytic reactions. 

The main goal of the process is to provide a liquid product.  

 Hydrothermal Gasification (HTG). During hydrothermal 

gasification biomass is subjected to supercritical conditions where 

it is heated, pyrolytically decomposed and gasified. The aim is a 

complete conversion of biomass to product gas. 
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Figure 3.1 shows the typical conditions of the three processes in the p, T 

phase diagram of water.  

 

Water properties under hydrothermal conditions 

Under hydrothermal conditions, the properties, of water are changed 

significantly. Water density under HTC- and HTL condition is lower than 

under ambient conditions, approaching similar densities as liquid 

hydrocarbons [88]. In the proximity of the critical point and under 

supercritical the density of water is decreasing even further. The specific 

enthalpy is increasing with increasing severity of hydrothermal process 

conditions. The specific heat capacity of water reaches a maximum under 

near-critical conditions. Dynamic viscosity also decreases from HTC to HTG 

conditions. Finally, the relative dielectric constant of water εR, which is a 

measure of the solvent polarity. This constant drops sharply at HTC 

conditions, where the polarity of water lies in the range of glycerol. 

Increasing process severity leads to a further decrease in εR. Specifically, at 

HTL conditions εR corresponds approximately to acetone and at HTG 

conditions, εR approaches values of weakly polar (e.g. diethyl ether) up to 

F i g u r e  3 . 1 :  P h a s e  d i a g r a m  ( p , T )  o f  w a t e r  a n d  r e l a t e d  h y d r o t h e r m a l  
p r o c e s s e s .  A d a p t e d  f r o m  [ 8 7 ] .  
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non-polar solvents (e.g. n-hexane) [88]. Moreover, at HTC and HTL 

conditions the ion product of water is several times higher than at ambient 

conditions. That means that under these conditions the concentration of 

protons and hydroxide ions is greatly increased, which in particular 

accelerates hydrolysis reactions without the need of acidic or alkaline 

catalytic additives [85]. Table 3.1 summarizes the properties of water under 

hydrothermal conditions corresponding to HTC, HTL and HTG.  

 Ambient 
Conditions 

HTC HTL HTG 

Temperature (°C) 25 200 330 400 

Pressure (bar) 1 20 200 300 

Density (kg m-3) 997 865 667 357 

Spec. Enthalpy (kJ kg-1) 105 852 1506 2153 

Heat capacity (J kg-1 K-1) 4181 4493 6268 25868 

Dynamic Viscosity (Pa s) 8.9∙10-4 13.4∙10-5 7.8∙10-5 4.4∙10-5 

Ion product (mol² kg-2) 1.0∙10-14 7∙10-14 1.8∙10-12 1.7∙10-15 

 Main Reaction Pathways during HTC 

The most important hydrothermal process for the production of solid fuels 

is HTC. The main reaction pathways during HTC are based on the conversion 

of plant-derived biomass and its major constituents. Although the 

application of HTC is not limited to these type of feedstock, the majority of 

available biomass residues originate from plants or mixtures that contain a 

large proportion of plant material. Therefore, the studies discussed in the 

following chapter focus on the conversion of the three main components of 

lignocellulosic biomass, namely hemi-cellulose, cellulose and lignin. The 

discussed reaction mechanisms can also be applied to non-lignocellulosic 

feedstock such as sludges or algal biomass. 

During HTC, organic biomass constituents undergo a complex series of 

many different reactions [91]. Figure 3.2 shows a simplified scheme of the 

chemical processes during HTC. Hydrochar formation proceeds through 

two main reaction pathways A and B. Pathway A comprises solid-solid 

reactions and intramolecular condensation reactions that lead to the 

T a b l e  3 . 1 :  P h y s i c a l  p r o p e r t i e s  o f  w a t e r  i n  d i f f e r e n t  t e m p e r a t u r e  a n d  
p r e s s u r e  r e g i m e s  [ 8 9 ,  9 0 ] .  
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formation of so-called primary char. Following pathway B, hydrochar 

formation proceeds through biomass degradation and polymerisation of 

solved intermediates to so-called secondary char. More stable biomass 

constituents like lignin preferably react according to pathway A, whereas 

carbohydrates react to hydrochar preferably according to carbonisation 

route B. 

 

Although the exact reaction network of HTC is not yet fully understood and 

is subject of current research, general reaction mechanisms have been 

identified: It has been shown that main HTC reaction mechanisms comprise 

hydrolysis, dehydration, decarboxylation, polymerisation and, to some 

extent, aromatisation [30, 92]. These fundamental reaction steps are 

explained in more detail in the following: 

Biomass degradation primarily occurs through hydrolysis reactions, which 

destroy a large part of its physical structure. Hydrolysis predominantly 

splits ether- and ester-bonds in the plant matrix. Thereby plant biopolymers 

are extracted and degraded. Aside from carbohydrates, lignin is also 

partially hydrolysed [30, 92]. 

F i g u r e  3 . 2 :  S i m p l i f i e d  r e p r e s e n t a t i o n  o f  t h e  c h e m i c a l  p r o c e s s e s  d u r i n g  
h y d r o t h e r m a l  c a r b o n i s a t i o n.  A d a p t e d  f r o m  [ 9 1 ] .  
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Dehydration takes place by the elimination of hydroxyl groups from the 

biomass matrix and by acid-catalysed reactions that lead to the formation of 

furfural and hydroxymethylfurfural (HMF) from monosaccharides [30, 87, 

92]. The latter reactions are auto-catalysed due to the formation of acidic 

by-products. Decarboxylation (CO2 elimination) and decarbonylation (CO 

elimination) are also typical reactions during HTC that dissolve, decompose 

and convert biomass constituents further [92]. 

Some of the fragments formed during biomass degradation are highly 

reactive and undergo subsequent polymerization and condensation. 

Depending on the degree of polymerization, the substances either occur 

dissolved or form fine solid particles. As the poly-reactions progress, more 

and more solids are formed or react with the remaining solid leading to solid 

biochar formation [30, 87]. 

All in all, the above-mentioned reactions lead to the formation of a material 

that exhibits a higher carbon content than the starting material. The 

reduction of oxygen results approximately 70 % from dehydration and 

approximately 30 % from decarboxylation [93]. The degree and reaction 

processes of the coalification occurring during HTC can be determined using 

a so-called van-Krevelen diagram as depicted in Figure 3.3. Based on the 

elemental analysis of a solid fuel, its H/C molar ratio is plotted versus its O/C 

molar ratio. As the conversion progresses, the H/C to O/C ratio moves from 

the top right (input material) to the bottom left. Figure 3.3 also shows data 

from the hydrothermal conversion of rice husk and grass cuttings which 

corresponds to the orange line, which shows the theoretical carbonisation 

pathway of a carbohydrate. To illustrate further, the reaction lines of 

dehydration and decarboxylation (according to [94]) and the theoretical 

range of the natural coalification, starting from cellulose via peat, lignite, 

hard coal to anthracite, are also depicted in Figure 3.3. 
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 Main Influencing Process Parameters 

This section describes the main parameters influencing HTC. Reactor 

design, mixing behaviour and heating rate are of minor importance for 

reaction engineering in HTC and are therefore not discussed herein. 

Temperature: Temperature is one of the main influencing process 

parameters in HTC. A higher reaction temperature is known to increase the 

reaction rate of degradation and polymerisation reactions [95]. Further, 

reaction temperature governs the onset of the degradation of key 

components such as cellulose, hemicellulose and lignin. Characteristic 

temperature regimes of HTC are 150 °C where the decomposition of 

carbonyl groups starts and 180 °C, 200-230 °C and 220-260 °C where hemi-

cellulose, cellulose and lignin degradation occur [30, 70, 96]. According to 

van’t Hoff’s law, the reaction rate doubles upon a temperature increase of 

F i g u r e  3 . 3 :  E x a m p l e s  f o r  t h e  h y d r o t h e r m a l  c o n v e r s i on  o f  g r a s s  c u t t i n g s  
a n d  r i c e  h u s k  f o r  d i f f e r e n t  p r o c e s s  p a r a m e t e r s  ( T ,  τ )  i n  a  v a n - K r e v e l e n  
d i a g r a m .  T h e o r e t i c a l  e l i m in a t i o n  s c e n a r i o  o f  c a r b o h y d r a t e s  a n d  t y p i c a l  
r a n g e s  o f  H / C  a n d  O / C  r a t i o s  o f  f o s s i l  s o l i d  f u e l s .  A d a p t e d  f r o m  [ 6 1 ] .  D a t a  
f o r  r i c e  h u s k  f r o m  [ 1 7 ] .  
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10 K. Consequently in HTC, the degree of carbonisation, i.e. the carbon 

content increases with increasing reaction temperature [71, 93]. Most HTC 

processes work with maximum temperatures of 250 °C. This allows the 

conversion of biomass to hydrochar with a maximum carbon content of 

about 70 wt.-% (db) and a higher heating value above 30 MJ kg-1(db). 

Residence time: Typical residence times for HTC in scientific studies lie in 

the range of 30 min up to 72 h. The influence of residence time on the 

reaction intensity can be described by equation (3.1) developed by Ruyter 

[93]. 

 
𝑓 = 50 ∙  𝜏0.2 ∙ 𝑒−

3500
𝑇  

( 3 . 1 )  

The calculation of the reaction intensity f is based on Arrhenius law and is 

calculated using reaction temperature T in Kelvin and residence τ in 

seconds. This approach shows that the reaction temperature (T) has a much 

greater influence on the conversion than the reaction time (τ). Shorter 

residence times facilitate higher reactor throughput, although they can also 

impose kinetic limitations [97]. As described in Section 4.2, the 

carbonisation proceeds via first stage reactions such as hydrolysis, 

dehydration and decarboxylation and second stage reactions that include 

polymerisation and aromatisation of the hydrolysed and dehydrated 

fragments that were created in the first stage. While the first stage reactions 

occur fast, the second stage reactions are slower. Hence, the advantage of 

longer residence times is that they promote polymerisation and 

aromatisation of the fragments in the liquid phase and thereby enhance the 

obtained mass yield [98]. 

Liquid-to-solid ratio: The liquid-to-solid ratio (L/S ratio) plays a decisive 

role, ensuring that a liquid aqueous phase is present during HTC. A high L/S 

ratio, leads to a high proportion of dissolved organic and thus to a lower 

mass yield of hydrochar [96]. For an efficient conversion, L/S ratio should 

be as low as possible, while still ensuring that the biomass is fully 

submerged in water and forms a mixable slurry. The common range of L/S 

ratio on mass basis during HTC is 1-10. 
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pH value: An acidic pH value below 3 catalytically accelerates carbonisation 

[95]. However, for the optimisation of a technical HTC process it is 

questionable if a strong reduction of pH is reasonable. The addition of acid 

is an additional cost factor and potentially leads to corrosion of equipment. 

Moreover, an economic acid dosing is not trivial since during HTC also 

buffering compounds like CO2 an NH3 are formed. 

Particle size: Compared to HTL and HTG, HTC is characterised by a 

relatively slow chemical conversion. Hence, mass transfer limitations only 

play a role for short HTC times in the range of seconds to a few minutes [99, 

100]. Particle size becomes more important in process engineering of HTC: 

For example during a continuous HTC operation, particle size is often 

reduced to below 2 cm for a reliable conveying and reactor feeding process, 

while batch processes are favoured for larger particle sizes. 

Pressure: Pressure does not influence the product characteristics in HTC. 

Although the reaction pressure influences the reaction network according 

to Le Chatelier’s principle, the effect has been proven to have a low impact 

on hydrothermal carbonisation and natural coalification [70, 101–104]. 

Still, the pressure must be high enough to ensure the presence of a liquid 

water phase during the process. Most of the time a pressure slightly above 

the water vapour pressure at the given temperature is chosen for HTC. A 

process variant of HTC is the so-called vapothermal carbonisation (VTC). 

VTC takes place in saturated vapour conditions, where the pressure of the 

reactor is set on the vapour pressure of water at the respective reaction 

temperature. 

 HTC Product Properties 

Hydrothermal carbonisation yields solid, liquid and gaseous products. A 

qualitative mass balance on dry basis is shown in Figure 3.4. The exact 

quantity and composition of the individual products is strongly dependent 

on feedstock and process parameters. 

In HTC, the main product is the solid hydrochar which contains about 50-

65 wt.-% of the input material. The majority of mass losses are attributed to 
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water elimination by dehydration reactions during HTC (cf. loss H2O in 

Figure 3.4) [30, 92]. 

.  

Liquid products are mostly comprised organic compounds that are 

extracted from the biomass matrix or formed during HTC [30]. The gaseous 

products consist mainly of CO2 from decarboxylation reactions [105]. A 

qualitative energy balance is discussed in section 4.3. In the following 

sections the composition and physio-chemical characteristics of the solid, 

liquid and gaseous HTC products are described in more detail. 

3.4.1 Solid Product 

The main product of HTC is the solid hydrochar. As introduced in Section 4.2 

two types of hydrochar are formed during carbonisation: primary 

hydrochar by dehydration and decarboxylation of biomass structures and 

secondary hydrochar that is formed by the polymerisation of solved 

intermediates. While the structure of primary hydrochar is similar to the 

structure of the respective substrate, secondary hydrochar comprises small 

coke particles that form larger coke structures at higher temperatures. 

Unsurprisingly, these structural and compositional changes lead to 

fundamentally altered properties of the material. 

F i g u r e  3 . 4 :  Q u a l i t a t i v e  H T C  m a s s  b a l a n c e .  A d a p t e d  f r o m  [ 6 1 ] .  
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Compared to the substrate hydrochar has an increased carbon content and 

energy density. Depending on the process conditions, the higher heating 

value of the fuel can be increased by up to 60 %, mostly on the account of a 

higher carbon content of the hydrochar. Higher reaction severity, i.e. higher 

temperature and residence time, leads to a higher degree of coalification 

and lower volatile content. On the other hand, higher reaction temperatures 

decrease mass yield due to dissolution of organic material in the water 

phase. 

Another essential property of hydrochar is its dewatering behaviour. After 

HTC, a slurry of hydrochar in water is obtained. To recover the solid product 

it has to be separated from the liquid phase which is usually done by 

mechanical dewatering followed by a thermal drying step. HTC causes a 

decrease in oxygen containing functional groups. This reduces the amount 

of inherent moisture which is defined as the water moisture that is not 

readily removable by mechanical methods, chemically bound to the particle, 

and which is a part of the particle [60, 106]. Consequently, after mechanical 

dewatering considerably lower water contents can be observed when 

comparing hydrochar to the raw material. Depending on feedstock, applied 

pressure and temperature, the water content of HTC fuels can be reduced to 

30-50 wt.-% by mechanical dewatering [60, 61]. For comparison, the 

moisture content of untreated biomass after mechanical dewatering 

typically lies in the range from 60-70 wt.-% [61, 107]. Thus, process heat 

demand for the drying step declines substantially. 

Impact Explanation 

Reduction of the mass yield with 
higher HTC temperature 

Conversion of organic matter to H2O, CO2 and solved 
organic intermediates 

Relative increase in carbon 
content 

The elimination of O and H from organic biomass 
matrix prevails over the elimination of C, thus 
despite CO2 elimination, the C-content increases. 

Increase in calorific value  Shift of the elemental composition (decrease in O, H) 
towards components like C, that improve 
combustion enthalpy 

Improved stability Conversion of volatiles, increase in and formation of 
fixed carbon. 

T a b l e  3 . 2 :  I m p a c t  o f  t h e  h y d r o t h e r m a l  c o n v e r s io n  o f  b i o m a s s  t h e  
p r o p e r t i e s  o f  t h e  s o l i d  p r o d u c t .  
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Furthermore, hydrothermally carbonised biomass possesses higher 

chemical and biological stability than untreated biomass [15]. They are 

therefore less susceptible for microbial degradation and impose less 

requirements on storage and handling [15, 108]. 

3.4.2 Liquid and Gaseous By-products 

Aside from hydrochar, also liquid and gaseous by-products are produced 

from the hydrothermal conversion of biomass by HTC. Currently, the further 

utilisation and treatment of process water from HTC poses one of the main 

challenges in the commercial use of the technology. In the following section, 

previous research on the characterisation of process water constituents as 

well as the composition of gaseous product emerging from HTC will be 

summarised. 

Process water containing liquid by-products of HTC is obtained after HTC of 

biogenic material. It is estimated that per ton of hydrochar approximately 

2 m3 of effluent is produced [62–64]. The exact amount of process water 

arising primarily depends on the moisture content of the substrate treated, 

the extent of conversion of the substrate by HTC, the use of additional water 

in mixing and heating (i.e. by steam-heating). A higher water content and a 

stronger dehydration of the substrate leads to larger amounts of process 

water generated. Furthermore, if external water sources are needed for the 

mashing of the biomass-water mixture, the amount of process water 

increases. On the other hand, the amount of process water can be reduced if 

relatively low-moisture biomass is used and/or mixed with recycled 

process water.  

The quantitative composition and characteristic properties are determined 

by feedstock type and applied process conditions. Depending on the 

feedstock, biomass constituents differ in their solubility, extraction and 

conversion behaviour, which results in different molecular transitions to 

the process water [61].  

Qualitatively, process water contains mainly organic compounds and 

inorganic trace substances, which are summarised in Table 3.3. Organic 
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substances include organic acids, dry residues and aromatic aldehydes. 

Typical values for the total organic carbon (TOC) concentration in process 

water, are estimated at values between 4-32 g l-1, of which 30-50% of is 

present in the form of organic acids [109]. The chemical oxygen demand 

(COD) lies in the range of 4.9-73.8 g l-1. COD is a measure of the quantity of 

all oxidisable species in waste water and can therefore be used to quantify 

the amount of pollutants. Biological oxygen demand (BODx) indicates the 

amount of oxygen that microorganisms consume in a water sample at 20°C 

during a specific period x in days. Often BOD5 is used to characterise the 

amount of organic matter that can be decomposed by the organisms and is 

therefore bio-degradable. BOD5 of HTC process water possesses is highly 

variable and in the range of 1.7-42 g l-1.  

Parameter  Unit Range 

pH-values pH - 3.7-5.6 

Electrical conductivity EC mS cm-1 4.9-26 

Total organic carbon TOC g l-1 3-31.7 

Chemical oxygen demand COD g l-1 4.9-73.8 

Biological oxygen demand BSB5 g l-1 1.7-42 

Filterable substances  g l-1 0.1-0.7 

Acetic acid  g l-1 5.3-12.5 

Propionic acid  g l-1 0.3 

Glycolic acid  g l-1 1.5-19 

Levulinic acid  g l-1 0.2-0.4 

Formic acid  g l-1 1.7-2.0 

Phenol  g l-1 0.3-0.8 

Furfural  g l-1 0.2 

HMF  g l-1 0.2-1.2 

Glucose  g l-1 0.2-0.3 

The formed aromatics can have environmentally harmful properties and 

contribute significantly to the toxicity of the process water. The conversion 

of biomass constituents, cellulose, hemicellulose and lignin lead to the 

T a b l e  3 . 3 :  C h a r a ct e r i s t ics  a n d  c o m p o s i t i o n  o f  p r o c e s s  w a t e r  f r o m  
h y d r o t h e r m a l  c a r b o n i s a t i o n  a f t e r  f i l t r a t i o n .  D a t a  f r o m  [ 6 1 ,  6 9 ,  1 0 5 ,  1 1 0 –
1 1 3 ] .  
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formation of aromatic aldehydes like furfural or 5-hydroxyl-methylfurfurale 

(5-HMF) and phenols [109, 114–116].  

With increasing temperature and residence time, i.e. conversion, the 

concentration of furfurals and HMF decreases, while the concentration of 

acids and phenols increases. Hence, HMF and furfurals are believed to be 

intermediates in biomass decomposition that further decompose to acids 

and phenols [109, 114–116]. pH value of process water from the conversion 

of lignocellulosic biomass are in the range of 3.7-5.6 due to the formation of 

organic acids. pH can also be higher than 7 for biomasses with a pronounced 

buffer capacity, like sewage sludge or residues from anaerobic digestion 

[85]. Electrical conductivity is feedstock dependent and lies in the range of 

industrial waste water from 5-26 mS cm-1. 

Gases are a minor by-product from HTC. Their proportion in the product 

distribution from solid, liquid and gaseous products increases with 

increasing reaction severity. Only at high treatment temperatures above 

275 °C their share in the product distribution exceeds 10 wt.-% [117, 118]. 

CO2 is the dominant gaseous species, typically accounting for 70-95 % 

emerging gases from HTC. The second most abundant species is CO. The 

remaining trace-gases comprise hydrogen and some low molecular 

hydrocarbons. 
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4 State of the Art in Research and Technology of 

Hydrothermal Carbonisation 

During the last years an increasing amount of scientific studies have 

investigated HTC as a conversion technology for residual biomass feedstock. 

The considered applications for the resulting solid products cover energetic 

as well as material use. Consequently, most studies focus on the reaction 

mechanism and influence of HTC on structure, morphology and chemical 

functionality of the hydrochars. As presented in the previous chapter the 

transformations of the organic phase during HTC and associated fuel 

properties are well known today. The transformation of the inorganic 

matter in biomass during HTC has been studied to a much lesser extent. The 

presented work studies HTC as a technology for the provision of solid fuels 

from residual biomass streams. This covers considerations for the selection 

of suitable feedstock for HTC, fuel quality assessment as well as an economic 

classification of the technology. A focus is placed on the impact of HTC on 

fuel properties relevant for biomass combustion. Challenges in biomass 

combustion are often ash-related, thus the fate of inorganic elements during 

HTC and ash properties of HTC fuels are studied in detail. The quality of HTC 

fuels is assessed with the help of fuel indices. The following chapter 

therefore summarises recent work on the fate of inorganic elements during 

HTC and the application of fuel indices for prediction of challenges in 

biomass combustion. In addition, an overview on commercial HTC projects 

and techno-economic studies of the technology is provided. 

 Fate of Inorganics during HTC 

HTC not only alters the organic structure of biomass, but also largely affects 

the ash composition by leaching of inorganics to the process water. The 

extent to which inorganics can be removed from the feedstock by HTC is 

determined by the nature of the inorganic matter: Ash forming elements in 

biomass exist in different forms e.g. as soluble ions, organically associated, 

as included minerals or as excluded minerals [39, 119]. Washing and HTC 
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have been proven to be effective in reducing the amount of soluble 

inorganics like alkalis and Cl [46, 52, 97, 120–127]. 

Compared to water washing, several factors promote the removal of 

inorganic species from the feedstock during HTC: HTC breaks down 

structural biomass components like hemi-cellulose and cellulose that 

contain a large proportion of inorganic biomass species, facilitating their 

dissolution [13]. Additionally, water under hydrothermal conditions has a 

lower density, viscosity and decreased polarity compared to water at 

ambient pressure and temperature [128]. Thus, the dissolution of 

inorganics with different solubility is possible. 

Only few studies have investigated the effect of HTC on the fate of 

inorganics. Table 4.1 provides an overview on the investigated feedstock, 

process conditions and findings of these studies. Reza et al. [46] have 

investigated the influence of HTC temperature on the ash composition of 

corn stover, miscanthus, switch grass, and rice hulls. They found that 

calcium, magnesium, sulphur, phosphorous and potassium can be reduced 

by up to 90 % during HTC, which they linked to the decomposition of hemi-

cellulose. Silicon is removed to a low extent at higher temperatures. Smith 

et al. [52] have investigated the influence of feedstock on the combustion 

behaviour of hydrochar. They observed a significant reduction of alkali 

metals. Smith et al. [97] have also investigated the influence of residence 

time on the inorganic composition of miscanthus and concluded that the 

extraction of some inorganics like sulphur and phosphorous is decreasing 

with increasing residence time. They confirmed that also for miscanthus 

more than 75% of alkali metals are removed from the feedstock after HTC 

treatment. Ekpo et al. [120] compared the distribution of inorganic contents 

in the liquid and solid phases after thermal hydrolysis, HTC, HTL and HTG. 

Investigated feedstock included manure, micro algae and digestate from AD. 

They observed that phosphorous levels in the solid residues increase with 

reaction severity (i.e. higher temperature). For most samples Ca, Mg and Si 

were concentrated in the residue like P, while K, Na and Cl were found 

mainly in process aqueous phase. Benavente et al. [129] also studied the 
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combustion properties of HTC fuels from wastes of olive mills, orange juice 

production and artichoke food production. They reported decreasing K, Cl, 

Mg and Si concentrations and increasing P concentrations in the hydrochar 

ash. 

Bach et al. [44] investigated the effect of CO2 addition on hydrothermal 

carbonisation of forest residues. They found that in CO2 enriched conversion 

atmosphere, 60-69 % of ash-forming matter was removed compared to only 

14-26 % using nitrogen as pressurizing agent. They attributed this 

observation to the higher acidity in the process water due to the formation 

of carbonic acid and the conversion of Na and K salts to water-soluble 

carbonate salts upon CO2 addition. However, they did not conduct an in 

depth analysis of the influence the CO2 addition had on the ash composition 

after HTC. 

The impact of pH on combustion properties and ash composition was also 

investigated in a recent study by Smith et al. [130]. They conducted HTC of 

swine manure at pH level ranging from 1-13 which they adjusted using 

different acids (acetic-, formic- and sulfuric acid) and sodium hydroxide as 

base. They found that lowering the pH prior to HTC reduces ash content of 

the HTC fuels obtained, due to mobilisation of Ca, Mg and P at low pH. 

Alkaline pH on the other hand had little effect on ash composition. Mäkela 

et al. [131] have studied HTC of paper sludge at varying pH conditions. They 

reported increased K, Mg, Si, Cl and Al concentration in ash of HTC treated 

paper sludge, while the concentration of Ca and Na was decreasing. Since 

paper sludge possesses inherently different composition of inorganics and 

only very low concentrations of Cl, K and Mg, these results should be 

considered with caution and are not transferable to other biomass feedstock 

types. 

To date no comprehensive study covering the influence of feedstock, 

temperature, residence time, L/S ratio and additives exists. Yet, for a fuel 

quality assessment after HTC, the knowledge concerning the fate of 

inorganics is vital for the mitigation of ash-related problems in i.e. 

combustion of HTC fuels. 
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Ref. Feedstock T 
(°C) 

t 
(h) 

L/S 
ratio 

pH Impact of HTC on element ash concentration 

Na K Mg Ca Al P Si Cl S 

[46] 
Corn stover, miscanthus, 
switchgrass,  
rice hulls 

200-
260 

0.08 5 nd ↓ ↓ ↓ ∘ ↑ ↑ ↑ ↓ ↓ 

[52] 

Willow, miscanthus, oak wood, 
greenhouse waste, AD press 
cake, municipal waste,  

sewage sludge, micro algae, 
micro algae 

200, 
250 

1 10 nd ↓ ↓ ↑ ∘ nd ↑ ↑ nd ∘ 

[97] Miscanthus 
200, 
250 

0, 1, 
4, 8, 
24 

10 nd ↓ ↓ ↓ ∘ ↑ ↑ ↑ ↓ ∘ 

[129] 
Olive mill waste 

Artichaut waste 

Orange peels 

200-
250 

2-
24 

nd nd nd ↓ ↓ nd nd ↑ ↓ ↓ ∘ 

[120] Microalgae, manure, digestate 
170, 
250 

1 9 nd ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ nd 

[132] Seaweed 
200, 
250 

1 9 nd ↓ ↓ ↑ ↑ nd ↑ ↑ ↓ nd 

[130] Swine manure 
120-
270 

1 9 1-13 ↓ ↓ ↓ ↓ ∘ ↓ ↑ nd nd 

[131] Paper sludge 
180-
260 

0.5 1-9 2-12 ↓ ↑ ↑ ↓ ↑ nd ↑ ↑ nd 

↓ = decreasing ash concentration,  ↑ = increasing ash concentration, ∘ = unclear trend, nd = no data 

T a b l e  4 . 1 :  O ve r v i e w  o f  s t ud i e s  i n v e s t i g a t i n g  t h e  f a t e  o f  i n o r g a n i c s  d u r i n g  H T C .  
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Therefore, in the presented study, the impact of temperature, residence 

time, feedstock type, L/S ratio and addition of CO2 on the fate of inorganic 

elements is investigated. 

 Quality Assessment for Solid Fuels 

For high energy efficiency and availability of combustion processes that use 

biomass feedstock, it is necessary to attain information about the behaviour 

of theses fuels and to assess their fuel quality. Commonly, standard fuel 

analysis is used to acquire a first implication of the quality of a new fuel. 

Table 4.2 summarises the basic conclusions that can be drawn from a 

standard fuel analysis for technical applications. 

Property Important implications 

Major element concentration 

Carbon (C) Higher and lower heating value, air requirement, particle 
emissions 

Oxygen (O) Higher and lower heating value, air requirement 

Hydrogen (H) Higher and lower heating value, air requirement 

Minor element concentration 

Nitrogen (N) Ash recycling, NOx- and N2O-emissions 

Potassium (K) Ash softening behaviour, ash utilisation, high temperature 
corrosion, particulate emissions 

Magnesium (Mg) Ash softening behaviour, retention of pollutants in ash, 
ash recycling, particulate emissions 

Sodium (Na) Ash softening behaviour, retention of pollutants in ash, 
ash recycling, particulate emissions 

Calcium (Ca) Ash softening behaviour, retention of pollutants in ash, 
ash recycling, particulate emissions 

Phosphorous (P) Retention of pollutants in ash, ash recycling, particulate 
emissions 

Sulphur (S) SOx emissions, high temperature corrosion, particulate 
emissions 

Silicon (Si) Ash softening, ash recycling, particle emissions 

Chlorine (Cl) Emissions of HCl and organohalogens, high temperature 
chlorine corrosion, particulate emissions 

Trace element concentration 

Heavy metals Ash recycling, heavy metal emissions, particulate emissions 

T a b l e  4 . 2 :  Q u a l i t y - r e l e v a n t  p r o p e r t i e s  o f  b i o g e n i c  s o l i d  f u e l s  w i t h  t h e i r  
r e s p e c t i v e  e f f e c t s .  A d a p t e d  f r o m  [ 1 3 3 ] .  
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Basic fuel properties such as moisture content, heating value and ash 

content provide information about e.g. the energy content of the fuel, shelf-

life and extent of particle emissions to be expected. The organic composition 

considering major components like C, O and H of the biomass fuel mostly 

contains information about its energy density, heating value and determine 

the operation conditions in terms of fuel input, combustion air requirement, 

etc. The concentration of minor organic elements like N and S provides an 

indication of the levels of NOx and SOx emissions. Inorganic fuel constituents 

are associated with ash-related combustion issues such as slagging, fouling, 

corrosion and fine particulate emissions. The inorganic composition of 

biomass ash also determines its possible valorisation pathway: For example 

ash with a high concentration of nutrients might be used as fertiliser, while 

contaminated biomass ash, e.g. by heavy-metals, has to be disposed in 

landfills. 

By calculating fuel indices derived from fuel analysis, more detailed 

information on the likelihood of a specific issue can be obtained. Of course 

the accuracy of predictions solely relying on fuel indices is limited, still 

compared to fuel testing in pilot- and full-scale facilities, the fuel 

characterisation by fuel indices provides a quick and straightforward first 

evaluation of fuel quality. Challenges in biomass combustion are often ash-

related, such as e.g. corrosion, ash-melting, particle formation and deposit 

formation, as well as the formation of NOx and SOx emissions that are 

hazardous to the environment and health. In principle, fuel indices establish 

a connection between the fuel chemistry and the chemistry of undesirable 

reactions in power boilers. For example, high temperature corrosion in 

power boilers is a consequence of alkali chloride condensation and 

successive reaction of the superheater metal with chlorine [13, 134]. Thus, 

suppressing alkali chloride formation prevents high temperature corrosion 

as well. One possibility to achieve this is the binding of alkali with sulfur as 

alkali sulfate in the furnace [135], a second option is to remove chlorine 

from the feedstock. Although the exact underlying reaction mechanisms of 

high-temperature corrosion are not yet fully understood, the prediction of 
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the corrosion rate with the molar 2 S/Cl ration has proofed to be a useful 

indicator [136].  

Correspondingly, particulate matter (PM) emissions are estimated by 

evaluating the concentration of inorganics that are prone to form fine 

particles during combustion. PM emissions from inorganic fuel components 

originate from the release of volatile inorganics such as alkali metals, heavy 

metals, S and Cl that are released to the gas phase during combustion and 

subsequently nucleate and condense to fine particles [137–139]. In biomass 

fuels, K being an abundant inorganic species constitutes the most relevant 

element for PM formation. Indices estimating the formation of NOx rely on 

the assessment of the concentration of nitrogen in the fuel, since NOx 

formation is known to originate mainly from the oxidation of fuel nitrogen 

[140–142]. Indices predicting ash-melting and slagging behaviour evaluate 

the fuel ash composition with respect to components that are known to 

lower resp. elevate ash-melting temperatures. 

Traditionally, fuel indices have been developed for solid fossil fuels such as 

lignite or coal. Yet, due to the inherently different composition and structure 

of biomass compared to coal, a direct application of these indices for the 

assessment of biofuels is questionable [143–145]. A few studies exist that 

evaluate new indices for the prediction of undesired furnace reactions 

specifically for biomass fuels: Sommersacher et al. [143] have performed 

lab- and real-scale combustion test of a large variety of biomass fuels. They 

evaluated fuel indices derived from chemical fuel analysis regarding their 

applicability for biomass combustion by comparison of the index’ prediction 

to their measurements using statistical analysis. This way they identified 

that, for instance, the molar 2 S/Cl ratio is a suitable indicator for corrosion 

risk. The fuel N content is an indicator for NOx emissions, and the sum of the 

concentrations of K, Na, Zn, and Pb can predict aerosol emissions. Näzelius 

et al. [144] have shown that for the estimation of slagging in fixed-bed 

combustion of phosphorous-poor biomass fuels, none of the traditional fuel 

indices performs well. Instead they proposed the use of a ternary diagram 

with K2O(+Na2O), CaO(+MgO), and SiO2 as crucial components to predict 
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slagging behavior. Zeng et al. [146] also demonstrated the usefulness of 

ternary diagrams for the prediction of slagging behaviour in a 

(CaO+MgO+MnO), (K2O+P2O5+SO3+Cl2O) and (SiO2+Al2O3+Fe2O3+Na2O+ 

TiO2) diagram for the combustion of wood, miscanthus, wheat straw and 

blends thereof. They also confirmed the applicability of the molar 

(Si+P+K)/(Ca+Mg) as fuel index for the slagging propensity as introduced 

by Sommersacher et al [143]. In a recent study, Feldmann et al. [147] 

investigated 23 different fuel indices for slagging testing 33 different 

biomass fuels. They found a better applicability of the indices to Ca-rich 

wood derived fuels and emphasised that P- and Si-rich fuels required closer 

investigation. Nevertheless, also in this study the index using molar 

(Si+P+K)/(Ca+Mg) ratio was found to yield a good correlation with slagging 

propensity. In the second part of their study Feldmann et al. [148] further 

confirmed the applicability of fuel-N as indicator for NOx emissions and sum 

of (Na, K, Zn and Pb) for particulate matter (PM) emissions. They pointed 

out that also K content alone is sufficient to predict PM emission severity. 

Molar (Si+P+K)/(Mg+Ca), sum of (Na, K, Zn and Pb) and molar 2 S/Cl ratio 

have also been confirmed as suitable indices for slagging, PM emissions and 

corrosion in a study investigating the fixed-bed combustion of straw by 

Obernberger et. al. [149]. Another implication for corrosion risk during 

biomass combustion is the chlorine content of the fuel [150–152]. Fouling 

risk during biomass combustion can be assessed using the Fouling index Fu 

as well as the same index as for PM emission risk, since the two phenomena 

are closely related and [143, 152, 153]. The fouling index Fu is based on the 

base-to-acid ratio RB/A which is calculated according to equation (4.1), but 

gives higher relevance to the alkali elements that are pre-dominantly 

responsible for fouling in biomass combustion. By multiplying the RB/A with 

the concentration of alkali oxides in the ash Fu is obtained.  

 

 𝑅𝐵/𝐴 =  
𝐹𝑒2𝑂3 + 𝐶𝑎𝑂 +𝑀𝑔𝑂 + 𝐾2𝑂 + 𝑁𝑎2𝑂

𝑆𝑖𝑂2 + 𝑇𝑖𝑂2 + 𝐴𝑙2𝑂3
 ( 4 . 1 )  

Table 4.3 provides an overview on the fuel indices selected for the 

prediction of challenges in biomass combustion used in this study. 
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Combustion 
related 
challenge 

Fuel index Risk classification Ref. 

Corrosion risk 

Molar 2 S/Cl ratio 
Low for 2 S/Cl > 4 [136, 143, 

149] 

Fuel-Cl content 

Low < 0.2 wt.-% 

Medium 0.2-0.3 wt.-% 

High > 0.3 wt.-% 

[150, 151] 

NOx emissions Fuel-N content 

Low <0.4 wt.-% 

Medium 0.4-1 wt.-% 

High > 1 wt.-% 

[143, 146, 
148, 149] 

Aerosol- / 
PM emissions 

Sum of K, Na, Zn and Pb 

Low < 1,000 mg kg-1 

Medium 1,000-
10,000 mg kg-1 

High > 10,000 mg kg-1 

[143, 148] 

Fouling Fu = RB/A ∙ (Na2O+K2O) 

Low < 0.6 

Medium 0.6-40 

High > 40 

[150, 152–
154] 

Slagging Molar (Si+K+P)/(Mg+Ca) 

> 1 ash sintering below 
1100°,  
linear relationship  
with ash sintering 
temperature  

[146, 147, 
155] 

The objective of this work is to provide an overview of the impact of HTC on 

the fuel quality regarding combustion related issues. Both changes in 

organic and inorganic composition and their implications on fuel quality are 

discussed, with an emphasis on the fate of inorganic elements during HTC. 

Only fuel indices that have proven suitable for the assessment of biomass-

derived fuels are applied. 

 HTC Process Variations and Techno-economic Evaluation 

A number of different HTC process variations exist that have been primarily 

been developed in Europe. There is an estimated amount of 200 companies 

worldwide that are involved in research and development as well as 

application of the HTC technology [156]. 

Prominent companies developing HTC processes include Ingelia (Spain), C-

Green (Sweden), HTCycle (Germany), SunCoal (Germany), Revatec 

(Germany), TerraNova Energy (Germany) and Antaco (UK). Most of these 

T a b l e  4 . 3 :  R i s k  c l a s s i f i c a t io n  f o r  b i o m a s s  c o m b u s t i o n  r e l a t e d  c h a l l e n g e s   
u s i n g  f u e l  i n d i c e s .  
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companies own demonstration-scale HTC plants that are operated in 

campaign mode. The process designs are often modular, allowing for 

scalability according to customer needs and future plant expansion. 

A few commercial plants exist: In 2016, TerraNova energy commissioned a 

full-scale HTC plant in Jining (China) that processes 14,000 t of sewage 

sludge per year [157]. More recently, in 2019, C-Green built a pilot-scale 

HTC plant for Stora Enso’s pulp and board mill in Heinola, Finland. The plant 

is used for conversion of around 16,000 t of biomass sludges per year to 

biochar that will be incinerated in the mill’s power boiler [158]. Ingelia 

currently plans several commercial HTC facilities: In Belgium a plant for 

20,000 t of organic waste per year is under construction and four additional 

plants are under permitting, expected to start construction in 2021. 

Table 4.4 includes an overview of a selection of developed HTC processes. 

On larger scale, reaction temperatures for HTC are typically on a moderate 

level of around 200°C. Investigated residence times applied by companies 

in their pilot scale plants range from 1 to 16 h. All processes use heat 

recovery systems to ensure an energy efficient operation. Figure 4.1 

summarizes the energy flows in a typical HTC process as evaluated by Vogel 

[159]. 

Heating up the biomass slurry to reaction temperature and drying are the 

most energy intensive process steps. The largest energetic losses is 

attributed to the dissolution of organic material in the process water. 

External heat needed accounts for roughly 10 % of the energy content of the

F i g u r e  4 . 1 :  E n e r g y  f l o w s  d u r i n g  H T C  o f  s e w a g e  s l u g d e  a n d  s u b s e q u e n t  
d r y i n g  t o  9 0  %  d r y  m a t t e r .  Q R  =  h e a t  o f  r e a c t i o n ,  D M  =  d r y  m a t t e r .  A d a p t e d  
f r o m  [ 1 5 9 ] .  D a t a  f r o m  T e r r a N o v a  p i l o t  p l a n t  [ 1 5 7 ,  1 6 0 ] .  
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T a b l e  4 . 4 :  B a s i c  p r o c e s s  c h a r a c t e r si t i c s  f o r  s e l e ct e d  p r o c e s s e s  f r o m c o mm e r c i a l  t e c h n o l o g y  p r o v id e r s  o f  
h y d r o t h e r m a l  c a r b o n i s a t i o n .  

 HTCycle SunCoal TerraNova Ingelia Antaco C-green Revatec 

Ref. [161] [28, 162] [163] [164] [28, 165] [166] [167] 

Temperature (°C) 220 200 200 180-220 200 200 187-200 

Residence time (h) 2-4 6-10 2-4 4-16 4-10 1 4-8 

Operation mode multi batch continuous continuous continuous continuous continuous multi batch 

Heat recovery 
system 

steam 
recovery 

steam 
recovery 

heat-exchange 
between 

product and 
feed stream, 
thermal oil 

cycle 

steam 
recovery, 

thermal oil 
cycle 

heat-
exchange 
between 

product and 
feed stream 

steam 
recovery 

thermal oil 
cycle 

Thermal Efficiency  
(%) 

59  
(sewage 
sludge) 

80 
(brewers 

spent grains) 

84 
green cut 

75 
sewage sludge 

n/a 85 n/a 79-81 

Largest plant (t a-1) 8,400 1,440 14,000 20,000 n/a 16,000 450 
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feed stream [62, 159, 168]. To date, no consensus on the heat of reaction 

from HTC is reached [92]. 

The reaction is expected to be slightly exothermic, but the small amount of 

heat released during the conversion of real substrates and their 

inhomogeneity prevent a reliable assessment. Ultimately, the significance of 

the heat of reaction for the overall energy balance of the process is relatively 

small. The overall plant efficiency is strongly dependent on the maximum 

possible energy yields, i.e. chemical efficiency achievable for the conversion 

of a specific feedstock. Thus, the reported thermal plant efficiencies fall 

within the range of 50-75 % for HTC of sewage sludge (HTCycle, TerraNova 

energy) which has a low chemical efficiency and around 80 % for 

lignocellulosic material (Suncoal, Antaco) with higher energy yields. 

Most processes operate in continuous systems; some rely on multi batch 

reactors, where the concerted operation of several batch units provides a 

steady biomass intake and output. 

Techno-economic Evaluation of HTC 

Currently, little data on mass- and energy balances of integrated HTC 

processes is available. Commercial HTC plants are scarce and operational 

data is rarely shared to the scientific community. The techno-economic 

performance of HTC however, needs to be known to evaluate if the 

technology is suitable for the production of fuel from residual biomass. 

Table 4.5 provides an overview over the results on existing techno-

economic analyses from academic studies and HTC technology providers. 

Only a few holistic studies exist that consider the whole process chain of fuel 

production by HTC. Stemann et al. [62, 169] considered two plant sizes 

converting empty fruit bunches (EFB) with a capacity of 40 kt a-1 and 

97 kt a-1 in south-east Asia. In the design, heat is recovered by recycling 

steam from cooling and depressurisation of the HTC slurry. External heat is 

provided by combustion of surplus EFB fibers and shells. The design 

includes process water recyling to decrease the amount of process water. 

Thermal energy demand is calculated to be 1.74 kWh kg-1 of product and 
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electrical energy demand 0.42 kWh kg-1 of product. The slurry pumps and 

pelletiser are identified as main power consumers. No information is 

provided on thermal energy consumers. HTC fuel costs are calculated as 7.7-

9.7 € GJ-1. The main cost factors for the fuel price are raw biomass costs and 

shipping costs to Europe. 

Ref. Feedstock  Input Energy consumption Production cost 

 
 

(kg h-1) 

thermal 

(kWh kg-1) 

electric 
(kWh kg-1) (€ GJ-1) (€ t-1) 

Stemann 
[62] 

EFB 5,700 1.74 0.42 7.7-9.7 215-270 

Lucian  
[64] 

Grape marc 2,500 1.17 0.02 8.3 220 

Akbari 
[170] 

Yard waste 6,600 nd nd 11-14 270-350 

Saba 
[63] 

Miscathus/Coal 65,000 nd nd 3.8 90-100 

Ingelia 
[171] 

Biomass 1,000 1.38 nd nd 150-200 

Terra 
Nova 
[163] 

Digested 
sludge 

1,100 0.93 0.22 10 170 

In another publication Lucian et al. [64] assess a HTC plant converting grape 

marc and off-specification compost in Italy. The process scheme is similar 

to Stemann et al. [62], with steam recovery from flash depressurisation of 

HTC slurry and process water recycling to reduce waste water. External 

heat is provided by a gas boiler. Mass- and energy balance of the HTC plant 

are calculated for a broad range of HTC conditions varying temperature 

from 180-250 °C and residence time from 1-8 h. Concerning thermal energy 

consumption, heating up the biomass slurry to reaction temperature is 

identified as the most energy intensive step. The biggest electrical 

consumers are slurry pumps and pelletiser. For the production of 1 kg 

hydrochar (7 kWh kg-1) from grape marc at 220 °C and 1 h, 1.17 kWh kg-1 of 

thermal energy and 0.42 kWh kg-1 of electrical energy are needed. The 

overall plant efficiency is found to be strongly dependent on feedstock 

moisture and solid concentration in the reactor. A production cost for HTC 

fuels between 6.1 and 7.8 € GJ-1 is calculated in the economic analysis. 

T a b l e  4 . 5 :  S u m m a r y  o f  r e s u l t s  f r o m  t e c h n o - e c o n o m i c  a n a l y s e s  o f  
a c a d e m i c  s t u d i e s  a n d  H T C  t e c h n o l o g y  p r o v i d e r s .  



 State of the Art in Research and Technology of Hydrothermal Carbonisation 

53 

While the studies by Stemann and Lucian obtain comparable results 

concerning energy consumption and fuel cost, deviant values are obtained 

in more straightforward evaluations: Saba et al. [63] evaluated the co-

conversion of a 1:1 blend of miscanthus and coal and determined much 

lower production costs of 3.8 € GJ-1 for HTC fuels. The low price is most 

probably related to an optimistic value of total capital investmentent (TCI) 

of only 10 Mio € for a plant processing 65,000 kg h-1. For comparison, 

Stemann et al. estimated 9 Mio € TCI for a plant processing 5,700 kg h-1. In 

another study by Akbari et al. [170] the production price for HTC fuels from 

yard waste in the U.S. are estimated to be higher. They calculated a 

production price of 11-14 € GJ-1 with a considerable gate fee of 23 € t-1 for 

yard waste. They identified capital investment and labor cost as the main 

cost drivers. Commercial HTC technology providers such as Terra Nova and 

Ingelia quantify HTC fuel production prices as 170 € t-1 (10 € GJ-1) and  

150-200 € t-1 respectively. 

Two other recent studies deal with the technical description of a HTC plant 

but do not provide sufficient data for a production cost comparison: 

Stobernack et al. [169] conducted a life-cycle assessment of a HTC plant 

processing green waste. They followed a gate-to-grave approach, 

considering also the impact of waste water treatment and ash disposal. A 

global warming potential (GWP) of 0.45-0.7 kg CO2 eq. kWh-1 was revealed 

for electricity generation from HTC fuels, which outperforms the GWP of 

lignite (1.05-1.40 kg CO2 eq. kWh-1). Compared to the electricity generation 

from natural gas (0.4 kg CO2 eq. kWh-1) the advantage of HTC is limited. 

They found that a large proportion of the GWP for HTC stems from the 

required process heat, that Stobernack et al. supplied using natural gas. 

Substituting natural gas with carbon neutral fuels could lower the GWP for 

electricity generation from HTC fuels to around 0.2-0.5 kg CO2 eq. kWh-1. 

Benvan et al. [156] have investigated a small HTC plant processing 580 t a-1 

digested sewage sludge and organic waste in Chirnside, UK. They concluded 

that the locally produced HTC fuels could meet 35.6 % of the energy demand 
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of the municipality with 2,200 inhabitants. A capital investment of 1-2 Mio € 

and 120.000 € annual operating cost were estimated. 

In previous work at the Chair of Energy Systems Ulbrich [17] calculated the 

thermal efficiency of HTC using brewer’s spent grains to be in the range of 

50.5-53.1 % at 180 °C and 44.1-45.8 % at 280 °C. Heating of biomass to 

reaction temperature was found to be the major energy consuming process 

step. Since no heat integration was considered, the thermal efficiencies 

calculated by Ulbrich are lower than reported in other studies that are in the 

range of 60-80 % [62, 64, 163]. 

In brief, several HTC processes ready for rollout are available. The thermal 

efficiency of the process is around 70 % with major losses being attributed 

to chemical energy lost in the process water. Currently, the technology is 

applied in waste management to facilitate dewatering of high moisture 

waste streams. In these cases, the main driver for the application of HTC is 

the energy savings for drying that can be realised for waste streams that are 

disposed of by incineration. Commercial HTC plants with the aim of 

producing high quality fuels from biomass do not yet exist. Only a few 

techno-economic evaluations of HTC have been conducted, that estimate 

HTC fuel production cost in the range of 8-14 € GJ-1. All in all, data on the 

economic viability of HTC is scarce. Consequently, a techno-economic study 

investigating two site locations and input materials is carried out in this 

work, investigating current bottlenecks, essential process performance 

indicators and needed policy changes for a successful implementation of 

HTC for solid fuel production. 
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5 Research Demand, Aims and Methodology 

A growing worldwide bioenergy market needs increasing amounts of 

biogenic feedstock for energy production. The sustainable provision of fuels 

from dedicated crop cultivation and wood is, however, limited. Residual 

biomass from agriculture, forestry, as well as biogenic municipal and 

industrial waste represent a largely untapped source for bioenergy. These 

biomass streams however often exhibit poor fuel quality that hinders their 

introduction to the biofuel market. Thermo-chemical biomass pre-

treatment offers the possibility to enhance fuel properties, making 

challenging fuels available for an energetic utilisation. Commonly, pre-

treatment changes the physio-chemical properties of a fuel, increasing the 

energy content and facilitating storage, pellet production and fuel provision 

logistics. 

In contrast to other thermo-chemical pre-treatment technologies, 

hydrothermal carbonisation is a pre-treatment technology that is suitable 

for the direct conversion of wet feedstock. Efficient conversion of moist 

biomass can otherwise only be achieved by a biological treatment, i.e. in 

biogas production. 

To date, no comprehensive study on the provision of high quality fuels from 

residual biomass by HTC exists. Therefore, the following contributions 

beyond the state of the art are made by this work: 

 A systematic identification of suitable feedstock for HTC is 

performed. The conversion by HTC is compared to other competing 

technologies for energetic biomass valorisation, emphasizing the 

strengths and weaknesses of the technology. Moreover, current 

utilisation options and availability of feedstock are taken into 

account for the selection of feedstock for further investigations. 

 A quantification of fuel quality improvement after 

hydrothermal carbonisation considering biomass combustion 

related issues is carried out. Fuel indices that have proven suitable 

for an application to biofuels are used for this purpose. Besides 
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compositional changes in the combustible organic fraction of the 

fuels and fuel reactivity, a strong focus is set on the fate of 

inorganic elements during HTC. Handling ash-related issues in 

biomass combustion is key for the introduction of residual biomass 

to the bioenergy market, and therefore the presented work 

provides insights to the extent to which HTC can help to overcome 

these challenges. 

 Effluent from HTC is characterised. The advantage of an efficient 

conversion of wet feedstock also poses the biggest challenge for the 

technology: process water strongly contaminated with organic 

matter is generated by HTC, which needs further treatment at a 

cost. Yet, data on process water characterisation is scarce. The work 

presented therefore includes process water characterisation 

and discusses subsequent utilisation options for effluent from 

HTC.  

 Besides technical challenges, biomass upgrading also needs to be 

economically viable to be implemented to the market. Therefore, a 

techno-economic evaluation, analysing two scenarios, is carried 

out to identify essential process performance indicators, current 

economic bottlenecks and needed policy changes for a successful 

market introduction of HTC fuels.  

 



 Materials and Methods 

57 

6 Materials and Methods 

This chapter first describes the overall methodology applied in the holistic 

assessment of HTC as a technology for solid fuel production. Next, fuel 

characterisation techniques used to analyse potential biomass fuels prior to 

and after HTC treatment are introduced. Further the experimental set-up 

that was used to perform HTC experiments as well as the thermo-

gravimetric analysis test rig are described in more detail. Additionally, the 

HTC process model and assumptions for the technical and economic 

evaluation of HTC as a technology for fuel production is presented. 

 Holistic Assessment of HTC for Solid Fuel Production 

Figure 6.1 provides a schematic overview of the applied methodology in the 

assessment of HTC as a technology for solid fuel production from biomass. 

 

Initially, criteria for the selection of suitable substrates for HTC are 

considered. For this purpose 19 different substrates covering different 

biomass classes from all possible sourcing sectors (agriculture, forestry, 

F i g u r e  6 . 1 :  O v e r v ie w  o n  t he  a p p r o a c h  u s e d  f o r  t h e  a s se s s e m n t  o f  H T C  f o r  
s o l i d  f u e l  p r o d u c t i o n .  
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etc.) are screened. HTC experiments are carried out at 210 °C for 2 h which 

corresponds to HTC conditions of intermediate severity as they are typically 

applied in pilot- and large scale plants. 

Second, the impact of HTC on fuel quality is examined. For this purpose, a 

parameter study covering temperatures from 150-270 °C, treatment 

duration from 0.5-4 h with 8 different feedstock is conducted. The 

temperature range is selected to cover all temperatures where major 

changes in the biomass structure are expected (see Section 3.2). As previous 

work by Ulbrich showed, the influence of residence time on hydrochar 

properties is less pronounced and major reactions are completed after a 

treatment time of 6 h [17]. Therefore, the covered range of treatment 

duration is considerably smaller and covers 0.5, 2 and 4 h of treatment time. 

In addition to that, the influence of feedstock type as well as some variations 

in L/S ratio and CO2 addition on the inorganic fuel composition are studied.  

Next, the amount and characteristics of process water, the main by-product 

from HTC, are investigated. The impact of feedstock type and treatment 

temperature are discussed. Current possibilities for the treatment of 

process water from HTC are presented. 

Finally the economic performance of HTC for the production of solid fuels is 

investigated. A process model developed with the simulation software 

Aspen Plus is used to assess the impact of temperature, residence time and 

feedstock moisture on the energy balance of a HTC plant. The economic 

evaluation of the technology covers two different feedstock and plant 

locations. 

 Fuel Characterisation 

Fuel analysis was carried out at the laboratory of the Chair of Energy 

Systems according to the relevant industrial norms for biomass fuel 

characterisation. A detailed fuel analysis is crucial to understand the 

transformations biomass substrates undergo in a pre-treatment by HTC. 

Untreated biomass as well as hydrochar resulting from HTC treatment are 

analysed thoroughly: Proximate analysis to obtain moisture, ash- and 
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volatile content was performed using gravimetric measurements. Moisture 

content is determined using a Denver IR60 moisture analyser according to 

DIN51718. Ash content is determined following a complete combustion at 

550 °C in a muffle furnace according to EN14775:2009. Volatile matter is 

analysed by mass loss after heating the samples to 900 °C for 7 min in a 

muffle furnace according to ISO562:1998. The amount of fixed carbon is 

calculated by closing the mass balance. The relative error of measurement 

for proximate analysis is in the range of 2 %. 

Ultimate analysis to obtain the proportions of C, H, N, S, O and Cl in the fuels 

is performed using the elemental analyser Vario Macro Cube from 

elementar following ISO/CD 12902:2006-1. In this device, 50 mg of fuel 

sample undergo complete catalytic combustion in oxygen/helium 

atmosphere at 1150 °C before the emerging product gases CO2, SO2, H2O and 

N2 are separated in adsorption columns. After a sequential, temperature-

induced desorption, the quantity of product gas is detected by a thermal 

conductivity sensor. The obtained value for hydrogen content is corrected 

by the amount of H2O originating from the evaporation of fuel moisture. The 

oxygen content is calculated by closing the mass balance. Cl content is 

measured in a similar set-up (elementar MACRO cube) by complete 

combustion of the sample and electro-chemical measurement of HCl in the 

exhaust gases. Both devices produce results with measurement errors 

below 2 %. 

The calorific value or higher heating value (HHV) is experimentally 

identified using the IKA bomb calorimeter C200 as specified in EN ISO 

18125:2017. 1 g of sample is compressed in tablet form, placed in the 

pressure vessel and pressurised with 30 bar of pure oxygen. The 

combustion is triggered by an ignition wire, while the whole set-up is placed 

in a water bath. The temperature increase in the water bath after the 

combustion of sample is measured and can be correlated to the higher 

heating value of the fuel. The lower heating value (LHV) is derived by 

subtracting the latent heat of condensation of water vapour. 
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The ash composition analysis is determined following ISO 16996:2015 by 

X-ray fluorescence (XRF) measurements using the instrument EDX-800 

from Shimadzu. The device analyses pellets containing 100 mg of fuel ash 

sample and 20 mg of a binder wax. Biomass ashes are produced by complete 

combustion at 550 °C according to EN14775:2009 in a muffle furnace. 

During the measurement, x-rays are irradiated onto the sample, leading to 

a removal of inner shell electrons. The hole left behind by this electron is 

filled by an electron from an outer shells that drops into its place. This 

transition leads to the emission of a characteristic fluorescent radiation 

whose energy and intensity can be correlated to a specific element and its 

concentration within the sample. Results are usually provided on metal 

oxide basis but can be approximated to elemental concentration in the fuel 

sample using the mass fraction of metal in the oxides and the fuel ash 

content. 

Ash melting behaviour under oxidising conditions is characterised by an 

optical method where a cylindrical ash sample is heated to up to 1550 °C. 

The sample deformation is detected and characteristic ash melting 

temperatures are determined according to ISO 21404:2020. For biomass 

ash, the characteristic temperatures are shrinkage starting temperature 

(SST), deformation temperature (DT), hemisphere temperature (HT) and 

flow temperature (FT). The measurements are conducted in an ash melting 

microscope EM201 from the company Hesse instruments. 

Table 6.1 summarises the used equipment and applied norms for standard 
fuel analysis. 

The number of repetitions for each measured quantity is defined in the 

respective norm. In most cases, each measurement is repeated two times. A 

higher number of repetition is only conducted if the deviation between the 

first two measurements exceeds a certain threshold value. 
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Analysis Instrument Applied Norm 

Moisture content Denver IR60 moisture analyser ISO 18134:2015 

Volatile content  Muffle furnance  ISO 18123:2015 

Ash content Muffle furnance ISO 18122:2015 

Elemental analysis elementar Vario Macro Cube  ISO 29541:2010 

Chlorine content elementar MACRO cube ISO 16994:2015 

Higher heating value IKA bomb calorimeter C200 ISO 18125:2017 

Ash composition Shimadzu EDX-800 ISO 16996:2015 

Ash melting EM 201 Hesse instruments  ISO 21404:2020 

For the interpretation of data different reference states for a measured 

entity are used: 

As received (ar): measured value refers to the whole mass of fuel sample 

including organic and inorganic constituents as well as fuel moisture.  

Dry-basis (db): measured value refers to the mass of organic and inorganic 

fuel constituents.  

Dry-ash-free-basis (daf): measured value refers to the mass of organic fuel 

constituents. 

Fuel Quality Assessment 

On the basis of standard fuel analysis, fuel indices that provide predictions 

on the likelihood of undesired events in biomass combustion, such as 

slagging, fouling, high temperature corrosion as well as particulate and 

nitrous oxide (NOx) emissions are evaluated. Fuel indices provide a quick 

pre-evaluation of the improvements of fuel quality by HTC with respect to 

biomass combustion related challenges. Although the accuracy of prediction 

solely based on fuel indices is limited, they allow for a preliminary 

assessment of a large number of fuel samples without time consuming and 

expensive pilot-scale testing. The applied fuel indices to assess the risk of 

operational challenges in biomass combustion have been introduced 

T a b l e  6 . 1 :  O ve r v i e w  o n  u s ed  e q u i p m e n t  a n d  i n t e r n a t i o n a l  n o r m s  u s e d  f o r  
f u e l  c h a r a c t e r i s a t i o n .  
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thoroughly in Section 4.2. Table 4.3 of this section summarises the used 

indicator indices and respective threshold values applied in this study. 

Thermo-gravimetric Fuel Characterisation 

In addition to standard fuel analysis, some samples were characterised 

using thermo-gravimetric analysis to assess the impact of HTC process 

conditions on intrinsic char reactivity. Kinetic analysis is carried using a 

thermo-gravimetric analyser (TGA). In this characterisation method, a solid 

sample is exposed to a certain gaseous atmosphere and the mass changes 

upon the reaction of solid and gas are measured. This allows a 

determination of fuel reactivity. The experimental procedure followed to 

obtain the intrinsic reactivity rint is described extensively in previous work 

by Steibel and Ulbrich [17]: In brief, in a first step an appropriate 

temperature for measurements in the regime of kinetic control are 

determined by non-isothermal experiments. Next, the reaction rate is 

measured in isothermal TGA experiments. Afterwards, the specific 

reactivity is averaged in the conversion range between 5 and 20 %. 

In this work, chars are obtained from sample pyrolysis at 1100 °C for 7 min 

in a preheated muffle furnace in inert atmosphere to ensure uniform 

pyrolysis and high heating rates, following the procedure of ISO 562:1998. 

Experiments were conducted in an atmospheric pressure TGA (Linseis). 

Surface area was characterised by CO2 adsorption with the gas sorption 

analyser Autosorb 1C from Quantachrom. In the isothermal experiment 

20 mg of char sample are placed on a ceramic sample plate and mounted to 

the measurement device. The sample is heated to 425 °C with a heating rate 

of 10 K min-1 in inert atmosphere (N2). After a 1 h stabilization of the 

reaction temperature the gas flow is changed to reaction atmosphere. Chars 

are converted in a flow of 50 mL min-1 synthetic air diluted with  

150 ml min-1 to obtain an oxygen concentration of 5 %. The samples are 

kept at reaction temperature and atmosphere for 24 h to ensure complete 

conversion. 
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 Experimental HTC Investigations 

A systematic investigation of different process conditions on the 

characteristics of HTC treated biomass fuels requires a flexible and well-

defined experimental set-up. The test rig should allow for the production of 

a sufficient amount of sample for complete fuel analysis (approximately 

20 g) while at the same time limiting material and work required. These 

criteria are satisfied by a lab-scale batch reactor. The used set-up allows the 

investigation of a wide range of process conditions, while offering strict 

control over the experimental setting. 

HTC lab-scale test rig 

The lab-scale test rig at the Chair of Energy Systems is a stirred, pressurised 

vessel operated in batch-mode. The test rig was designed by M. Ulbrich [17] 

who provides an in-depth description of the test rig: The Parr 4563 Mini-

Batch stirred vessel has a volume of 1000 mL which supports a conversion 

of around 600 mL of biomass slurry. The maximum temperature and 

pressure allowed are 350 °C and 200 bar respectively. A schematic of the 

set-up is shown in Figure 6.2.  

F i g u r e  6 . 2  S c h e m a t i c  o f  t h e  l a b - s c a l e  t e s t  r i g  f o r  t h e  e x p e r i m e n t a l  
i n v e s t i g a t i o n  o f  b i o m a s s  H T C ,  V  =  6 0 0  m L ,  T m a x  =  3 5 0  ° C ,  p m a x  =  2 0 0  b a r .  
A d a p t e d  f r o m  [ 1 7 ] .  
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Since reaction temperature is one of the major influencing process 

parameters, a special emphasis on accurate temperature control was set in 

the design of the test rig. The reactor is heated by three electrical heating 

jackets with a power of 700 W each and a maximum temperature of 400 °C. 

The temperature control strategy was developed by Ulbrich and is 

described in detail in previous work [17]. All in all, the temperature can be 

controlled with an accuracy of ± 2 K during ramp up and ± 0.5 K in steady-

state operation. 

The vessel is pressurised using Argon (purity 5.0) from a pressure cylinder. 

Pressure is controlled using a mechanical Swagelok KPB pressure controller 

with a control range of 1-200 bar. Table 6.2 shows pressures applied at the 

respective experimental temperatures. 

Treatment 
Temperature (°C) 

Water vapour 
pressure (bar) 

Set experimental 
pressure (bar) 

150 4.7 20 

180 10.0 20 

210 19.0 40 

240 33.7 40 

270 55.6 80 

Pressure is adjusted to the respective temperature targeted in each 

experiment to ensure that water remains in the liquid state. Further a 

certain safety margin is added to the required pressure. As discussed in 

Section 3.3 reaction pressure plays a subordinate role in HTC and has the 

primary function to ensure that water in liquid state is present. A condenser 

upstream of the pressure controller is used to condensate evaporated 

process water from the reactor and feed it back to the reaction vessel. The 

reactor is equipped with an agitator with two propellers to provide 

homogeneous mixing throughout the experimental operation. 

T a b l e  6 . 2 :  A p p l i e d  t e m p e r a t u r e  a n d  p r e s s u r e  d u r i n g  e x p e r i m e n t a l  H T C  
i n v e s t i g a t i o n s  a n d  w a t e r  v a p o u r  p r e s s u r e  a c c o r i d n g  t o  A n t o i n e  e q u a t i o n  
a t  t h e  r e s p e c t i v e  t e m p e r a t ur e .  
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Experimental procedure 

The raw biomass samples are dried at ambient conditions and homogenised 

to a particle size < 1 mm using a Retsch ZM1000 rotary mill prior to HTC. 

After thorough mixing of the homogenised biomass, substrates are divided 

into aliquots of 30 g dry material. For hydrothermal conversion 30 g of 

substrate and 300 mL of deionized water are poured into the reactor. 

Afterwards the vessel is pressurised using Argon and brought to reaction 

temperature with an average heating rate of 7 K min-1. After reaction at 

designated temperature and residence time, the reactor is air-quenched to 

room temperature. The resulting hydrochar slurry is separated using 

vacuum filtration and the isolated solid product is dried at ambient 

conditions for at least 48 h. Fuel analysis is carried out according to the 

procedures described in Section 6.2. 

Repeatability of HTC experiments 

The repeatability of HTC experiments was checked by repeating the 

treatment of EFB, brewers spent grains and spruce bark at temperatures of 

180 °C, 230 °C and 280 °C at least two times under repeatability conditions. 

This means that the experiments were run following the same procedure, 

using the same material, by the same operator and the analysis was 

performed using the same measurement equipment within a short period 

of time. The results were evaluated using ISO 5725-1:1997 where 

repeatability is defined as the precision under repeatability conditions. The 

same standard also describes the repeatability limit r, which is defined as 

“the value less than or equal to which the absolute difference between two test 

results obtained under repeatability conditions may be expected to be with a 

probability of 95 %” [172]. 

For two runs r is calculated using the standard deviation Sr calculated from 

experiments at repeatability conditions according to equation (6.1). 

 𝑟 = 2.8 ∙ 𝑆r 
( 6 . 1 )  

The discrepancy between different experiments was found to be within an 

acceptable range. The repeatability limit r for the HTC treated samples was 

within the same range as for the raw materials. This means variations 
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between runs most probably stem from biomass inhomogeneity. In 

addition, the discrepancy between different experiments was found to be 

within an acceptable range (relative standard deviation generally < 5%). For 

data on the repeatability experiments see Appendix A. Therefore, one run 

was performed for each variation of process conditions. 

HTC key performance indicators 

To quantify the impact of different process conditions (temperature, 

residence time, L/S ratio, etc.) on energy efficiency and fuel characteristics, 

several performance indicators are used within this work that will be 

defined in the following section. 

Mass yield in % is defined as the ratio between the mass of hydrochar 

obtained after the treatment on dry basis mHTC,db in g and the input mass of 

substrate on dry basis mraw,db in g. It is calculated according to equation (6.2). 

 𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑𝑑𝑏 =
𝑚𝐻𝑇𝐶,𝑑𝑏

𝑚𝑟𝑎𝑤,𝑑𝑏
∙ 100 (6.2) 

Energy yield which is a measure of the proportion of chemical energy 

preserved in the solid product after conversion, is defined as the ratio of 

lower heating value of hydrochar on dry-basis LHVHTC,db in MJ kg-1 and the 

lower heating value of the substrate on dry-basis LHVraw,db multiplied by the 

mass yield. Thus, energy yield is calculated according to equation (6.3). 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑𝑑𝑏 = 𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑𝑑𝑏 ∙
𝐿𝐻𝑉𝐻𝑇𝐶,𝑑𝑏
𝐿𝐻𝑉𝑟𝑎𝑤,𝑑𝑏

  ( 6 . 3 )  

To facilitate the comparison of results obtained from different feedstock, 

relative values are calculated: This means that the individual property after 

HTC is given in relation to the property of the starting material. For example, 

the relative ash content after HTC is obtained by dividing the ash content 

aHTC,db of the HTC fuel with the substrate ash content araw,db according to 

equation (6.4). 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑑𝑏) =  
𝑎𝐻𝑇𝐶,𝑑𝑏
𝑎𝑟𝑎𝑤,𝑑𝑏

 
( 6 . 4 )  

 

Other relative fuel properties are calculated correspondingly. To investigate 

how effective HTC is in removing certain impurities from a biomass 
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substrate the removal efficiency is calculated. For example, the ash removal 

efficiency is calculated by subtracting the relative ash content multiplied 

with the mass yield from 100 according to equation (6.5). 

 𝐴𝑠ℎ 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑑𝑏) =  100 − (𝑌𝑚 ∙
𝑎 𝐻𝑇𝐶,𝑑𝑏
𝑎 𝑟𝑎𝑤,𝑑𝑏

) ( 6 . 5 )  

Removal efficiency for other fuel constituents is calculated accordingly.  

 Characterisation of Process Water 

Electrical conductivity and pH value were determined at room temperature 

following filtration with conductivity meter GMH 3431 and pH meter GMH 

3511 from Greisinger. Electrolyte concentrations were determined using 

ICP-OES spectrometer Arcos FHX22 from spectro. 10 mL of liquid sample 

was filtered with a 0.45 µm syringe filter and diluted to 50 mL prior to 

analysis. Subsequently effluent samples were frozen and stored. Additional 

water characterisation was carried out by an external lab: TOC was 

determined according to EN 1484, DEV H3, BOD5 according to DIN EN 1899-

1. COD, total phosphorous (Ptot), total nitrogen (TN), nitrate (NO3-N), nitrite 

(NO2-N) and ammonium (NH4-N) concentrations were characterised using 

Lange cuvette tests. 

 Process Modelling and Techno-economic Analysis 

To assess the current economic viability of fuel production by HTC, a techno-

economic analysis of the process is carried out. In a first step, a process 

design is developed in Aspen Plus to determine energy and equipment 

requirements for a commercial HTC plant. In a next step, a techno-economic 

analysis estimates the current total costs of production for HTC fuels. The 

techno economic analysis includes a case study that compares fuel 

production costs at a local site processing green cut in Germany and a 

production site processing EFB in Asia. The two scenarios are chosen to 

compare sites with low and high labour costs. The capacities of the plants 

were adjusted to logistically feasible sizes in the respective region. 
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6.5.1 Conceptual Process Design 

A HTC plant was designed in Aspen Plus to determine the electrical and 

thermal energy demand and thus, the energy efficiency of the process. In the 

following the proposed process scheme as well as boundary conditions and 

assumptions for the process model are provided. 

Figure 6.3 shows the schematic process model of the developed HTC plant.  

 

In a first step, biomass is mixed to the desired L/S ratio and heated to 

reaction temperature. After the reaction, the biomass-water slurry is cooled 

down, depressurised and the liquid and solid fraction are separated in a 

filter press. Thermal drying of the hydrochar is the last process step. A 

pelletisation step was not considered in this work. Heat integration is based 

on a previous study by Briesemeister et al. [173]: First, part of the exhaust 

steam from thermal drying is used to preheat the biomass feed stream prior 

to the first pressurisation stage in a heat exchanger. Secondly, to decrease 

the pressure of HTC slurry to ambient conditions after reaction, three flash 

tanks are used. These flash tanks produce steam that is recycled upstream 

of the reactor to the respective pressurisation stage and pre-heats the 

biomass feed stream. The choice of three pressurisation stages was found to 

be a good compromise between saved expenses in operating costs due to 

energy savings and complexity of the whole operation (see [174]). 

Comparable configurations are found in the literature [62, 64, 168]. Finally, 

hot water from the slurry separation unit is recycled to the feed stream 

further decreases needed energy for heating and reducing the amount of 

F i g u r e  6 . 3 :  S c h e m a t i c  f l o w s h e e t  o f  t h e  m o d e l l e d  H T C  p l a n t .  
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waste water produced by the plant. The impact of process water recycling 

on mass- and energy yield of HTC are, however, neglected. 

The HTC plant is modelled with the software Aspen Plus. The assumptions 

regarding the plant components and unit operations are summarized in 

Table 6.3.  

Plant component Assumptions 

Biomass, Hydrochar non-conventional components using DCOALIGT 
density and HCOALGEN enthalphy model 

H2O, CO2 Conventional component descibed by Soave-Redlich-
Kwong state equation 

Heater Heat loss corresponding to 5 % of the fuel input 

pressure drop of 0.1 bar 

Slurry pumps Mechanical efficiency of 45 %,  
hydraulic efficiency 99 % 

Reactor Black box with definded in and outputs, no external 
heating or cooling needed, pressure inside the reactor 
is above vapor pressure of water at the corresponding 
reaction temperature with a safety margin of at least 
5 bar 

Filter press Dewatering to 50 % dry matter in the filter cake 

Dryer Heat losses correspond to 3 % of the energy of the 
steam supply, drying to a final moisture content of 
8 wt.-% 

Other No energy consumption for cooling considered, 
pelletising step and waste water treatment not 
considered, dependence of mass yield on process 
water recylcing and L/S ratio not taken into account 

As biomass is a complex material, a complete description of the process by 

chemical reaction modelling is not feasible. Therefore, conventional and 

non-conventional material flows are used to describe the HTC conversion in 

the process model. The needed component attributes for this descriptions 

are provided by experimental data as reported in Appendix D. To represent 

the transformation of biomass to hydrochar during the HTC process in the 

reactor, a RYield reactor is used. This unit can be controlled by specifying 

the component yields and compositions of the inputs and outputs (biomass 

T a b l e  6 . 3 :  A s s u m p t i o n s  a n d  u n i t s  u s e d  i n  A S P E N  P l u s  H T C  p r o c e s s  m o d e l .   
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and slurry) as determined by laboratory experiments, at a given 

temperature and pressure and estimates the corresponding enthalpies of 

the mass flows.  

As mentioned in Chapter 4.3, data for the reaction enthalpy (∆𝐻) of HTC is 

scarce. An exact determination of the process enthalpy is difficult due to the 

large variety in composition of different biomass types. 

Most data suggests that the HTC reaction is slightly exothermic with ∆𝐻 

being in the range of -1.0 to -7.3 MJ kg-1 [92, 175, 176]. Therefore, it is 

assumed in the presented model that once brought to reaction temperature, 

the reactor does neither need to be heated nor cooled. The pressure inside 

the reactor is chosen to be at least 5 bar above the vapour pressure of water 

at the respective temperature to provide a safety margin. Dewatering in the 

filter press is conservatively assumed to yield a filter cake with 50 % dry 

matter. Thermal dryer losses are assumed to be 5 % of the steam energy 

input and the hydrochar is dried to a final moisture content of 8 %. The 

energy consumption for cooling, waste water treatment, pelletising and 

shredding of biomass are not accounted for. 

Based on these assumptions, a calculation of the thermal and electrical 

power consumption of the process was performed. The impact of process 

temperature and reaction time as well as feedstock moisture content was 

investigated. Process temperature is varied from 180-270 °C, residence 

time from 0.5-4 h and feedstock moisture content ranging from  

55-95 wt.-%. In the base design, the HTC plant is designed to process 

40.000 t a-1 of EFB with a moisture content of 70 wt.-% at 210 °C for 2 h 

which corresponds to a HTC treatment of intermediate severity. 

The process performance was assessed with help of the thermal efficiency 

ηth, which is calculated according to equation (6.6). 

 
𝜂𝑡ℎ =

𝐸𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟,𝐻𝐻𝑉

𝐸𝐵𝑖𝑜𝑚𝑎𝑠𝑠,𝐻𝐻𝑉 + 𝐸𝑡ℎ
=  

𝑚 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 ∙ 𝐻𝐻𝑉ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝑚 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ∙ 𝐻𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑃𝑡ℎ
 (6.6) 
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HHV is used for better comparability with other studies. Consequently, it is 

a measure of the proportion of the energy output of the process in form of 

chemical energy contained in the produced hydrochar and the energy 

entering the process in form of chemical energy from the biomass feed 

stream plus auxiliary energy demand. 

6.5.2 Techno-economic Assessment 

The objective of the techno-economic analysis is to estimate the economic 

competitiveness of HTC for the production of high quality fuels from 

residual biomass. Standard procedures in cost engineering following 

Towler and Sinnott [177] are used to determine the cost of production for 

HTC fuels. This way a selling price for HTC fuels can be assessed, which 

covers the expenses for their production over a given period of time. The 

estimated selling price indicates, if HTC for the production of biofuels is 

competitive at the current market conditions and if not which changes, in 

e.g. CO2 pricing, are necessary to make HTC fuels profitable. The analysis is 

carried out with the assumption that the investment is amortized after 10 

years and no profits is included in the calculation. Therefore, the calculated 

selling price is to be considered as the so-called breaking point price, which 

marks the price above which the production of HTC fuels would be 

economically viable. The cost estimation is based on correlations and 

estimations from literature since only limited data on cost is available and 

the design of the plant is not completed in detail. This is an approach often 

used in academic studies and typically produces results with ± 30 % 

accuracy. In the following the assumptions for the economic assessment are 

provided, which correspond to a conservative, i.e. more-cost intensive cost 

estimate for HTC fuels. 

The total cost of production is composed of two parts: the total annual 

capital charge, which corresponds to the total fixed capital investments that 

are converted to an annual equivalent using the annuity factor, and the cash 

cost of production, which cover operating costs of the plant such as labour, 

maintenance or energy costs. 



Materials and Methods 

72 

The total annual capital charge is calculated by multiplying an annuity factor 

with the total fixed capital charge. For the calculation of the annuity factor 

it is assumed that the HTC plant is amortized after n = 10 years and the 

interest rate is 1 %. The total capital charge is calculated by the addition of 

four building blocks: the investments for the principal plant components 

(inside battery limits = ISBL) like reactor, heat exchangers and other 

equipment that is calculated by cost correlations following Erlach et al. 

[178]. A scaling factor, calculated according to Eq. (6.7) was used to account 

for the impact of plant size on capital cost [177]. 

 𝐶2 = 𝐶1 ∙ (𝑆2 𝑆1⁄ )0.7 
( 6 . 7 )  

With C2 being the target value for the equipment cost, C1 being the known 

cost for the equipment and S1 and S2 being the old and new production 

capacity respectively. The exponent of 0.6-0.7 is commonly used in the 

chemical industry [177]. Second, the investments needed for other 

infrastructure like electricity installations, water and power connections, 

buildings (outside battery limits = OSBL) that are assumed to account for 

40 % of the ISBL. Engineering costs (EC) of 25 % of combined ISBL and OSBL 

as well as some financial buffer that accounts for 20 % of ISBL and OSBL 

combined. The assumptions for the calculation of the total annual capital 

charge are summarized in Table 6.4. 

Contributor Short definition Assumptions 

i Interest rate 1 % 

n Number of periods 10 years 

ISBL 
Investments for principal plant 
components (i.e. reactor, flash 
tanks, filter press) 

Calculated by cost 
correlations following 
[64, 177] 

OSBL 

Other infrasturcture 
investments (electricity 
network, connection to water 
grid, etc.)  

40 % of ISBL 

EC Cost for engineering 25 % of (ISBL+OSBL) 

CC Contigency capital 20 % of (ISBL + OSBL) 

T a b l e  6 . 4 :  A s s u m p t i o n s  f o r  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  a n n u a l  c a p i t a l  
c h a r g e  f o r  t h e  c o n s i d e r e d  H T C  p l a n t .  
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The cash cost of production is divided into fixed and variable cost of 

production. Variable cost of production (VCOP) include costs for energy, 

waste water treatment and procurement costs for the raw biomass. VCOP is 

therefore directly dependent on the plant size and the associated changes in 

mass- and energy flows that are determined by the process model 

introduced in the previous section. The fixed cost of production (FCOP) 

occur independent on capacity or output of the considered plant. In the 

presented work FCOP originating from personnel cost, maintenance, 

overhead and cost for property use and insurance. Assumptions for these 

costs are provided in Table 6.5. 

Cost factor Assumptions 

Personnel cost Work force: 1 supervisor, 2 workers per shift 

Shift factor: 3.6 for  7000 h a-1 

Worker salary: 40.000 € a-1  

Supervisor salary: 125 % worker salary 

Overhead cost 35 % of personnel cost 

Maintenance cost 4 % of ISBL 

Insurance cost 1 % of (ISBL+OSBL) 

Additionally, a certain amount of working capital is needed in the start-up 

and operation of the plant. According to Towler and Sinnot [177], working 

capital is estimated to be the equivalent of sum of fixed and variable 

production costs for 7 weeks plus two weeks’ worth of needed raw 

materials and 1 % of ISBL+OSBL. 

To assess the impact of the geographic location of a HTC plant a case study 

investigating two different sites is conducted. Table 6.6 summarises key 

data and assumptions for both plant sites. One site is located in Germany 

and converts 40,000 t of green cut per year. The plant capacity was chosen 

using a study by Wiegel et al. [179] that estimated the technical potential of 

green waste from landscaping in the metropolitan region of Berlin to 

amount to roughly 41,000 t of biomass per year. For green cut an acceptance 

price or gate-fee ranging from 20-35 € t-1 is common, as indicated by a local 

composting company [180]. A similar gate fee was reported by Abelha et al. 

T a b l e  6 . 5 :  A s s u m p t i o n s  f o r  t h e  c a l c u l a t i o n  o f  t h e  c a s h  c o s t  o f  p r o d u c t i o n .  



Materials and Methods 

74 

[181]. The analysed HTC plant is operated continuously in shifts by two 

operators. To maintain a continuous operation the work force needed is 

higher than three people which is accounted for with a shift factor. 

 Germany Malasyia Ref. 

Biomass type Green cut EFB  

Plant capacity (t a-1) 40,000 80,000 [62, 179, 187] 

Biomass price (€ t-1) -25 3 [180, 188] 

Freshwater price (€ m-3) 1.72 0.55 [185, 189] 

Feedstock moisture (%) 65 60 [179, 188] 

Worker salary (€ a-1) 40,000 7,600 [177, 185] 

Worker per shift 2 3  

Gas price (ct kWh-1) 2.53 2.0 [190, 191] 

Electricty price (ct kWh-1) 16.54 6.0 [191, 192] 

Wastewater treatment (€ m-3) 8.0 8.0 [61, 62, 64] 

Shipping cost (€ t-1) 

(17,000 km sea, 50 km land) 
- 36 [186] 

The other site is located in Malaysia and converts 80,000 t of EFB per year. 

Malaysia is one of the main producers of palm oil that yields EFB as a side 

product that is currently either landfilled, composted or incinerated on site. 

Per year approximately 33 Mio t of EFB are produced at 450 palm oil mills 

[182–184]. On average, this yields 74 kt EFB per year at each site. The larger 

plant requires 3 operators per shift, however labour costs in Malaysia are 

considerably lower [185]. The differences in capital investments cost are 

taken into consideration using location factors [177], which are 1.11 for 

Germany and 1.12 for Malaysia, so no strong differences on capital 

investments are expected between the two sites. Shipping costs to transport 

the produced HTC fuels to Germany by ship and truck are based on a study 

by Visser et al. [186] and amount to 36 € t-1 of product.  

Both plants are designed to run with a capacity factor of 80 % which 

amounts to 7000 operating hours per year. Waste water treatment costs are 

estimated to be 8 € m-3 based on the average of literature values [61, 62, 64]. 

T a b l e  6 . 6 :  K e y d a t a  o n  s i t e  c a p a c i t y ,  l a b o u r -  a n d  u t i l i t y  p r i c e s  f o r  b o t h  
l o c a t i o n s  c o n s i d e r e d  i n  t h e  c a s e  s t u d y .   
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At both sites the total cost of production per ton of HTC fuels for the 

provision to the European market is calculated. With this, a break-even 

point for a minimum selling price above which the plant would be profitable 

can be estimated. A variation of process and plant parameters is not 

performed within the scope of this study, but in joint work with A. Möbius 

[174]. Finally, the obtained results are compared to current solid fuel prices 

for fossil fuels and other biofuels. 
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7 Considerations for the Selection of Feedstock 

Within this work 19 different potential substrates for HTC were tested. 

Figure 7.1 provides an overview on the classification and origin of the 

biomass types used. Feedstock from all possible biomass source sectors 

including agriculture, forestry, industry and municipalities are considered. 

 

All feedstock, except miscanthus, represent residual biomass streams. 

Preliminary testing is conducted for all depicted substrates, an in-depth 

experimental investigation covering a wide range of process parameters is 

carried out for substrates with solid outline. 

To determine which substrates are suitable feedstock for the production of 

high quality fuels by HTC, several aspects are considered and discussed in 

more detail in the following chapter: 

Fuel characteristics and current feedstock utilisation: A positive 

environmental impact of HTC can only be expected if the technology allows 

for the conversion of biomass streams that are otherwise landfilled or 

incinerated without energetic utilisation (i.e. on-field incineration). Further, 

material use of biomass has a higher priority than the production of fuels. In 

addition, only feedstock with poor fuel quality should be upgraded. 

F i g u r e  7 . 1 :  O v e r v i e w  o n  s u b s t r a t e s  f o r  H T C  a n d  r e s p e c t i v e  b i o ma s s  
c l a s s e s  i n v e s t i g a t e d  i n  t h i s  s t u d y .  I n - d e p t h  e x a m i n a t i o n  w a s  c a r r i e d  o u t  
o n  s u b s t r a t e s  w i t h  s o l i d  o u t l i n e .  
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Quality of Carbonisation: Energy densification, mass- and energy yield can 

vary significantly between different substrates. When producing a fuel for 

energy production, it is of utmost importance that the input energy is 

preserved to a large extend in the final product, in our case HTC hydrochar. 

To assess this aspect the energy yield following HTC at reaction conditions 

of intermediate severity is experimentally determined. 

Feedstock moisture content: HTC allows a direct conversion of wet 

feedstock without drying allowing energy savings for the former. 

Consequently, the technology should be applied for the treatment of wet 

biomass streams to benefit from this advantage. A comparison of HTC prior 

to combustion and direct-combustion is provided. 

Competing utilisation pathways: Other technologies exist that allow the 

conversion of wet feedstock. To decide whether a thermo-chemical or bio-

chemical utilisation is more favourable for a given substrate, net energy 

output of HTC and anaerobic digestion are analysed. 

 Feedstock Characteristics and Current Utilisation 

This section first describes a literature review on current utilisation of the 

19 investigated feedstock. Afterwards a discussion of own experimental 

analysis of the fuel properties follows. 

An important aspect of feedstock selection for energy purposes is their 

current utilisation. The utilisation of a renewable resource in food or feed 

production as well as material use, always has a higher priority than an 

energetic valorisation. In the following, the current utilisation of the 

biomass substrates investigated in this work are briefly summarised: 

Digestate from anaerobic digestion (AD digestate) is a wet solid residue 

from biogas production. Digestates are mostly applied as fertiliser and for 

soil amendment due to their high nutrient and organic content. Their 

transportation is only economically viable within a small range due to their 

high moisture content. In Germany annually around 3 Mio t of solid AD 

digestates are produced [193]. With increasingly strict legislative 

restrictions concerning the amount and timelines for spreading of 
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digestates on fields, new disposal and utilisation methods are necessary 

[194]. 

Corn cobs are the central core of maize and are an agricultural residue from 

corn production. They are used as fibre additive in animal feed, bedding 

material, bio abrasive, absorbent and drying agent. Due to their abundance, 

their application as biofuels has received increasing attention as feedstock 

for bioethanol, co-firing and gasification. Assuming 1 t of maize yields 

180 kg of cobs [195], globally around 150-200 Mio t of corncobs arise each 

year [196, 197]. 

Digested sewage sludge is the remaining slurry from waste water 

treatment plants. In Germany around 1.7 Mio t of dry sewage sludge result 

from waste water treatment plants [198]. A large proportion of digested 

sludge is used in landscaping, agriculture and is co-combusted in coal-fired 

power plants. Due to a legal change these disposal methods will banned in 

Germany starting from 2029. Consequently, municipalities are desperately 

seeking alternative disposal techniques for digested sludge which lead to a 

surge in disposal fees. Mono-incineration in fluidised bed boilers is 

discussed and partly already implemented to solve the issue [199]. However 

due to the high moisture content (72-75 wt.-%), the combustion efficiencies 

are low and the energetic potential of this waste stream is not sufficiently 

utilised. 

Empty fruit bunches (EFB) are a residue from palm oil production. Palm 

oil plantations produce roughly 1.5 t of EFB (db) per hectare of land [200]. 

With palm oil being the most consumed vegetable oil worldwide, 

approximately 30 Mio t of EFB are produced annually [201]. Currently, EFB 

is mostly used for mulching, landfilled and to some extent incinerated for 

fertiliser production [202]. Due to their moisture content of approximately 

65 %, high K and Cl concentration they are poorly suited as fuel for direct 

combustion. In addition, EFB contain residual oils that cause water pollution 

upon excessive mulching. 

Fallen leaves or leaf litter is considered organic municipal waste and is 

collected in municipalities during fall. Urban biomass could substantially 
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contribute to sustainable energy production. A study conducted in 

Oklahoma finds that per hectare of planted urban land 8-13 t a-1 of biomass 

could be collected [203]. In Berlin, an estimated amount of 17 t of fallen 

leaves and 27 t of green cut could be valorised every year [204]. Today fallen 

leaves are either composted or incinerated in waste combustion plants 

[203]. 

Grass cuttings are also categorised as municipal waste. They originate from 

landscaping activities and are either left on site for decay, composted, 

landfilled or incinerated at waste combustion facilities [205]. Grass cuttings 

from grasslands that are used as animal feed and are not considered in this 

study. Anaerobic digestion of grass cuttings is possible, however since 2012 

grass cuttings are no longer considered as a renewable resource but as 

waste in Germany. Their conversion in biogas plants receiving subsidies has 

since become increasingly difficult. 

Fir needles are a representative for forestry residue and are either 

incinerated or left on the harvesting site with high associated GHG 

emissions. Removing forestry residues from harvesting sites leads to 

commercial and environmental benefits by optimised forest health while at 

the same time providing feedstock for energetic valorisation. 

Horse manure consists of faeces, urine and bedding material. It contains a 

large amount of nutrients and organic material and is therefore used as 

fertiliser and for soil improvement. In some cases, horse manure is treated 

by AD which suffers from low efficiency due to the high solid content and 

the presence of bedding materials. On average, a horse produces around 10 t 

of wet manure yearly, including bedding material [206]. In Germany, this 

amounts to 4-7 Mio t dry mass per year. Thus, the disposal of horse manure 

has become increasingly difficult, new treatment alternatives are needed. 

Miscanthus is a perennial plant that is mostly cultivated as an energy crop. 

In addition miscanthus can be used as raw material in the construction and 

pulp and paper industry. Since the cultivation of energy crops is associated 

with significant GHG emissions due to land and fertiliser use, the 
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environmental benefit from its energetic utilisation is lower compared to 

the use of residual materials [207]. 

Olive pomace or olive filter cake is a processing residue from olive oil 

production. Per year roughly 20 Mio t of olives are produced worldwide of 

which 90 % are processed to oil, yielding around 5-7 Mio t of olive pomace 

as residue [18, 208, 209]. This residue is used as fertiliser, in biogas plants 

or combusted. The use as fertiliser is considered questionable, since olive 

pomace contains considerable amount of polyphenols that are non-

biodegradable and toxic to microorganisms [210]. Consequently, the biogas 

yield in AD is low. In addition, due to the high moisture content of 45-74 wt.-

% direct-combustion might be inefficient.  

Orange peels are a wet residue from juice production. With over 80 % of 

produced oranges worldwide being used for juicing, around 5 Mio t of 

orange peel waste accrue per year [211, 212]. Landfilling and composting 

are the main disposal alternatives used today, including the negative 

environmental impacts from associated GHG emissions [213]. AD of citrus 

peel waste is sometimes applied, however orange peels contain d-limonene 

that inhibits biological degradation of this waste stream. 

Rice husk are an abundant by-product from rice milling. With an estimated 

amount between 730-2,000 Mio t annual production, it offers a tremendous 

potential [18, 214]. Rice husk is being used as fuel for rice processing plants 

and their ash can be used in concrete applications due to its high Si content.  

Algal biomass often results from algal blooms that occur more often in 

recent years [215]. The consequences for maritime ecology, tourism and 

fishing industry are severe. The last prominent algal bloom was in Mexico 

where a carpet of sargassum with approximately 20 Mio t formed in 2018 

that was washed up on the Mexican shores. In a large-scale action the 

seaweed was collected and dumped in landfills at high costs. Using seaweed 

for energy applications might help to reduce cost and environmental harm 

from algal blooms. 
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Spent coffee grounds (SCG) are the final residue from the preparation of 

coffee. Globally 7-9 Mio t of coffee are produced annually, generating a 

massive amount of SCG (0.65 t per t coffee) as a by-product [216]. SCG are 

mostly considered as waste and therefore the majority is landfilled [217]. 

Spent grains (or brewer’s spent grains) are a high moisture residue from 

beer production. They possess high protein and fibre content and are 

therefore used as animal feed as well as ingredient for bread or cereals. 

Using spent grains for energy purposes is therefore only interesting for 

breweries, if the savings in energy costs outweighs the revenue from selling 

of this aliment or if breweries do not find an outlet for their spent grains on 

the regional markets. 

Spruce bark is a side product from pulp and paper production. Although a 

proportion of bark can be sold as mulching material, especially large pulp 

and paper mills are seeking for alternative valorisation pathways due to the 

large amount of bark they are producing. 

Sugar beet pulp is a side product from sugar refineries that is sold as cattle 

and horse feed. Globally, between 60-120 Mio t of this residue are produced 

[18]. Similarly to spent grains, an energetic utilisation of sugar beet pulp 

only becomes interesting, if energy cost reductions exceed revenue from 

feed sales. 

Wheat straw is an agricultural residue with one of the largest energetic 

potentials globally. Between 620-1,200 Mio t accrue annually [18]. A 

proportion of straw arising from harvest is used as bedding material or for 

mulching, however due to its abundance and lack or effective utilisation the 

majority is incinerated on-fields with serious environmental pollution 

associated. Combustion of straw is often problematic due to high K and Cl 

contents, transportation is expensive due to the low bulk density of the 

material. 

Feedstock prices or disposal costs also reflect the need for new utilisation 

pathways. Figure 7.2 shows an overview on feedstock prices. 
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Feedstock with economically viable utilisations pathways as animal feed 

possess higher prices, such as brewers spent grain’s or sugar beet pulp. 

Lower or negative feedstock prices (so-called gate-fees) indicate the need 

for alternative utilisation. Generally, European prices on wet basis are 

reported. Negative feedstock prices are based on the costs for landfilling 

(gate-fee) issued in the country of origin, e.g. Spain, France, Greece and Italy 

for olive pomace. Seaweed price is based on Latin-American gate-fees.  

Besides current utilisation and availability of biomass feedstock, the fuel 

quality of a given substrate is another important factor for choosing 

adequate energetic valorisation. A pre-treatment for fuel production is only 

necessary, if the substrate exhibits low fuel quality. In experimental work, 

the 19 feedstock are characterised using standard fuel analysis (see section 

6.2) to assess the fuel quality of the raw biomass. The following section 

briefly discusses the results of the standard fuel analysis of the input 

materials. 

F i g u r e  7 . 2 :  A p p r o x i m a t e  p r i c e s  a n d  g a t e - f e e  f o r  t h e  i n v e s t i g a t e d  
f e e d s t o c k s .  W o o d  p e l l e t  p r i c e  i s  i n c l u d e d  a s  a  r e f e r e n c e .  D a t a  c o l l e c t e d  
f r o m  [ 2 1 8 – 2 3 0 ] .  
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As expected, fuel properties of the selected biomass feedstock diverge 

widely. Table 7.1 shows the proximate and ultimate analysis of the 

investigated feedstock. Fuel analysis reveals a strong variability in the fuel 

characteristics of the substrates. All substrates exhibit high volatile content. 

Carbon is the most abundant element with a range between 41.5-54.2 wt.-

%. Second most abundant element is oxygen with concentrations between 

17-42.3 wt.-%. Hydrogen accounts for 3-7 wt.-% of the substrate mass. 

Nitrogen concentration typically is in the range of 0.4-2.2 wt.-%. 

Exceptionally high N-contents (> 1 wt.-%) pointing towards high NOx 

emission risk are observed for algal biomass, empty fruit bunches (EFB), 

sugar beet pulp, AD digestate, coffee grounds, grass cuttings, digested sludge 

and spent grains. Sulphur (S) content is below 1 wt.-% for all investigated 

feedstock. S content of lignocellulosic biomass is usually below 0.2 wt.-%, 

higher S contents are observed for seaweed and sewage sludge. The 

reported moisture contents reflect the obtained values after drying, 

moisture contents upon collection will be discussed in the next section. 

Ash content varies strongly from 1.8-31.7 wt.-%. High ash feedstock with 

ash content exceeding 10 wt.-% include AD digestate, grass cuttings, rice 

husk, seaweed, sewage sludge and wheat straw. On the other hand, 

substrates like brewer’s grains, corn cobs, fir needles, miscanthus, olive 

pomace, orange peels, spent coffee ground, spruce bark, sugar beet pulp 

exhibit ash contents below 5 wt.-%. High ash content also correlates with a 

lower heating value of the raw materials, since ash forming matter 

represents a non-combustible fuel constituent. For example, the LHV of 

seaweed with an ash content of 21.8 wt.-% is only 14.37 MJ kg-1. In contrast, 

spent coffee grounds with an ash content of 1.8 wt.-% possess the highest 

LHV of 21.33 MJ kg-1. 
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Biomass type Moisture Ash Volatiles  Fixed-C C H N S O Cl LHV 

 (wt.-%ar) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (MJ kg-1) 

AD digestate 8.5 11.5 67.4 21.1 50.2 4.9 1.8 0.14 31.5 1.71 17.58 

Corn cobs 8.3 2.2 79.9 17.9 49.2 6.2 0.3 0.40 41.8 0.18 17.50 

Empty fruit bunches  7.7 9.0 81.0 10.0 50.6 5.9 1.1 0.34 33.1 0.57 19.11 

Horse manure 11.1 9.8 67.0 23.2 49.0 4.8 1.4 0.14 34.9 0.12 18.01 

Miscanthus 5.2 1.8 81.1 17.1 51.8 4.8 0.3 0.10 41.3 0.15 18.42 

Sugar beet pulp 10.23 3.80 82.42 13.79 48.1 4.5 1.2 0.2 42.3 0.14 16.73 

Rice husk 10.4 11.9 70.6 17.5 48.8 3.4 0.5 0.14 35.3 0.10 17.23 

Wheat straw 7.3 11.7 70.5 17.8 45.1 4.4 0.7 0.17 38.1 0.26 16.40 

Fir needles 5.7 4.0 81.2 14.7 52.8 5.3 1.3 0.11 36.4 0.14 19.99 

Spruce bark 8.7 3.8 85.0 11.2 52.7 5.7 0.4 0.17 37.3 0.02 19.11 

Olive pomace 3.4 2.1 78.0 19.9 54.7 5.7 0.5 0.10 37.0 0.13 20.64 

Orange peels 6.8 3.9 74.6 21.5 48.5 5.8 1.0 0.13 40.8 0.69 16.55 

Spent grains 8.8 3.7 83.4 12.9 52.7 6.9 3.1 0.11 33.5 0.04 19.18 

Spent coffee grounds 3.0 1.8 82.7 15.6 54.2 6.4 1.9 0.14 35.6 0.02 21.33 

Fallen leaves 9.0 9.6 70.5 19.9 50.1 4.6 0.8 0.11 34.7 0.09 18.06 

Grass cuttings 9.5 10.5 72.7 16.9 48.0 4.9 2.2 0.18 34.2 0.26 17.07 

Micro algae 6.0 5.5 78.8 15.7 51.5 6.7 8.0 0.24 28.0 1.60 19.97 

Digested sludge 11.5 31.7 60.9 7.3 38.6 4.8 6.8 0.84 17.2 0.09 15.34 

Seaweed 13.2 21.8 67.9 10.3 41.5 3.0 0.8 0.95 21.0 3.68 14.37 

T a b l e  7 . 1 :  P r o x i m a t e ,  u l t i m a t e ,  h e a t i n g  v a l u e  a n a l y s i s  o f  i n v e s t i g a t e d  f u e l s  b y  s e c t o r  o f  o r i g i n .  A l l  r e p o r t e d  o n  d r y  
b a s i s ,  e x c e p t  f o r  m o i s t u r e  co n t e n t .  
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Figure 7.3 shows the inorganic element concentration in the investigated 

biomass substrates, as well as wood and lignite as reference. The 

concentration of individual elements depends on biomass type, growth 

environment, processing of the feedstock, but also on physiological and 

morphological differences in plant structures. Consequently, the amount of 

inorganic matter and its composition varies heavily between the different 

substrates. 

 

Nevertheless, the following general observations can be made: In biomass 

major ash forming elements (accounting for > 10 wt.-% of ash) are K and Si 

Ca, P, Mg, Cl and S occur in concentrations between 1-10 wt.-%. The 

concentrations of sodium Na, Al and Fe usually stay below 5 wt.-%. Only in 

digested sludge Al and Fe concentrations are higher due to the precipitating 

agent used in waste water treatment plants. Some feedstock are specifically 

rich in Si like rice husk, others in Ca (e.g. spruce bark) or K (e.g. orange 

peels). The fuel quality of the raw material can be assessed with the fuel 

indices introduced in section 4.2. Feedstock containing high contents of 

potassium and chlorine represent challenging fuels for biomass 

combustion. Additionally, high ash content, high fuel-N contents are not 

F i g u r e  7 . 3 :  I n o r g a n i c  e l e m e n t  c o n c e n t r a t i o n  i n  b i o m a s s  s u b s t r a t e s .  
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desired in a biofuel. Table 7.2 provides an overview on the initial fuel quality 

of the examined substrates prior to HTC with respect to the expected 

challenges in biomass combustion. 

Biomass type 
Corrosion 
risk 

NOx 
emission 
risk 

PM 
emission 
risk 

Slagging 
risk 

Fouling 

risk 

AD digestate high high high high high 

Corn cobs low low high high high 

Dig. sludge high high high high medium 

EFB  high high high high high 

Fallen leaves high medium medium low high 

Fir needles high high high high high 

Grass cuttings high high high high high 

Horse manure low high medium low high 

Micro algae high high high high high 

Miscanthus high low medium high high 

Olive pomace high medium high high high 

Orange peels high high high high high 

Rice husk low medium medium high low 

Seaweed high medium high high high 

Coffee grounds low high medium high high 

Spent grains high high medium high medium 

Spruce bark low medium medium low high 

Sugar beet pulp high  high medium high high 

Wheat straw high medium high high medium 

It can be observed that all examined substrates exhibit poor fuel quality. 

Thus, a pre-treatment prior to combustion is needed. For some substrates, 

the expected challenges in combustion might be overcome with the use of 

additives or flue gas treatment. 

 Quality of Carbonisation 

As described above the investigated raw materials originate from various 

source sectors and whose fuel properties vary over a broad spectrum. In 

principle, all biogenic material can be hydrothermally carbonised. However, 

substrate specific properties lead to different outcomes in terms of mass 

yield and energy densification which determine the overall efficiency of the 

T a b l e  7 . 2 :  F u e l  q u a l i t y  a ss e s s m e n t  f o r  e x a m i n e d  s u b s t r a t e s  u s i n g  f u e l  
i n d i c e s  f o r  r i s k  e v a l u a t i o n  o f  b i o m a s s  c o mb u s t i o n  r e l a t e d  c h a l l e n g e s .  
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process. Energy yield, being the combined measure of mass yield and energy 

densification, determines the performance of HTC with competing energetic 

valorisation options. 

Figure 7.4 shows the mass- and energy yield obtained after HTC of the 

different substrates at 210 °C for 2 h, representing process conditions of 

intermediate severity.  
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At these conditions the obtained mass yields range widely from 20-67 %. 

The lowest mass yields are observed for micro algae, seaweed, sugar beet 

pulp and orange peels. These substrates have a biochemical composition 

that comprises mainly carbohydrates, lipid and proteins that are liquefied 

to a large extend under hydrothermal conditions. This lowers the obtained 

mass yield. On the other hand, higher mass yield is observed for 

lignocellulosic feedstock. A higher lignin content correlates with higher 

mass yield after HTC. A mass yield above 60 % was observed for all raw 

materials whose lignin content exceeds 20 wt.-%. The biochemical 

composition of all feedstock is summarised in Appendix B. 

F i g u r e  7 . 4 :  M a s s -  a n d  e n e r g y  y i e l d  o f  d i f f e r e n t  s u b s t r a t e s  a f t e r  H T C  a t  
2 1 0  ° C  f o r  2  .  T h e  r a t i n g  o f  e n e r g y  y i e l d s  i s  i n d i c a t e d  th e  t h e  r i g h t  h a n d  
s i d e .  
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Mass yield gives a first indication about the suitability of HTC for a certain 

feedstock. Yet, to determine which proportion of chemical energy from the 

starting material is preserved in the produced hydrochar, the energy yield 

needs to be considered. 

As seen in Figure 7.4 energy yield does not fluctuate as strongly as mass 

yield. For most investigated feedstock it ranges roughly between 60-80 % 

at the given process condition. Energy yields below 60 % are only observed 

for micro algae and digested sludge. Therefore, it seems that low mass yields 

are compensated to some extent by a stronger energy densification. How 

strongly a substrate is carbonised by HTC is illustrated in Figure 7.5. It 

shows the specific increase in LHV as a function of the specific increase in 

carbon content. The data is presented on dry-ash free basis for better 

comparability. 
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Significant differences in the quality of carbonisation exist between 

different feedstock types: The highest increase in energy density is observed 

for micro algae, seaweed and orange peels. Coffee grounds, sugar beet pulp 

F i g u r e  7 . 5 :  S p e c i f i c  i n c r e a s e  i n  L H V  a n d  s p e c i f i c  i n c r e a s e  i n  c a r b o n  
c o n t e n t  o f  d i f f e r e n t  s u b s t r a t e s  a f t e r  H T C  a t  2 1 0  ° C  f o r  2  h .  
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and brewer’s spent grains also proof to be well carbonisable. All these 

feedstock contain relatively high amounts of proteins, fats lipids and 

carbohydrates (see Appendix B). The majority of investigated feedstock, 

undergo intermediate energy densification after HTC. Low energetic 

compaction is observed for digestate and rice husk, which both have a high 

proportion of lignocellulosic biomass (“hard biomass”) and little protein, fat 

and lipid content. 

However, energy densification of the organic dry matter (daf) is not the only 

factor influencing energy yield: For example, while sewage sludge in this 

study showed average increase in carbon content and heating value on daf 

basis, the observed energy yield after HTC is lower than its mass yield. This 

can be explained with the high ash content of this feedstock, containing 

mostly insoluble species. During HTC of sewage sludge, combustible organic 

matter is partly solubilised, while inorganics mostly remain in the solid. 

Thus, although carbon content is increased by HTC, the increased ash 

content diminishes the improvements a higher carbon content would have 

on LHV. 

In summary due to the different biomass compositions, significant 

substrate-specific influences on HTC mass- and energy yield are observed. 

The main influencing factors are the proportion of inorganic constituents, 

the composition of the substrates with regard to the proportions of 

lignocellulosic biomass ("hard biomass") and the proportions of 

carbohydrates, fats and proteins in the substrates. In particular, energy 

yield determines the overall HTC process efficiency and, thus, has a 

profound impact on the performance of the technology compared to 

competing energetic valorisation options. This aspect is discussed in the 

following two sections. 

 Feedstock Moisture Content 

An important fuel characteristic that determines the energetically most 

favourable utilisation pathway is its moisture content. Figure 7.6 shows 

typical feedstock moisture contents of the investigated HTC substrates upon 
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their collection. The feedstock include some low moisture biomass like, rice 

husk, wheat straw, miscanthus and corn cobs. All other investigated 

substrates typically exceed 50 wt.-% moisture, when being collected. 

Variability in moisture content is low for feedstock that originates from 

well-defined industrial or agricultural processes like AD digestate, sugar 

beet pulp or brewer’s grains. On the other hand, larger variations are 

observed for biomass streams which are collected or stored outdoors and 

are therefore exposed to weather conditions that influence their moisture 

content.  

Since HTC is a process that takes place in water, the implementation of this 

pre-treatment step prior to combustion makes most sense for high moisture 

feedstock. The efficiency of a combustion process without flue gas 

condensation decreases with increasing water content of the fuel. 

Consequently, a threshold value exists beyond which the efficiency of HTC 

plus the subsequent utilisation in a combustion process exceeds the 

efficiency of a direct combustion. Besides moisture content, the energy yield 

after HTC, comprising the maximum achievable conversion efficiency is a 

major influencing factor in this assessment. 

Figure 7.6 shows the results of a theoretical comparison of biomass 

combustion with and without HTC pre-treatment. Boiler efficiency was 

calculated by the indirect method following procedures described in the 

literature [231, 232]. By comparing the boiler efficiency in direct 

combustion to the efficiency of HTC at 210 °C for 2 h, drying and subsequent 

combustion, a threshold moisture content was determined above which 

HTC prior to combustion represents the energetically more viable 

utilisation route. 

As Figure 7.6 shows, the threshold moisture content for all biomass 

substrates ranges from 47-80 wt.-%. For wood the threshold moisture was 

calculated to be at 54 wt.% which corresponds to value of 55 wt.-% reported 

by Erlach [178] in a similar consideration for wood. 
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It can be seen that for most feedstock exceeding 50 wt.-% moisture, HTC 

prior to combustion is favoured towards direct combustion. A higher 

threshold moisture is observed for low ash substrates that exhibit high 

heating values like olive pomace (LHVdb=20.64 MJ kg-1) and spent coffee 

grounds (LHVdb=21.33 MJ kg-1). A high threshold moisture is also observed 

for feedstock with low mass yield after HTC like micro algae (Ym,db=20 wt.-

%). For most substrates the threshold moisture content lies within the 

range of 50-70 wt.-% with a median value of 60 wt.-%. 

Consequently, considering energetic efficiency, low moisture biomass like 

rice husk, wheat straw, corn cobs and miscanthus are not well-suited for a 

conversion by HTC. Further, for raw materials already possessing relatively 

high calorific value like olive pomace or spent coffee grounds, HTC might not 

be the best utilisation option. Finally, for high moisture biomass streams, 

where a HTC treatment results in low mass yield (i.e. micro algae), other 

hydrothermal conversion processes like liquefaction should be considered.  

F i g u r e  7 . 6 :  T y p i c a l  f e e d s t o c k  m o i s t u r e  c o n t e n t  u p o n  c o l l e c t i o n  a n d  
p r o v i s i o n  a n d  t h r e s h o l d  m oi s t u r e  c o n t e n t  a bo v e  w h ic h  H T C  c o n v e r s i o n  i s  
f a v o r e d  t o w a r d s  d i r e c t  c o mb u s t i o n .  
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 Alternative Conversion for Wet Feedstock 

Apart from HTC other technologies exist that allow for an efficient 

conversion of wet feedstock. In the following a comparison of the 

performance of HTC and the most prominent alternative conversion process 

for wet feedstock, anaerobic digestion (AD), is made. To decide which 

utilisation technique should be chosen for a specific substrate a simple 

consideration can be made: For one ton of raw material input the amount of 

energy contained in the product from both processes, hydrochar from HTC 

and biogas from AD, is calculated. In each case the produced energy carrier 

is afterwards utilised in a CHP unit. For each substrate the useful energy 

available from both processes is shown in Figure 7.7. The data used for the 

calculation is provided in Appendix B. 
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Accordingly, AD of micro algae and grass cuttings can provide higher usable 

energy than HTC. AD performs better for feedstock with large proportions 

of bioavailable carbon, like food waste and grass cuttings. On the other hand, 

HTC is favoured for the conversion of poorly fermentable substrates like 

F i g u r e  7 . 7 :  C o m p a r i s o n  o f  s u b s t r a t e  u s a g e  i n  a  b i o g a s  p l a n t  a n d  i n  a n  H T C  
p l a n t ,  i n  e a c h  c a s e  i n  c o m b i n a t i o n  w i t h  a  b i o m a s s  C H P ;  t h e  n e t  e n e r g y  w a s  
c a l c u l a t e d .  * D a t a  f o r  f o o d  w a s t e  f r o m  [ 6 9 ] .  
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fallen leaves, digested sludge and straw due to its high carbon efficiency in 

the conversion of lignocellulosic material compared to AD. 

Chapter summary: In conclusion, when considering a biomass stream for 

HTC, several factors should be taken into account: only feedstock where 

adequate disposal or valorisation pathways are missing should be 

considered for HTC. Being a rather expensive upgrading technology, low or 

negative fuel prices (gate-fees) are needed for an economic production of 

HTC fuels. More on this topic will be discussed in Chapter 10.  

Biochemical composition dictates the quality of carbonisation of the 

substrate, i.e. the enhancement in heating value and the proportion of 

energy recovered in the solid product (energy yield). Energy yield 

determines the overall efficiency of HTC that can be achieved and therefore 

also its performance with respect to competing technologies. 

Further, hydrothermal conversion makes most sense for feedstock with a 

water content above 50 %, otherwise direct combustion or upgrading via 

other thermo-chemical processes should be considered. The higher the 

heating value of the starting material, the higher threshold moisture content 

above which HTC exceeds the performance of direct combustion. Energy 

yield is also decisive in the performance of HTC compared to direct 

combustion: Lower energy yields also increases the obtained threshold 

moisture content: However, in this case both HTC and direct combustion are 

inefficient valorisation technologies. For substrates with high water content 

and low energy yield other valorisation pathways such as HTL, HTG or AD 

should be considered. 

Finally, substrates containing high amounts of sugar are more efficiently 

converted by AD which is a proven technology. On the other hand, 

substrates with high lignocellulosic content are converted with much higher 

carbon and energy efficiency by HTC. 

Applying these considerations, a decision tree for the selection of suitable 

feedstock for HTC is proposed which is presented in Figure 8.1. 
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Current feedstock 
utilisation

Moisture < 50%?

Landfilling, on-site incineration

Energetic valorisation 
not reasonable

Animal feed or material use

Sufficient fuel 
quality ?

Direct-combustionyes yes

High sugar content? Anaerobic digestionyes

HTC

no

no

Energy yield < 50%

no

HTL, HTG or othersyes

 

Table 7.3 summarises the findings made for the investigated feedstock with 

respect to these criteria. Fuels with alternative use and higher performance 

in direct-combustion or AD are deemed unsuited for the conversion by HTC. 

Accordingly, corn cobs, grass cuttings, micro algae, miscanthus, olive 

pomace, rice husk, spent coffee grounds, sugar beet pulp and wheat straw 

do not represent suitable substrates for HTC. In some cases HTC might still 

represent a viable utilisation path, for example for challenging feedstock 

with high alkali and chlorine content such as olive pomace and wheat straw, 

or for feedstock, where regulatory aspects interfere, e.g. for grass cuttings. 

As a result, AD digestate, digested sewage sludge, EFB, fallen leaves, fir 

needles, horse manure, orange peels, seaweed and spruce bark are 

identified as well suitable substrates for HTC. 

.

F i g u r e  7 . 8 :  P r o p o s e d  d ec i s io n  t r e e  f o r  t h e  s e l e c t i o n  o f  s u i t a b l e  f e e d s t o c k  
f o r  H T C .  
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Biomass type Current use 
Performance: 

HTC vs. comb. 

Performance: 

HTC vs. AD 
Fuel price 

Energy  
yield 

Overall HTC 
rating 

AD digestate fertilizer HTC HTC low high suited 

Corn cobs material use combustion HTC high average not suited 

Digested sludge landfilling, incineration HTC HTC low low suited 

EFB  mulching, landfilling HTC HTC intermediate high suited 

Fallen leaves waste incineration HTC HTC low high suited 

Fir needles mulching, incineration HTC HTC intermediate high suited 

Grass cuttings composting, landfilling HTC AD low average not suited 

Horse manure landfilling HTC HTC low average suited 

Micro algae landfilling HTC AD low low not suited 

Miscanthus energy crop combustion HTC high high not suited 

Olive pomace landfilling, incineration combustion HTC low high not suited 

Orange peels landfilling HTC HTC low average suited 

Rice husk incineration, material use combustion HTC high average not suited 

Seaweed landfilling HTC HTC low average suited 

Coffee grounds landfilling combustion HTC low high not suited 

Spent grains animal feed HTC HTC high average not suited 

Spruce bark material use HTC HTC high high suited 

Sugar beet pulp animal feed HTC HTC high average not suited 

Wheat straw material use combustion HTC high high not suited 

T a b l e  7 . 3 :  S u m m a r y  a n d  r a t i n g  o f  s e l e c t i o n  c r i t e r i a  a p p l i e d  t o  t h e  i n v e s t i g a t e d  f e e d s t o c k .  ( g r e e n = s u i t e d  f o r  H T C ,  
g r e y = n e u t r a l ,  r e d = n o t  s u i t e d  f o r  H T C )  
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8 Impact of Hydrothermal Carbonisation on 

Characteristics Relevant for Combustion 

This chapter considers the impact of HTC on fuel characteristics relevant for 

combustion. First, the impact of HTC process conditions on heating value as 

well as mass and energy yield is discussed for 8 different substrates. In the 

second section the fate of inorganics during HTC is discussed in detail: the 

influence of feedstock type comparing 19 different substrates, temperature, 

residence time, L/S ratio as well as the impact of CO2 additive are examined. 

Subsequently, the quality of HTC fuels is assessed with the help of biomass 

fuel indices. Finally, changes in reactivity of HTC fuels are discussed. 

 Heating Value, Mass- and Energy yield 

The influence of process temperature and residence time on mass yield of 

different substrates after HTC is shown in Figure 8.1.  
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Mass yield decreases with increasing treatment temperature and time in the 

parameter range considered. For example mass yield of olive pomace 

decreases from 77 % at 150 °C to 46 % at the highest treatment 

F i g u r e  8 . 1 :  H T C  M a s s  y i e l d  o f  d i f f e r e n t  s u b s t r a t e s  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e  ( l e f t )  a n d  r e s i d e n c e  t i m e  ( r i g h t ) .  
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temperature of 270 °C. At the same time, increasing the residence time from 

0.5 h to 4 h decreases mass yield from 63 % to 58 % at 210 °C treatment 

temperature. Similar observations are made for the other feedstock. 

Differences observed between different substrates seem to be more 

pronounced at lower temperatures: At 150 °C, mass yield varies by up to 

21 %, while at 270°C the biggest observed difference in mass yield is 13 % 

points. Overall, the influence of temperature on mass yield is much stronger 

than the influence of residence time. 

Figure 8.2 depicts the development of LHV with HTC temperature and 

residence time for different substrates.  
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LHV increases with increasing treatment temperature and residence time 

for all substrates except digested sludge. Once more, the effect of 

temperature is more pronounced than the effect to residence time. At 150 °C 

only small changes in LHV are observed, on average LHV is increased by  

3-11 % points compared to the raw material (see Table 7.1). LHV increases 

significantly for temperatures above 180 °C. At 270 °C, LHV value is 

increased by 40-52 % points compared to the raw material. The highest LHV 

of 31.17 MJ kg-1 is reported for olive pomace treated at 270 °C. Increasing 

residence time also increases LHV but to a much smaller extent: For 

F i g u r e  8 . 2 :  L H V  o f  d i f f e r e n t  s u b s t r a t e s  a f t e r  H T C  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e  ( l e f t )  a n d  r e s i d e n c e  t i m e  ( r i g h t ) .  
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example, increasing residence time from 0.5 h to 4 h on average increased 

LHV by 3-13 % points. The observed LHVs of digested sludge constitutes an 

exception to these findings: Upon increasing HTC temperature, LHV is found 

to decrease slightly. Increasing residence time does not show significant 

influence on LHV. 

Figure 8.3 shows energy yields obtained for the substrates after HTC at 

different temperatures and residence times.  
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The observed energy yields decrease with increasing treatment 

temperature. The lowest energy yield is obtained for digested sludge with 

only 45–55% of energy from the input material being recovered in the solid 

product after HTC. The other feedstock exhibit fairly similar energy yields 

of around 70-90% at the lowest treatment temperature of 150 °C, which 

decrease to around 60-75% at the highest treatment temperature of 270 °C. 

Energy yield is higher than mass yield at corresponding temperatures, due 

to the increase in LHV at higher temperatures. No clear trend is observed 

for the dependence of energy yield on residence time. For some feedstock 

like spruce bark a slight increase in energy yield is observed, while for other 

substrates, e.g. olive pomace or grass cuttings, a slight decrease is noted. 

F i g u r e  8 . 3 :  H T C  e n e r g y  y ie l d  o f  d i f f e r e n t  s u b s t r a t e s  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e  ( l e f t )  a n d  r e s i d e n c e  t i m e  ( r i g h t ) .  
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The investigated parameter range covers a wide range of HTC conditions 

with different prevailing reaction mechanisms: At 150 °C structural changes 

of biomass are hardly expected, changes in mass yield, LHV and energy yield 

are most probably related to the removal of extractives and inorganic 

species by water leaching. Significant structural changes are induced at 

temperatures above 180 °C, where hydrolysis of hemicellulose (180 °C), 

cellulose (220 °C), and lignin (180–220 °C) take place [70, 96, 233]. These 

biomass degradation reactions lead to a reduction of mass yield with 

increased treatment temperature and residence times. Soluble organic 

biomass fractions are formed and dissolved in the process liquid. A higher 

sensitivity of mass yield to temperature changes can be seen at 

temperatures above 210 °C, where cellulose degradation occurs. Deviations 

between different substrates are the consequence of different biochemical 

composition of these input materials. 

The increase in LHV with increasing reaction severity is also a consequence 

of profound structural changes: During HTC a complex series of reactions 

occur, which ultimately lead to the removal of oxygen and hydrogen from 

the fuel matrix. The governing reactions are dehydration and 

decarboxylation [15, 70, 92]. In consequence, carbon content of the treated 

biomass increases, leading to a higher energy content i.e. LHV of the 

resulting fuel. Oxygen content is decreased. As mentioned, the exception to 

these findings is the processing of digested sludge, which results in a lower 

LHV. Ash forming matter is retained in the fuel, while carbon-containing fuel 

constituents are partly solubilised during HTC. This leads to a higher 

proportion of incombustible material in the resulting HTC fuels which 

lowers LHVs. Ash content is increased from 31.7 wt.-% to 57.6 wt.-% when 

comparing the substrate with digested sludge HTC treated at 270 °C. On dry-

ash-free basis, also the LHV of digested sludge is increased 1.4-fold. 

The decrease in energy yield, being a combined measure of mass yield and 

energy densification (i.e. evolution of LHV), is also a consequence of 

increasing biomass liquefaction at higher treatment temperatures. 

However, the simultaneous energy densification partly compensates mass 
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loss, leading to a less dramatic decline in energy yield at higher treatment 

temperatures.  

Similar observations have been reported in the literature [15, 99, 234]. For 

example, a study by Lynam et al. [234] investigated HTC of various 

lignocellulosic substrates: They found that mass yield decreases from 85-

95 % at 200 °C to around 30-65 % at 260 °C, while the energy content of the 

fuels increased up to 1.45-fold. Similarly to the findings in the present work, 

they determined lignocellulosic composition as well as ash content as the 

governing factors for obtained mass- and energy yields. 

 Fate of Inorganic Elements during HTC 

Besides fundamentally altering the organic structure, HTC also has a strong 

influence on the inorganic composition of a fuel. The following section 

addresses the impact of HTC on ash content, ash composition, ash melting 

properties as well as the expected improvements these changes have on 

ash-related challenges in biomass-firing. Fuel indices that have proven 

suitable for an application to biomass will be used for this purpose. 

Impact of HTC on Ash Content 

Figure 8.4 shows the relative ash content of different feedstock after a 

hydrothermal treatment as a function of treatment temperature and 

residence time. A value above 1 indicates that ash content after HTC is 

increased compared to the starting material.  

Feedstock type seems to have the biggest impact on the change of ash 

content after HTC. An increased ash content is observed for grass cuttings, 

digested sludge and wheat straw. HTC does not strongly affect ash content 

in spruce bark and fallen leaves. For EFB and olive pomace ash content after 

HTC is decreased. At low temperatures also ash content in pre-treated AD 

digestate is decreased but increases for higher treatment temperatures.  

HTC treatment temperature influences ash content: Especially for feedstock 

where HTC increases ash content, a further, strong rise in ash content is 

observed for higher treatment temperatures. For example, relative ash 
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content of grass cuttings increases from 1.3 at 150 °C to 2.1 at the highest 

treatment temperature of 270 °C. In treated fallen leaves or AD digestate, 

ash content is found to increase at temperatures above 210 °C. On the other 

hand, the ash content of olive pomace, spruce bark and EFB does not further 

change significantly with increasing treatment temperature.  

Residence time does not strongly influence ash content in the investigated 

parameter range. A slight increase in ash content with increasing residence 

time is observed for all substrates except olive pomace. Comparable 

observations are made for the other investigated parameters of residence 

time and temperature (see Appendix C). 
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HTC changes the inorganic composition and ash content of a fuel mostly by 

the dissolution of certain inorganic species in the process water. 

Consequently, the water solubility of the different ash constituents has a 

strong influence on the final ash content after HTC. For example, alkali 

metals are known to be highly soluble, hence substrates with alkali rich ash 

(i.e. EFB, olive pomace) exhibit lower ash content after HTC. In contrast, for 

substrates with a high proportion of insoluble ash constituents and low 

alkali content (i.e. wheat straw, digested sludge), HTC leads to an increase 

in ash content. 

F i g u r e  8 . 4 :  Re l a t i v e  a s h co n t e n t  o f  d i f f e r e n t  s u b s t r a t e s  a f t e r  H T C a s  a  
f u n c t i o n  o f  t r e a t m e n t  t e m p e r a t u r e  ( l e f t )  a n d  r e s i d e n c e  t i m e  ( r i g h t ) .   
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Not only inorganic mass is reduced during HTC: As described in the previous 

section, HTC breaks down biomass constituents which leads to a reduction 

of organic matter in the solid product as well. Consequently, ash content 

decreases if the reduction in inorganic matter is stronger than the reduction 

of organic matter by biomass degradation reaction during HTC. This is 

illustrated in Figure 8.5, which shows a component mass balance as well as 

the evolution of fuel composition of the untreated substrate and hydrochar 

treated at 180 °C and 270 °C for 2 h respectively. One alkali-rich (EFB) and 

one low-alkali (wheat straw) feedstock were selected for this illustration. 

 

Considering the component mass balance on the left hand side of Figure 8.5, 

it is seen that in both cases the absolute amount of ash is decreased by HTC. 

A substantial decrease of 48 % is seen after HTC treatment of EFB at 180 °C, 

F i g u r e  8 . 5 :  M a s s  b a l a n c e  o f  a s h - ,  v o l a t i l e  a n d  f i x e d - C  c o n t e n t  ( l e f t )  a n d  
c h a n g e s  i n  f u e l  c o m p o s i t i o n  ( r i g h t )  b e f o r e  a n d  a f t e r  H T C  a t  1 8 0  ° C  a n d  
2 7 0  ° C  f o r  2  h .  T h e  a b s o l u t e  a m o u n t  o f  a s h  i s  d e c r e a s i n g ,  w h i l e  t h e  
r e l a t i v e  a s h  c o n t e n t  i s  d e p e n d e n t  o n  f e e d s t o c k  a s h  c o m p o s i t i o n .  
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which decreases further by 37 % when increasing treatment temperature 

to 270 °C. The absolute amount of ash in wheat straw also decreases by 

19 % after a treatment at 180 °C, further decreasing by 12 % for a more 

severe treatment at 270 °C. Simultaneously, HTC also reduces the mass of 

organic biomass constituents, i.e. fixed-carbon (fixed-C) and volatiles. At 

180 °C, volatiles and fixed-C combined are reduced by 41 % in EFB and 65 % 

in wheat straw. Considering the fuel composition on the right hand side of 

Figure 8.5, it can be seen that in the final solid product for both substrates 

volatile content decreases, while fixed-C increases. Ash content after HTC 

decreases in alkali-rich feedstock EFB, while it increases in low-alkali 

feedstock wheat straw. Thus, during HTC of EFB the reduction of inorganic 

matter is higher than the reduction of organic matter, while for wheat straw 

the opposite is the case. This leads to a lower ash content in EFB and a higher 

ash content in wheat straw after HTC. With this observation, also the 

increasing trend of ash contents with treatment temperature can be 

explained. Increasing reaction severity drastically increases biomass 

degradation and diminishes yield of organic matter after HTC. Meanwhile, 

removal of inorganic constituents does not increase to the same extent 

leading to an overall increase in ash content with increasing treatment 

temperature. 

The correlation between relative ash content and ash removal efficiency 

with alkali content in the ash of the starting material is shown in Figure 8.6 

for all investigated feedstock. The lowest relative ash contents are found in 

the substrates with the highest ash alkali content like corn cobs, olive 

pomace, spent coffee grounds, EFB and orange peels. For these feedstock 

also the removal efficiency of ash is highest. High relative ash contents and 

low removal rates of ash from the feedstock are observed for feedstock that 

are rich in Si and P like digested sludge, horse manure, rice husk and grass 

clippings. 
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As the dispersion of the measurement values indicates, the alkali content is 

not the only influencing factor for ash removal efficiency. Biomass ash 

consists of a variety of different inorganic components with varying 

solubility. Besides alkali metals, chlorine also represents a highly water 

soluble ash compound. For example, the high ash removal efficiency in 

seaweed and micro algae is a consequence of their particular high chlorine 

content. Yet, with potassium being the most abundant inorganic element in 

biomass ash its concentration in the raw material provides a good first 

indication for the development of ash content after HTC. 

In summary, HTC removes inorganic matter from biomass by their 

dissolution in the process water. Depending on the individual inorganic 

composition of the substrate, ash content after HTC increases or decreases. 

Substrates with a large proportion of water soluble inorganics like 

potassium or chlorine are more likely to exhibit lower ash content after HTC. 

A more severe HTC treatment is prone to increase ash content mostly on 

account of the increased loss of organic material by biomass degradation. 

F i g u r e  8 . 6 :  R e l a t i v e  a s h  c o n t e n t  ( l e f t )  a n d  a s h  r e m o v a l  ( r i g h t )  o f  d i f f e r e n t  
f e e d s t o c k  a f t e r  H T C  a t  2 1 0  ° C  f o r  2  h  a s  a  f u n c t i o n  o f  s u b s t r a t e  a l k a l i  
c o n t e n t .  
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Impact of HTC on Ash Composition 

As introduced in the previous section, the nature and proportions of 

different ash forming elements determine the ash properties of HTC treated 

biomass. In the following the influence of feedstock, process conditions, L/S 

ratio as well as additives on the individual concentrations of major ash 

forming elements (K, Mg, Ca, Al, P, Si, Cl and S) is discussed. 

Feedstock Dependence 

Figure 8.7 shows the relative element ash content of main ash forming 

elements K, Mg, Ca, Al, P, Si, Cl and S in 17 different substrates after a 

hydrothermal treatment at 210 °C for 2 h. A relative element ash content 

below 1 means that the concentration of the corresponding element in the 

hydrochar is lower than in the starting material, if it is above 1 this indicates 

lower removal efficiency and the respective element increases in 

concentration in the product ash. The ash composition of the raw materials 

is shown in Figure 7.3. 
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Significant differences in the relative concentrations depending on both 

element and feedstock type can be seen. A strong reduction in K is observed 

F i g u r e  8 . 7 :  R e l a t i v e  e l e m e nt  c o n c e n t r a t i o n  o f  m a i n  a s h  f o r m i n g  e l e m e n t s  
i n  d i f f e r e n t  b i o m a s s  s u b s t r a t e s  a f t e r  H T C  t r e a t m e n t  a t  2 1 0  ° C  f o r  2  h .  
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for all feedstock, the concentration in the product ash is reduced to a relative 

content of 0.37 on average after HTC. The strongest reduction is seen in 

micro algae (XK,ash = 0.18) and the lowest reduction in miscanthus 

(XK,ash = 0.63). Likewise, with an average relative concentration of 0.35, Cl is 

removed to a large extent in all treated substrates, but with a more 

widespread distribution. Mg is also reduced in concentration in all 

feedstock, but to a lesser extent: Relative Mg content is 0.70 on average. The 

concentration of Ca, Al and Si is, with some exceptions, mostly increased in 

the hydrochar ash, indicating limited removal during HTC. Only in 

miscanthus, wheat straw and micro algae, a reduction of Ca concentration is 

found in ash of HTC fuels. P removal at the given conditions seems to be 

feedstock specific. For most feedstock P concentration in the ash increases, 

with the exception of wheat straw, rice husk, fir needles and spent grains, 

for which P content in the hydrochar ash decreases. Finally, S fuel content is 

decreased in all feedstock except AD digestate. Stronger variation in 

removal efficiency and thus stronger feedstock dependency is observed 

compared to e.g. K or Cl removal. 

Ash forming matter in biomass can be classified to three groups: (1) Water 

soluble ions, (2) organically associated metals and (3) amorphous, 

crystalline or precipitated compounds. The chemical form in which each 

element is present in biomass strongly influences the ability of HTC to 

remove it from the biomass matrix. Being a process that takes place in 

water, HTC should easily remove water soluble salts. HTC also leads to a 

profound transformation of the organic matter in biomass, thus potentially 

also affecting organically bound metals. Most of the observed removal and 

concentration trends of different ash forming matter can be explained by 

their chemical nature in biomass: For example, over 90 % of K in plants is 

present in the form of ionic salts like potassium chlorides or -nitrates, 

explaining the strong reduction in K after HTC [235]. Cl, which is also 

removed to a large extent during HTC, almost exclusively exists as highly 

mobile monovalent ion in biomass. Between 60-90 % of Mg occurs as ionic 

salts comprising magnesium-nitrate, -phosphate and –chloride. The rest is 

mostly organically associated e.g. as the central atom of the chlorophyll 
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molecule. For Ca only 20-60 % is present in water soluble form. The 

majority of the remaining Ca is present as amorphous or crystalline 

compounds like e.g. calcium-oxalate, that are insoluble in water, explaining 

the lower removal of calcium from biomass by HTC. Similarly, Si in plants 

comprising of mostly amorphous, insoluble silica is hardly removed during 

HTC [236]. P is present as both ionic phosphates as well as constituent in 

protein, lipids and nucleic acids [235, 237]. Phosphates are known to form 

mostly insoluble compounds with metals, with ammonium and alkali-

phosphates being the exception to this. Thus, for most feedstock, P increases 

in concentration after HTC. S in plants exists both as inorganic salt 

(sulphates) and organic sulphur. The proportion of inorganic and organic 

sulphur is dependent on soil composition. Metal sulphates, except calcium 

sulphate, are generally water soluble and thus are easily removed by HTC. 

The observed differences in sulphur removal could be a consequence of 

different proportions of organic and inorganic sulphur in the starting 

materials. 

The fate of individual elements during HTC was also investigated by Smith 

et al. [52] and Reza et al. [46]. Both report high removal of alkalis and 

chlorine during HTC and more limited removal for earth alkaline and P. 

While Smith et al. attribute the differences in removal efficiency during HTC 

to the different inorganic phases the elements occur in biomass, Reza et al. 

hypothesize, that the association of inorganics with the lignocellulosic 

matrix determines the effectiveness of HTC in removing these species. 

Ultimately, both factors influence the removal of inorganics: The phase in 

which they occur determines the overall removal efficiency; their 

association within the lignocellulosic biomass structure determines the 

development of inorganic concentration with HTC temperature and 

residence time, which will be discussed in detail in the following section. 

Consequently, the concentration of K, Cl and Mg that occur mostly as soluble 

salts is reduced significantly in HTC fuels. In contrast, Ca, Si, P and Al, 

existing mostly in water insoluble phases, are removed to a lesser degree 

leading to an increase in concentration of the respective element in the 

hydrochar ash. 
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Influence of Process Parameters on Ash Composition 

The ash composition of HTC fuels is not only dependent on feedstock, but 

also on HTC process conditions. In the following the influence of treatment 

temperature and residence time on the removal efficiency of K, Mg, Ca, Al, P, 

Si, Cl and S is discussed based on the example of AD digestate. Similar 

observations are made for the other substrates. Figure 8.8 shows the 

element specific removal efficiencies as a function of treatment temperature 

at different residence times.  

The highest removal efficiencies are observed for K and Cl. For these 

elements removal efficiency increases with higher treatment temperatures 

while residence time seems to have limited impact. Cl removal already 

exceeds 70 % at the lowest treatment temperature of 150 °C and increases 

steadily to over 97 % with higher treatment temperatures. For K a more 

significant influence of temperature on removal efficiency, especially at 

lower treatment temperatures, is observed: K removal strongly improves 

from 29-55 % at 150 °C to over 70 % at 180 °C. K removal therefore seems 

to be more related to structural changes in biomass than Cl. Significant 

structural changes in HTC are induced starting at temperatures of around 

180 °C, where hemi-cellulose degradation starts. Therefore, it is possible 

that a large part of inorganic containing compounds exist in hemi-cellulose 

and other macromolecular biomass constituents and is made accessible for 

dissolution upon their degradation. This is also supported by similar 

findings by Reza et al. [46] and Smith et al. [132]. Smith et al. reported 60-

93 % K removal at 200 °C, which increased to 84-97 % at 250 °C. Once more, 

the high overall removal of K and Cl is most probably attributed to the fact 

that they occur largely as soluble ionic species. 

The observed removal efficiency of earth alkali metals Mg and Ca is lower. 

Initially, removal efficiency increases with temperature for both elements. 

Mg and Ca extraction peaks at a maximum of 57 % and 24 % respectively at 

HTC temperatures of 210 °C.  
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F i g u r e  8 . 8 :  H T C  r e m o v a l  e f f i c i e n c y  o f  m a i n  a s h  e l e m e n t s  K ,  C l ,  M g ,  C a ,  A l ,  
S i ,  P  a n d  S  i n  t r e a t e d  A D  d i g e s t a t e  a s  a  f u n c t i o n  o f  t r e a t m e n t  t e m p e r a t u r e  
a n d  r e s i d e n c e  t i m e .  
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The highest removal efficiencies approximately correspond to the 

proportion of ionic phases (up to 60-90 % for Mg, 20-60 % for Ca) in which 

both elements usually occur in plants [235]. At higher temperatures 

removal efficiency declines with increasing treatment temperature. 

Several explanations are possible for these observations: Reaction severity 

is known to influence surface functionality of hydrochars and thereby also 

cation exchange capacity (CEC) [15, 238, 239]. CEC indicates the ability to 

adsorb metal cations such as Mg2+ or Ca2+. At higher temperatures an 

increase in CEC could lead to the reincorporation of metal cations from the 

water phase into the hydrochar. Another possibility is that at higher 

treatment temperatures, metal extraction is hindered due to a built up of an 

organic layer from hydrolysis-derived products on the hydrochar surface 

[240]. Finally, Chen et al. [241] have shown that divalent cations such as 

Mg2+ and Ca2+ can play a role in polymerisation reactions by acting as a 

crosslinking agent during secondary char formation. Thus, at higher 

reaction temperatures and higher re-polymerisation rates they could be 

reincorporated into the hydrochar. Finally, water characteristics change 

significantly under hydrothermal conditions. Up to 200 °C, most salts are 

highly soluble in water. Yet, this solubility is dependent on the dielectric 

constant of water which is dropping at higher temperatures. In HTG, taking 

place under super-critical conditions, salt precipitation due to a change in 

solubility is a known problem for certain salt types [242]. Therefore, salt 

precipitation at higher temperatures might also play a role in HTC removal 

efficiencies. 

For Al and Si removal a similar peak in efficiency is observed at 210 °C. In 

other feedstock it seems to be stable at around 20-30 % for Al and 20-40 % 

for Si with no strong development tendency with neither temperature nor 

residence time. P removal efficiency is even lower, ranging around 20 %. 

Further, it is decreasing for most feedstock with increasing treatment 

temperature. For example, in fallen leaves P removal efficiency is around 

30 % at 150 °C and decreases below 5 % at 270 °C. P removal proceeds 

through both solubilisation of soluble inorganic phosphate salts and by the 
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decomposition of organic phosphorous containing compounds (i.e. lipids, 

proteins, etc.). This results in a combination of reactive phosphate anions 

and organic compounds in HTC process water. The decreasing efficiency in 

P removal at higher temperature could be due to the presence of Mg2+ and 

Ca2+ that are capable of promoting P precipitation as magnesium or calcium 

phosphate on the hydrochar surface. A decreasing removal efficiency of HTC 

for Mg, Ca and P, at higher temperatures, has also been observed by Smith 

et al. [132]. For example, they reported a decrease of removal efficiency 

from 43 to 18 % upon increase of HTC temperature from 200 to 250 °C for 

oak wood. 

Finally, removal efficiency of S is increasing with increasing HTC 

temperature. At 150 °C around 10 % of S are removed by a hydrothermal 

treatment. This proportion increases to roughly 40 % at the highest 

treatment temperature of 270 °C. For other feedstock, slightly higher 

removal efficiency of 59 % in fallen leaves and 77 % in spruce bark, but the 

same behaviour with changes in treatment temperature are observed. 

In conclusion, removal efficiencies of inorganic material are element specific 

and dependent on HTC conditions. HTC temperature has a stronger 

influence on removal of inorganic biomass constituents than residence time. 

An increase in removal efficiency with increasing treatment temperature is 

noted for elements K, Cl and S. Extraction of Mg and Ca is found to be highest 

at intermediate treatment temperatures around 200 °C. Temperature has a 

limited impact on Si and Al extraction. For P a decline in removal efficiency 

was found with increasing treatment temperatures for most feedstock. 

Liquid-to-solid ratio 

A first indication, the impact of liquid-to-solid (L/S) ratio on the extraction 

of inorganics is provided. L/S ratio during processing HTC is dependent on 

feedstock moisture content, i.e. the water content of biomass upon delivery 

and the use of additional water for biomass mixing or water recycling during 

the process. Figure 8.9 shows the removal efficiency and relative content of 

inorganic components in orange peels carbonised at 210 °C for 2 h and L/S 

ratios of 5, 10 and 20. Removal efficiency increases independent on element 
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species for higher L/S ratios. Within the selected parameter range a linear 

relationship between L/S and removal efficiency is observed for all 

inorganic species. On the whole, ash forming matter is extracted to 35 % at 

L/S = 5, with this fraction increasing to 61 % at L/S = 20. The element 

specific removal efficiencies and relative concentrations reflect the finding 

in the previous section: The highest removal is noted for K and Cl with 

extraction efficiencies of 67 % and 68 % at the highest solid load. Diluting 

solid matter increases removal efficiencies to 90.5 % for K and 91 % for Cl. 

Mg removal is also quite high and between 48-78 %.  
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Lower removal efficiencies are observed for Ca, Al, Si and P. However they 

show a stronger sensitivity towards L/S ratio compared to well soluble 

inorganic elements like K, Mg and Cl. For example, P removal efficiency 

increases from 14 % to 47 % for lower solid concentration, a relative 

increase of over 200 %, while for e.g. K the relative increase in removal 

efficiency is only 34 %. The relative element concentrations after HTC are 

similar to the finding in the previous sections: After HTC, a fuel with altered 

F i g u r e  8 . 9 :  R e m o v a l  e f f i c i e n c y  ( l e f t )  a n d  r e l a t i v e  c o n t e n t  o f  i n o r g a n i c  
c o m p o n e n t s  ( r i g h t )  f o r  l i q u i d - t o - s o l i d - r a t i o  5 ,  1 0  a n d  2 0  i n  o r a n g e  p e e l s  
H T C  t r e a t e d  a t  2 1 0 ° C  f o r  2  h .  
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ash composition results. Hydrochar ash contains lower alkali, Mg and Cl 

content, while the proportion of Ca, Al, Si and P in the ash is increased. 

Several factors could lead to the lower removal efficiencies of inorganic 

materials at higher solid concentrations during HTC: The extraction of 

inorganics might be hindered due to a built up of an organic layer from 

hydrolysis derived products on the hydrochar surface [240]. Higher solid 

load also leads to a higher concentration of organic matter and thus to faster 

built up of such organic structures. Additionally, at high solid concentration 

the slurry is almost paste-like and the low removal efficiencies could also be 

due to poor mixing and poor particle dispersion in water. Further, the high 

solid load also leads to higher concentration of solubilised inorganics 

making precipitation reactions, i.e. of calcium cations and phosphate anions, 

more likely. To date, no comprehensive study on the impact of L/S ratio on 

the fate of inorganic elements during HTC exists, however Singhal et al. 

[126] studied the impact of L/S ratio in the range of 15-50 on inorganic 

removal during biomass washing. They reported higher removal of Cl, Ca, P, 

S and N with increasing L/S ratio. On the other hand, increasing the L/S 

beyond 10 did not significantly improve K removal any further. 

The analysis of saturation effects and phase equilibria of individual 

components is beyond the scope of this work. The results presented indicate 

a strong impact on L/S ratio on inorganic composition of HTC fuels. Thus, 

future work should investigate the effect of L/S ratio on ash composition in 

more detail: In commercial applications the trade-off between mass yield 

and ash removal should be considered, i.e. in process design. Further, the 

impact of process water recycling on ash properties requires more 

attention. 

Impact of CO2 Additive 

Acid addition has proven to be effective in demineralising biomass and 

accelerating reaction rates in HTC [130]. However, handling of these 

catalyst is a challenge and can lead to the corrosion of equipment especially 

at higher temperatures. CO2 addition could provide an easy to use, 

inexpensive alternative to conventional acid catalyst. 
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Figure 8.10 shows mass yield, LHV and ash content of different substrates 

treated at 210 °C for 2 h with Argon (Ar) and carbon dioxide (CO2) as 

pressurising agent.  
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F i g u r e  8 . 1 0 :  M a s s  y i e l d ,  H H V  a n d  a s h  c o n t e n t  o f  s u b s t r a t e s  H T C  t r ea t e d 
a t  2 1 0  ° C  f o r  2  h  w i t h  A r g o n  ( A r )  a n d  c a r b o n  d i o x i d e  ( C O 2 )  a s  
p r e s s u r i s i n g  a g e n t .  
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No significant impact of CO2 addition on mass yield, HHV and ash content 

could be observed for the investigated process conditions. This contradicts 

the findings of Bach et al. [243] who reported lower mass yields, decreased 

HHV and decreased ash content for hydrochar produced in CO2. They 

hypothesized that upon CO2 addition pH in the reaction medium would 

decrease, hence accelerating acid-catalysed reactions during HTC. This 

would lead to enhanced biomass degradation and in consequence to lower 

mass yields, while also promoting ash removal from the biomass matrix. 

Indeed such an effect has been shown by Hunter et al. [244] for two 

reactions in organic synthesis. Using Henry’s law for approximation, a pH 

between 3 and 4 is expected under the investigated HTC conditions. This is 

in range with findings by Peng et al. [245] who have calculated pH values 

between 2.97-4.11 of CO2-saturated water at temperatures between 40 to 

150°C, at pressures up to 150 bar. This is only slightly more acidic than the 

pH of HTC process water after reaction that ranges between 3.6 and 5.2 in 

the presented work (see Section 9.2). 

Consequently, Bach’s findings could not be confirmed by the presented 

work. In the investigated parameter range (T = 180-240 °C, t = 2 h) no 

impact of CO2 addition on fuel characteristics was found. The residence time 

in Bach’s experiments was 30 min. Hence, it is possible that CO2 addition has 

a more pronounced effect at shorter residence times and lower 

temperatures. However, in this work also no effect was observed at lower 

temperature of 180 °C. Thus, to clarify whether CO2 addition has any 

significant effect on the mass yield, LHV and ash properties of hydrochar, 

more experiments at a broader range process conditions, with a higher 

number of repetition are needed. 

Impact of HTC on Ash Melting Behaviour 

In traditional ash melting analysis, the temperatures at which the various 

stages of ash softening and melting takes place are assessed and described 

by four characteristic temperatures: shrinkage starting temperature (SST), 

deformation temperature (DT), hemi-spherical temperature (HT) and flow 

temperature (FT). It is a widely accepted method to predict the likelihood of 
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deposition of ash particles on heat exchange surfaces. Slagging and fouling 

can lead to reduced thermal efficiency, corrosion and difficulties associated 

with the removal of ash from the power boilers.  

Table 8.1 shows the ash melting temperatures of raw biomass and 

hydrochar ash samples treated at 210 °C and 270 °C for 2 h. The complete 

dataset for all temperatures and treatment times is provided in Appendix C. 

Biomass type Condition SST (°C) DT (°C) HT (°C) FT (°C) 

AD digestate raw 863 1040 1147 1164 

 HTC 210°C 963 1119 1300 1320 

 HTC 270°C 781 1208 1256 1291 

EFB raw 837 954 1035 1230 

 HTC 210°C 915 1177 1344 1383 

 HTC 270°C 940 1205 1365 1385 

Fallen leaves raw 1189 1470 1464 1477 

 HTC 210°C 1037 1441 1524 1519 

 HTC 270°C 1070 1410 1509 >1500 

Grass cuttings raw 946 1083 1171 1214 

 HTC 210°C 964 1203 1231 1296 

 HTC 270°C 781 1206 1233 1282 

Digested sludge raw 772 1169 1218 1232 

 HTC 210°C 663 1198 1269 1282 

 HTC 270°C 741 1142 1227 1248 

Spruce bark raw 1304 1409 1453 1457 

 HTC 210°C 1074 1341 >1550 >1550 

 HTC 270°C 1313 1478 1502 1519 

Wheat straw raw 722 1236 1398 1432 

 HTC 210°C 852 1086 >1550 >1550 

 HTC 270°C 932 1118 >1550 >1550 

Depending on feedstock, significant differences in ash melting temperatures 

are observed: Biomass ashes from feedstock rich in K and P such as sewage 

sludge, AD digestate and EFB exhibit the lowest initial deformation 

T a b l e  8 . 1 :  A s h  me l t i n g  t e m p e r a t u r e s  o f  s u b s t r a t e  an d  h y d r o c h a r  a s h  
t r e a t e d  f o r  a  r e s i d e n c e  t i m e o f  2  h .  
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temperatures of 772, 863 and 837 °C. Spruce bark, being rich in Ca and 

shows a higher SST temperature of 1304 °C. 

The effect of HTC on the ash melting seems to be quite variable: Figure 8.11 

illustrates ash fusion temperatures of different feedstock in raw condition 

and HTC treated at 210 °C and 270 °C for 2 h.  
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For some biomass types like EFB the effect of HTC seems to be highly 

beneficial increasing the SST of the sample treated at 270°C by over 100°C. 

Similarly, improvements in ash fusion are observed for HTC treated grass 

cuttings, wheat straw and AD digestate. A higher treatment temperature 

however, does not necessarily further lead to significant improvement 

concerning ash melting temperatures. On the contrary, for spruce bark, 

fallen leaves and sewage sludge, SST is lowered after pre-treatment by HTC. 

For these feedstock, HTC yields little to no improvements concerning the 

other characteristic ash melting temperatures. 

Despite high complexity of ash melting behaviour, a number of inorganic 

biomass constituents have been shown to play an important role: While Mg 

F i g u r e  8 . 1 1 :  C h a r a c t e r i st i c  a s h  f u s i o n  t e m p e r a t u r e s  o f  u n t r e a t e d  a n d  H T C 
t r e a t e d  E F B ,  A D  d i g e s t a t e ,  s p r u c e  b a r k  a n d  f a l l e n  l e a v e s .  
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and Ca generally increase ash melting temperatures, alkali metals are 

known to form low-temperature melting alkali silicates in the presence of 

Si. High P contents and high concentrations of chlorine are also linked to low 

ash melting temperatures. HTC fundamentally changes the inorganic 

composition of treated biomass samples, thereby affecting ash melting 

temperatures. Improvements in ash melting after a pre-treatment are likely 

a consequence of the removal of elements lowering the ash melting 

temperature such as alkali metals. Additionally, elements beneficial for high 

ash melting temperatures, such as Ca, increase in concentration in the 

hydrochar ash. Therefore, in substrates with low ash melting temperatures 

due to high alkali content, HTC has a positive effect on SST. Smith et al. [52] 

have drawn similar conclusions concerning ash-melting temperatures after 

HTC. 

In this study, significant improvements concerning ash fusion 

characteristics are found in alkali feedstock such as EFB, AD digestate, grass 

cuttings and wheat straw. Hence, the increase in ash fusion temperatures 

for these substrates indicate a lowered risk for slagging and fouling during 

the combustion of HTC fuels. In contrast, a small impact of HTC on ash 

melting characteristics of substrates rich in Ca and P, like fallen leaves, 

spruce bark and digested sludge is observed. 

 Fuel Quality Assessment 

As discussed in the previous section, HTC changes both the organic and the 

inorganic structure and composition of biomass. It can be expected, that this 

strongly influences the combustion behaviour of HTC fuels. Fuel indices 

provide a quick pre-evaluation of the improvements of fuel quality by HTC 

with respect to combustion-related challenges. Fuel indices are derived 

from standard fuel analysis and provide predictions on e.g. corrosion risk. 

Although the accuracy of prediction solely based on fuel indices is limited, 

they allow for a preliminary assessment of a large number of fuel samples 

without time-consuming and expensive pilot-scale testing. In the following 

the implications that the changes in fuel composition after HTC have on 

combustion-related problems such as corrosion, ash melting, nitrogen oxide 
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emissions, and particulate matter emissions are discussed using fuel indices 

that have been proven suitable for biomass fuels. The quality of HTC fuels in 

terms of fuel indices is compared to wood pellets currently used by power 

plant operators as reference. Partial results of the presented chapter have 

already been published in [246]. 

Corrosion Tendency 

One challenge in biomass firing is high temperature corrosion of 

superheaters due to the formation of alkali chloride, its condensation and 

subsequent reaction of the superheater material with chlorine. Although the 

underlying mechanism is quite complex, the molar 2 S/Cl has proven to be 

a useful indicator for corrosion risks to be expected from the combustion of 

a specific fuel. Only minor corrosion risks have to be expected for a molar 2 

S/Cl ratio of > 4. Figure 8.12 (a) shows the evolution of molar 2 S/Cl ratio 

and fuel Cl content for untreated and HTC fuels treated at different 

temperatures at a residence time of 2 h.  

Overall, the values of the molar 2 S/Cl ratio are increased with increasing 

treatment temperature for AD digestate, EFB and fallen leaves. HTC treated 

fallen leaves even surpass the threshold value of 4 for low corrosion risk. 

Molar 2 S/Cl ratio does not significantly change in hydrochar from grass 

cuttings, spruce bark and wheat straw. Molar 2 S/Cl ratio is decreased in 

hydrochars from digested sludge. For olive pomace no evaluation is possible 

due to the Cl concentration being below the detection limit. With the 

exception of fallen leaves, HTC does not elevate the molar 2 S/Cl ratio above 

the critical value of 4. Compared to wood pellets molar 2 S/Cl ratio of HTC 

fuels is considerably lower, indicating higher corrosion risk.  

The changes observed in molar 2 S/Cl ratio are a consequence of different 

concentrations of S and Cl in the hydrochars. As discussed in Section 8.2, 

HTC removes both S and Cl from the biomass matrix. While Cl occurs almost 

exclusively in a highly soluble ionic form, S is present both as inorganic and 

organic species in biomass. Consequently, for substrates where molar 2 S/Cl 

ratio can be improved, Cl removal is more efficient than S removal. 

Consequently, in feedstock with high Cl removal, like e.g. EFB or AD 
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digestate, an increase in 2 S/Cl ratio is observed. On the other hand molar 

2 S/Cl ratio remains approximately constant in substrates where both Cl 

and S undergo similar reduction as in grass cuttings, spruce bark and wheat 

straw. 
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However, the molar 2 S/Cl ratio might not be able to completely assess the 

performance of HTC in decreasing corrosion risk, since it does not take into 

account the absolute concentration of both components in the fuel. HTC 

strongly changes the concentration of S and Cl in the fuels: In 20 of the 145 

HTC fuel samples investigated in this set, Cl content is below the detection 

limit of 0.01 wt% of our device. Therefore, considering the fuel Cl content as 

an indicator for corrosion risk might be more reliable in evaluating the 

impact of HTC on corrosion risk. The impact of HTC on fuel Cl concentration 

is shown in Figure 8.12 (b). Following the classification of Tortosia Masiá et 

al. [150], a high corrosion risk has to be expected when combusting AD 

digestate and EFB. An intermediate corrosion risk is predicted for grass 

cuttings and wheat straw.  

F i g u r e  8 . 1 2 :  M o l a r  2  S / C l  r a t i o  ( a )  a n d  f u e l  C l  c o n t e n t  ( b )  o f  r a w  
s u b s t r a t e s  a n d  h y d r o c h a r s  t r e a t e d  a t  d i f f e r e n t  t e m p e r a t u r e s  f o r  2  h .  
C o r r o s i o n  r i s k  i s  i n d i c a t e d  w i t h  c o l o r i n g  ( l o w = g r e e n ,  m e d i u m = o r a n g e ,  
h i g h =  r e d ) .  T h e  v a l u e s  o f  w o o d  p e l l e t s  s e r v e  a s  a  r e f e r e n c e .   
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Cl content generally decreases after a pre-treatment by HTC. For AD 

digestate, EFB, fallen leaves, spruce bark and wheat straw Cl concentration 

in the fuels decrease consistently with increasing treatment temperature. 

HTC treating these substrates decreases the Cl concentration to a safe 

concentration concerning corrosion risk. In digested sludge initially Cl 

concentration increases, but subsequently decreases again with higher 

treatment temperatures. A safe Cl concentration is reached for all fuels 

treated at temperatures of 180 °C and above. For grass cuttings Cl content 

initially strongly decreases but then increases again. For grass cutting 

treated at 270 C a medium corrosion risk is predicted, but is still lower than 

for the raw substrate. Cl content after HTC is still higher than for wood 

pellets, that have a Cl content of 0.01 wt.-%. 

Although the impact of HTC on molar 2 S/Cl ratio is ambiguous, it can be 

expected to have a positive impact on the risk of high temperature corrosion 

when evaluating the Cl content of the fuels. HTC decreases Cl concentrations 

in the treated fuels, while also increasing their heating value. This leads to a 

drastic decrease of Cl input to the combustion process limiting the 

likelihood of high temperature corrosion. 

Risk for Nitrogen Oxide Emissions 

Nitrogen oxide (NOx) emissions are a possible pollutant resulting from the 

combustion of biomass. The fuel-N content is a common indicator for NOx 

emission risk since NOx formation is known to originate mainly from the 

oxidation of fuel-N. Figure 8.13 shows the specific fuel-N per unit energy and 

the fuel-N on weight basis for untreated and HTC treated substrates at 

different temperatures. According to the threshold value established [143, 

146, 149], (see Table 4.3) high NOx emissions have to be expected for AD 

digestate, digested sludge and grass cuttings that exhibit the highest 

concentration of nitrogen. 

Figure 8.13 (b) shows a clear dependency of fuel-N on HTC treatment 

temperature and feedstock type. Compared to wood, the investigated 

residual biomass exhibits much higher fuel-N content. For most substrates, 

fuel-N initially decreases at low HTC treatment temperatures and gradually 
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increases at higher treatment temperatures. For example, in AD digestate 

fuel-N content decreases by 15 % in hydrochar treated at 150 °C but 

increases by 72 % in hydrochar treated at 270 °C. Similar behaviour is seen 

in EFB, grass cuttings, wheat straw and olive pomace. Fuel-N is increased in 

all samples from spruce bark and fallen leaves. Again, fuel-N further 

increases with higher treatment temperatures. A different behaviour of  

fuel-N is noted for HTC fuels originating from digested sludge: fuel-N 

decreases after HTC and with increasing reaction severity decreases further. 

This implies fuel-N in this substrate occurs in different structural phases 

than in lignocellulosic biomass.  
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The changes in nitrogen concentration in HTC fuels are a consequence of 

different processes during HTC: On the one hand, nitrogen is released to the 

process water by solubilisation of N-containing species in the process water. 

The initial decline in fuel-N at low temperatures can be explained by the 

removal of nitrogen in the form of water-soluble ammonium and nitrite 

salts. Also, hydrolysis leads to dissolution of nitrogen in the process water, 

F i g u r e  8 . 1 3 :  S p e c i f i c  f u e l - N  c o n t e n t  p e r  u n i t  e n e r g y  ( a )  a n d  f u e l - N  w i t h  
i n d i c a t e d  r a n g e s  o f  N O x  e m i s s i o n  r i s k  ( b )  o f  b i o m a s s  s a m p l e s  H T C  t r e a t e d  
a t  d i f f e r e n t  t e m p e r a t u r e s  a t  a  r e s i d e n c e  t i m e  o f  2  h  a n d  w o o d  p e l l e t s  a s  
r e f e r e n c e .  E m i s s i o n  r i s k  p r o p e n s i t y  i s  i n d i c a t e d  w i t h  c o l o r i n g  
( l o w = g r e e n ,  m e d i u m = o r a n g e ,  h i g h =  r e d ) .  
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causing even higher removal for higher reaction temperatures. On the other 

hand, higher treatment temperatures also lead to hydrolysis of other 

organic biomass constituent, lowering mass yield after reaction. Thus, the 

apparent rise of N content in the solid residue at higher treatment 

temperatures is a consequence of losses of other organic material. 

According to the relationship between fuel-N content and NOx emission 

established by Sommersacher et al. [143], the effect of HTC on NOx 

emissions is dependent on treatment temperature: At mild conditions, a 

positive effect and at higher temperatures a negative effect on NOx 

emissions is expected during combustion of the hydrochar due to the 

changes in fuel-N content induced by HTC.  

Another approach to assess the NOx emission risk is to consider the specific 

nitrogen content per unit energy content. Figure 8.13 (a) depicts the 

development of specific fuel-N per unit energy in mg MJ-1 as function of 

treatment temperature for all feedstock treated for 2 h. Compared to the 

starting material, the specific nitrogen content per energy unit is decreased 

by roughly 10-30 % at a treatment temperature of 150 °C. Upon further 

increase of the treatment temperature, the nitrogen contents per energy 

unit slightly increases with increasing temperature, diminishing the initial 

reduction to only 10% on average. In the case of HTC treated AD digestate 

for treatment temperatures above 210 °C, the value of specific fuel-N per 

energy unit is exceeding the value obtained for the starting material. Again, 

digested sludge marks the exception for which the fuel-N content per energy 

unit decreases further with increasing treatment temperature. The same 

observations on temperature dependence of specific nitrogen content per 

energy unit can be made analysing the samples that have been treated at 

0.5 h and 4 h. Hence, according to this indicator, HTC could have a positive 

effect on NOx emission risk. On the other hand, also the volatile matter of the 

fuels is reduced by HTC. This likely shifts the N partitioning between 

volatiles and char towards a higher fraction of N in the char, which in general 

reduces the ability to reduce NOx formation from volatiles in-situ [247]. 
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The fuel analysis points towards a higher NOx emission risk for HTC treated 

fuels, however further experimental validation in combustion tests is 

required for a final conclusion. Overall, higher NOx emission risk than for 

wood has to be expected for all HTC fuels. 

Particulate Matter (PM) Emissions 

The two main sources of PM in biomass combustion are particles from 

incomplete combustion such as soot, condensable organic matter and char, 

as well as particles from ash forming matter in the fuel [137, 138]. The latter 

PM formation can be traced back to the release of volatile inorganics that 

are released from the fuel to the gas phase during combustion and start to 

nucleate or condense  [248]. Thus, in biomass fuels the concentration of K, 

Na, Zn and Pb that often constitute the majority of volatile inorganics is used 

as an indicator for aerosol emissions. 

Figure 8.14 shows the likelihood of PM emissions based on the combined 

concentration of K, Na, Zn and Pb in the raw feedstock, as well as the 

feedstock treated at different temperatures and residence time. Based on 

this index low PM emissions are expected for values < 1000 mg kg-1, 

medium PM emissions for values between 1000-10.000 mg kg-1 and high 

emissions for values > 10.000 mg kg-1. 

For all investigated fuels, a decline in the sum of K, Na, Zn and Pb is observed 

after HTC treatment compared to the raw fuel. This means according to this 

index, PM emissions for HTC fuels are lowered compared to the raw 

materials. For AD digestate, EFB, olive pomace and wheat straw the PM 

emission risk can be lowered form a high to a medium risk after HTC at 

temperatures above 210 °C. The strongest reduction in PM emission risk is 

seen in olive pomace and EFB. These two substrates both exhibit high 

content of potassium in their ash. The improvement is a consequence of 

removal of K by dissolution of potassium salts in the process water, see 

Section 8.2. 
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Thus, the strongest relative reduction in concentration is achieved at 180 °C 

where significant biomass degradation sets in and facilitates the removal of 

inorganic species. The concentrations of sodium and zinc only contribute to 

the sum of the element concentrations to a minor part: their concentrations 

typically lie below 1.000 mg kg-1 fuel for the investigated feedstock.  

For higher treatment temperatures, the improvements concerning PM 

emission risk stagnate: due to increasing removal of organic matter from the 

biomass, the ash content of the hydrochar is increasing, which diminishes 

the positive effect of K removal. At temperatures above 240 °C a 

concentration of aerosol forming elements below 10.000 mg kg-1 is achieved 

for all fuels except grass cuttings, lowering the amount of PM emissions that 

are expected for HTC fuels compared to their untreated counterparts. In 

comparison, wood pellets contain 2100 mg kg-1 of aerosol forming elements. 

Thus, regarding PM emissions some HTC fuels reach the same quality as 

wood pellets. 

F i g u r e  8 . 1 4 :  S u m  o f  t h e  c o n c e n t r a t i o n  o f  K ,  N a ,  Z n  a n d  P b  i n  m g  p e r  k g  
f u e l  a s  i n d i c a t o r  f o r  f i n e  p a r t i c l e  e m i s s i o n  t e n d e n c y  f o r  r a w  a n d  H T C  
t r e a t e d  f e e d s t o c k ,  w o o d  p e l l e t s  s h o w n  a s  r e f e r e n c e .  E m i s s i o n  r i s k  
p r o p e n s i t y  i s  i n d i c a t e d  w i t h  c o l o r i n g  ( l o w = g r e e n ,  m e d i u m = o r a n g e ,  h i g h =  
r e d ) .  



Impact of Hydrothermal Carbonisation on Characteristics Relevant for Combustion 

126 

Slagging and Fouling Risk 

Deposit formation is another common challenge in biomass combustion that 

is associated with operational disturbances and damage of plant 

components. They are formed from the inorganic matter in fuels and are 

differentiated depending on their occurrence and nature: Slagging refers to 

the formation of molten deposits in the areas where heat is mostly 

transferred by radiation (i.e. furnace). Fouling refers to solid deposits that 

occur in the area of convective heat transfer surfaces.  

Figure 8.15 shows the molar (Si+K+P) to (Mg+Ca) ratio of substrates and 

HTC fuels which is an indicator for slagging propensity.  
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The index correlates linearly with the ash sintering temperature. Mg and Ca 

are known to increase ash melting temperatures, while Si, K and P generally 

reduce ash melting temperatures. A value below 1 indicates a high ash 

F i g u r e  8 . 1 5 :  M o l a r  ( S i + K + P )  t o  ( C a + M g )  r a t i o  o f  r a w  b i o m a s s  i n c l u d i n g  
w o o d  p e l l e t s  a s  r e f e r e n c e  an d  H T C  f u e l s  t r e a t e d  a t  d i f f e r e n t  t e m p e r a t u r e s  
a t  a  r e s i d e n c e  t i m e  o f  2  h .  B e l o w  a  v a l u e  o f  1  a  m i n o r  s l a g g i n g  r i s k  i s  
e x p e c t e d .  
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sintering temperature above 1100 °C. Consequently, a lower value of the 

ratio indicates reduced slagging risk [146, 147, 155]. As Figure 8.15 shows, 

HTC decreases the molar (Si+K+P)/(Ca+Mg) ratio for all feedstock, thus 

reducing slagging risk during the combustion of HTC fuels. A stronger 

reduction is seen in K-rich feedstock like AD digestate, EFB and olive 

pomace. Only small changes are observed for Ca-rich feedstock like fallen 

leaves and spruce bark. For some substrates an increase in molar 

(Si+K+P)/(Ca+Mg) ratio is seen at higher HTC temperatures. Compared to 

wood, lower slagging risk is expected for fallen leaves and spruce bark. 

Despite the positive impact of the pre-treatment on molar 

(Si+K+P)/(Ca+Mg) ratio, the majority of HTC fuels are still likely to cause 

slagging issues. Only spruce bark and fallen leaves, being rich in Ca that 

increases ash melting temperatures reached a ratio below 1, where slagging 

risk decreases. As discussed in section 9.2 HTC alters the ash composition of 

biomass ashes significantly. However, while some ash constituents like K, 

that lower the ash melting temperatures are removed, other constituents, 

like P, that decrease ash melting temperatures accumulate. Thus impact of 

HTC on ash melting and consequently, slagging propensity is again 

dependent on the nature of inorganic constituents of the starting material 

and the extent to which they are removed during HTC. 

Fouling propensity can be evaluated using the same indicator as for PM 

emission risk and using the fouling index as introduced in section 4.2. HTC 

significantly decreases K concentration in the fuels and therefore removes 

one of the main responsible components of fine particle formation. 

Therefore, considering this indicator a positive impact of HTC on fouling 

behaviour is expected. Figure 8.16 shows the calculated fouling indices for 

raw biomass fuels and HTC fuels. The fouling index is based on the elemental 

ash oxide concentration determined by XRF analysis. Threshold values for 

the fouling risk are introduced in Table 4.3. 
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According to the index, high fouling risk is expected for untreated biofuels 

from EFB, fallen leaves, grass cuttings and olive pomace. The calculated 

fouling index for HTC fuels is lower than for the untreated biofuels and 

decreases with increasing treatment temperature. Yet, for the majority of 

substrates a moderate fouling risks remains after HTC. Only for wheat straw 

the low risk range of fouling index is reached. Once again the improvements 

in fouling index are mostly due to the substantial removal of alkali from the 

substrates by HTC. The fouling index for wood is fairly high and all HTC fuels 

except HTC fuels from olive pomace show lower fouling risk according to 

the fouling index. 

In brief, the impact of HTC on slagging propensity is feedstock dependent. A 

positive impact is expected for alkali rich feedstock, due to the substantial 

increase in ash fusion temperatures observed for these feedstock. Further, 

HTC decreases fouling risk due to the removal of fuel alkali, the main 

contributor to deposit formation. 

F i g u r e  8 . 1 6 :  F o u l i n g  i n d e x  c a l c u l a t e d  f o r  r a w  b io ma s s  a n d  H T C  f u e l s  
t r e a t e d  a t  d i f f e r e n t  t e m p e r a t u r e s  a t  a  r e s i d e n c e  t i m e  o f  2  h .  T h e  r i s k  o f  
s l a g g i n g  i s  i n d i c a t e d  w i t h  c o l o r i n g  ( l o w = g r e e n ,  m e d i u m = o r a n g e ,  h i g h =  
r e d ) .  
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 Reactivity of HTC Chars 

The knowledge of the thermal behaviour of a fuel is essential for the 

implementation of a new fuel in existing combustion plants. Intrinsic char 

reactivity is one important factor affecting char burnout and, thus, efficiency 

of fuel consumption in a power plant. An in depth characterisation of 

intrinsic kinetic behaviour of HTC fuels is beyond the scope of this work, 

however a comparison of relative intrinsic reactivity between starting 

materials and HTC fuels is carried out.  

Impact of HTC process conditions on char reactivity 

Figure 8.17 (a) shows the impact of residence time and treatment 

temperature on the relative intrinsic reactivity of HTC chars from EFB in 

5 % O2 atmosphere. The raw data is provided in Appendix C. 
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HTC chars exhibit a lower intrinsic reactivity than the raw material. It can 

be observed that with increasing temperature and residence time intrinsic 

F i g u r e  8 . 1 7 :  ( a )  R e l a t i v e  in t r i n s i c  r e a c t i o n  r a t e  i n  5  %  O 2  a t m o s p h e r e  
c o n v e r s i o n  o f  t h e  p y r o l y s e d  h y d r o c h a r  s a m p l e s  v e r s u s  c a r b o n i s a t i o n 
t e m p e r a t u r e s  a t  r e s i d e n c e  t i m e s  o f  0 . 5  h ,  2  h  a n d  4  h  a t  4 2 5  ° C  c o m p a r e d  
t o  t h e  p y r o l y s e d  r a w  b io m as s  u n d e r  t h e  s a m e  c o n d i t i on s .  ( b )  R e l a t i v e  C -
f i x  c o n t e n t  v e r s u s  r e l a t i v e  i n t r i n s i c  r e a c t i v i t i e s  f o r  r e a ct i o n  t e m p e r a t u r e s  
f r o m  1 8 0 - 2 7 0  ° C  a n d  r e s i d e n c e  t i m e s  f r o m  0 . 5  h - 4   
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reactivity of the HTC chars declines. At the mildest HTC conditions of 180 °C 

and 0.5 h the intrinsic reactivity is reduced by 27 %. Intrinsic reactivity HTC 

chars treated for 4 h at the same temperature is reduced by 62 %. The 

lowest intrinsic reactivity is observed for HTC chars originating from severe 

HTC treatment at 270 °C. At these conditions, the intrinsic reactivity is 

decreased by 90 % at 0.5 h and 95 % at 4 h. It seems at lower temperatures 

the impact of residence time on char deactivation is more pronounced than 

at higher temperatures. 

As introduced in Section 3.2, with increasing temperature and residence 

time the coalification of biomass advances during HTC. Thus, an increasing 

amount of fixed-C can be found in HTC chars with increasing reaction 

severity. As Figure 8.17 (b) shows, there is a strong correlation between 

fixed-C in the HTC fuels and the observed intrinsic reactivity. A decrease in 

reactivity of HTC treated fuels was also reported in other studies [249–253]. 

Ulbrich et al. [253] reported similar findings for the dependence of reaction 

rates of HTC chars from brewer’s spent grains in CO2 atmosphere. They 

attributed the decrease in reactivity to the formation of fixed-C and the 

accompanying reduction in surface groups that act as active sites for the 

gasification reaction. In another study Stirling et al. [252] compared the 

reactivity of HTC treated wood and olive pomace with bituminous coal and 

torrefied biomass wood. They could show that the decrease in reactivity was 

rather associated with the removal of catalytically active alkali and earth 

alkali metals during HTC than to the loss of volatiles. 

To determine if fixed-C content or alkali content are the determining factor 

in reducing char reactivity a comparison between different biomass 

feedstock with varying ash content and composition is presented in  

Figure 8.18. After HTC, intrinsic reactivity of the chars is decreased for all 

investigated substrates. Intrinsic reactivity decreases with increasing  

fixed-C content and increases with increasing fuel alkali content. Values are 

scattered more strongly for the correlation between fixed-C and intrinsic 

reactivity. 
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Strong differences of reactivity between different HTC fuels are observed. 

The strongest reduction in reactivity are observed for wheat straw (95 %) 

and EFB (94 %) that also show the strongest relative reduction in fuel alkali 

content of 90 % and 78 % respectively. Significantly different intrinsic 

reactivity was measured for samples treated with a similar fixed-C content 

of approximately 30 wt.-% such as AD digestate, fallen leaves and wheat 

straw. However, the same applies for samples with comparable alkali 

content (i.e. AD digestate and EFB). It seems that for both measured 

quantities only a weak correlation with intrinsic reactivity can be 

established. Consequently, more research is needed, to investigate the 

driving mechanism for a reduction in intrinsic reactivity of the chars. 
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In summary, chars from HTC fuels show significantly reduced intrinsic 

reactivity compared to chars from the untreated counterparts. Char 

reactivity decreases with treatment temperature and residences time. The 

reduction in reactivity could be associated with the increased amount of 

fixed-C formed during HTC. On the other hand, with increasing reaction 

severity, also the concentration of catalytically active inorganics in HTC 

chars decreases which could be another explanation for the decrease in 

reactivity. An initial assessment of five different feedstock points towards a 

stronger influence of fuel alkalis, but further research is needed to confirm 

F i g u r e  8 . 1 8 :  I n t r i n s i c  r e a c t i v i t y  m e a s u r e d  f o r  s u b s t r a te  a n d  H T C  c h a r s  a s  
a  f u n c t i o n  o f  f i x e d - C  ( a )  a n d  f u e l  a l k a l i  c o n t e n t  ( b ) .  H T C  s a m p l e s  w e r e  
t r e a t e d  a t  2 7 0  C  f o r  2  h .  
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this observation. It is important to note that the starting feedstock type of a 

HTC fuel is the governing factor for the determination of its fuel 

characteristics. Therefore, when comparing HTC fuels with other fuels the 

substrate type should always be considered in the assessment. 

Chapter summary: HTC was found to have a profound effect on fuel 

properties relevant for combustion. HTC fuels show significantly higher 

calorific value mostly on account of a higher carbon content. Higher reaction 

severity leads to a higher degree of biomass coalification and hence higher 

calorific value. In addition, it was demonstrated that HTC also significantly 

changes ash characteristics: Overall, the fate of inorganics is defined by 

feedstock type and phases occurring in the substrate. The ash content after 

HTC is higher for substrates rich in Ca, P and Si, while lower ash contents 

after HTC are observed for high K feedstock. Ash content tends to increase 

for higher treatment temperatures due to rising loss of organic material. Ash 

composition changes strongly after HTC. Both treatment temperature and 

nature of the inorganic species play a significant role. Residence time does 

not strongly impact ash composition. K, Cl and to some extent also S and Mg 

are effectively removed by HTC. With increasing temperature and biomass 

degradation, the removal efficiency for these species grows. Poor removal 

was observed for Ca, Al, Si and P. Some inorganic species like P are initially 

removed at low treatment temperatures but are reincorporated to 

hydrochar or precipitated at higher treatment temperatures. Removal 

efficiencies are also dependent on the L/S ratio during reaction: Lower solid 

concentrations lead to higher removal efficiencies for all inorganic species. 

An analysis of fuel indices shows that HTC had a positive impact on expected 

PM emissions, corrosion and deposit formation during combustion of HTC 

fuels. The improvements are based on the strong removal of K and Cl during 

HTC. Adverse effects have to be expected for the influence of HTC on NOx 

emissions on the account of higher fuel-N and lower volatile content after 

the treatment. Finally, reactivity of HTC chars was found to decrease with 

increasing severity of HTC treatment compared to the substrate due to the 

removal of catalytically active inorganic constituent and the formation of 

fixed-C during HTC. 
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9 Characterisation and Utilisation Options for HTC By-

products 

HTC can convert any wet biogenic feedstock without the need to include an 

energy intensive drying step. This is, on the one hand, the strength and 

distinguishing feature of the technology. On the other hand, this also causes 

the biggest weakness of the technology: the process produces considerable 

amounts of contaminated process water during the conversion that needs 

treatment. Thus, the following chapter provides insights to the amount of 

process water generated, its characterisation and possible utilisation and 

treatment options. 

 Amount of Process Water Generated 

Water represents the biggest mass flow in a hydrothermal conversion of 

biomass. The exact amount of process water generated depends on the 

following main influencing factors: 

 Feedstock moisture content 

 Use of additional water for biomass mixing / pumping  

 Extent of biomass conversion 

A higher feedstock moisture content and additional water use to create a 

biomass mixture that can be properly mixed and pumped, increase the 

amount of process water generated. In addition, a higher degree of 

conversion of biomass also increases the amount of process water 

generated due to a higher amount of water generated by biomass 

dehydration during HTC. More on this topic see section 10.1. 

Table 9.1 provides an overview of the amount of process water generated 

by HTC according to the developed process model (more details follow in 

Chapter 10.1) and literature values. HTC of EFB with a moisture content of 

65 % produces 2.29 m3 process water per ton of product fuel. At 80 % 

moisture, this value increases to 4.39 m3 t-1. These results are well within 
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the expected range of 1.89-2.42 m3 t-1 according to reported values in the 

literature for comparable feedstock moisture content [62, 64, 169, 171].  

Amount process 
water (m3 t-1 product) 

Input 
material 

Feedstock 
moisture (wt.-%)  

Process 
conditions 

Ref.  

2.29 EFB 65 180 °C, 2 h - 

4.39 EFB 80 180 °C, 2 h - 

1.89 Grape marc  65 220 °C, 1 h [64] 

2.42 EFB 65 220 °C, 4 h [62] 

2.29 N/A 60 N/A [171] 

2.30 Green waste 64 200 °C, 3 h [169] 

4.81 Miscanthus 70 230 °C, 5 min [63] 

To reduce waste water generation, recycled process water should be used 

for biomass mashing. As discussed in more detail in the following Chapter 

10.1, this also offers the advantage that process water- and steam-recycling 

lowers the thermal energy demand of HTC. However, the possibility to 

recycle process water is limited for input materials that already possess 

high water content. In this case, the amount of water that can be recycled to 

the feed stream decreases, if the solid concentration in the reactor is to be 

kept constant. Thus, to avoid a strong dilution of biomass in water and 

associated higher energy costs, a higher proportion of water needs to be 

sent to treatment.  

 Characterisation of HTC Process Water 

Table 9.2 shows process water analysis data from five different feedstock 

treated at temperatures from 150-270 °C for a duration of 4 h. The process 

conditions investigated, therefore, cover mild and severe HTC conditions. 

The analysis includes basic analysis of pH and electrical conductivity (EC) 

as well as a characterisation of organic matter and nutrient concentration. 

Additional process water characterisation on pH and EC for other feedstock 

is provided in Appendix E. 

T a b l e  9 . 1 :  A m o u n t  o f  p r o ce s s  w a t e r  g e n e r a t e d  b y  H TC  a c c o r d i n g  t o  o w n  
c a l c u l a t i o n s  a n d  l i t e r a t u r e  v a l u e s .  
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Biomass type 
Temp. 

(°C) 
pH 

EC 
(mS cm-1) 

TOC 
(g l-1) 

BOD5 

(g l-1) 
COD  

(g l-1) 
Ptot  

(mg l-1) 
TN  

(mg l-1) 
NO3-N 

(mg l-1) 
NO2-N  

(mg l-1) 
NH4-N  

(mg l-1) 
EFB 150 4.54 4.83 9.1 11.8 22.8 73.0 394 79 0.48 34.40 
 180 4.02 4.84 9.3 15.0 24.6 64.4 452 122 0.30 0.88 
 210 4.14 4.22 9.8 15.4 24.9 19.0 398 119 0.30 1.36 
 240 4.12 4.08 11.4 16.2 28.9 11.8 398 91 0.30 1.72 
 270 4.12 5.07 11.4 19.8 29.2 10.8 320 94 0.96 4.22 
Grass cuttings 150 4.35 5.82 14.3 22.6 37.5 53.4 780 184 1.10 1.56 
 180 4.45 6.17 13.7 20.2 31.7 12.0 1022 136 0.90 1.26 
 210 4.62 6.20 14.6 19.4 34.6 6.3 1010 141 0.98 1.34 
 240 4.96 6.27 13.0 19.8 32.5 4.6 1006 113 0.70 2.06 
 270 5.23 5.76 12.4 17.4 31.2 4.2 786 103 0.44 4.76 
Horse manure 150 4.67 3.78 9.6 12.6 24.4 278.0 596 99 0.76 105.00 
 180 4.10 4.24 8.8 12.6 21.9 236.0 598 131 1.04 85.60 
 210 4.26 4.50 9.4 12.6 23.2 196.0 534 119 1.12 83.20 
 240 4.10 4.13 10.1 13.0 25.9 173.4 434 117 1.12 50.40 
 270 4.36 3.60 9.4 12.6 25.5 191.0 460 100 0.72 113.00 
Fallen leaves 150 4.91 2.72 7.7 12.6 19.5 17.0 173 71 0.86 25.6 
 180 4.95 3.73 6.6 9.0 15.4 5.2 268 87 1.00 4.20 
 210 4.55 3.43 8.1 12.2 19.9 1.8 226 90 0.94 2.40 
 240 4.44 3.78 8.5 14.2 22.5 1.0 256 71 0.58 1.92 
 270 4.75 3.22 8.8 13.8 22.5 1.0 268 66 0.30 4.02 
Olive pomace 180 3.56 2.57 10.9 18.2 25.8 57.6 152 163 0.30 0.56 
 210 3.80 2.53 8.9 14.6 22.0 48.0 134 120 0.30 0.70 
 240 3.77 2.25 9.9 16.0 25.6 30.8 107 88 0.30 1.06 
 270 3.65 2.29 9.8 16.6 26.8 22.8 119 81 0.30 1.62 

 

T a b l e  9 . 2 :  Wa t e r  a n a l y s i s  d a t a  o f  e f f l u e n t  o b t a i n e d  f r o m  h y d r o t h e r m a l  c a r b o n i s a t io n  o f  v a r i o u s  f e e d s t o c k  a t  
d i f f e r e n t  t e m p e r a t u r e s  f o r  a  r e a c t i o n  t i m e  o f  4  h .  
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pH Value 

The pH values of process water samples presented in Table 9.2 are acidic 

and in the range of 3.6-5.2. For most feedstock a slight decrease of pH is 

observed for HTC temperatures above 150 °C. The obtained pH values are 

fairly similar and only minor differences between different feedstock can be 

observed. Temperature also does not have a strong effect on process water 

pH. Slightly different observations are made for effluent originating from 

HTC of grass cuttings: a slight increase in pH with treatment temperature is 

observed. Biomass degradation during HTC leads to the formation of 

organic acids like acetic acid, formic acid and levulinic acid, which leads to 

the acidic pH in HTC process water [109, 114–116]. The slight decrease in 

pH at temperatures above 150 °C is probably a consequence of more 

rigorous biomass degradation above this temperature. Grass cuttings 

contains a considerable amount of nitrogen-containing compounds (fuel-

N = 2.2 wt.-%) which form buffering compounds upon degradation during 

HTC. This leads to an increase of pH value. Higher pH values are also 

observed for other nitrogen-rich feedstock like e.g. digested sludge 

(pH = 6.2-9.0 , fuel-N = 6.8 wt.-%), and spirulina (pH = 4.8, fuel-N = 5.2 wt.-

%). 

Electrical Conductivity 

The electrical conductivity (EC) of the process water samples reported in 

Table 9.2 shows a higher variability and is in the range of 2.2-6.9 mS cm-1. 

The highest EC is obtained for process water from grass cuttings. HTC 

temperature does not have strong impact on the measured EC. Grass 

cuttings and fallen leaves show a maximum of EC at intermediate 

temperatures of 210 °C and 240 °C. EC of process water from olive pomace 

slightly decreases with increasing treatment temperature while no clear 

trend is observed for horse manure and EFB. Feedstock type seems to be the 

major influencing factor for EC. Since EC is a measure of the salt 

concentration in the liquid sample investigated, it is also a measure of the 

amount of inorganics removed by HTC. The total amount of inorganics that 

are removed from a given substrate is dependent on the substrate ash 
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content and the proportion of soluble inorganics in the ash. In 

approximation of this criteria, Figure 9.1 shows the measured EC of process 

water samples from the feedstock discussed in Chapter 7 as a function of the 

substrate fuel alkali content. 
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For the majority of investigated substrates EC lies in the range of 1.5-

3 mS cm-1. Higher EC values are measured for alkali rich, high ash feedstock 

like seaweed, AD digestate, EFB, grass cuttings and spirulina. Generally, the 

salt concentration in HTC effluent is in the expected range of industrial 

waste water (EC ~ 5 mS cm-1) and lower than EC of 70-120 mS cm-1 typical 

for municipal waste water [254, 255]. 

Organic matter 

Table 9.2 shows the measured concentrations for total organic carbon 

(TOC), biological oxygen demand after 5 days (BOD5) and chemical oxygen 

demand (COD) in process water from HTC treatment of biomass. TOC values 

F i g u r e  9 . 1 :  E C  o f  p r o c e s s  w a t e r  f r o m  v a r i o u s  s u b s t r a t es  t r e a t e d  a t  2 1 0  ° C  
f o r  2  h  a s  a  f u n c t i o n  o f  t h e  a l k a l i  c o n t e n t  i n  t h e  s t a r t i n g  m a t e r i a l .  
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are in the range of 6.5 -14.6 g l-1. This indicates a heavy pollution of process 

water with organic material originating from biomass degradation 

processes during HTC. For EFB with increasing HTC temperature an 

increase in TOC is observed. For the other feedstock, no clear development 

of TOC with temperature is noted. Again differences in TOC are governed by 

feedstock type with fallen leaves exhibiting lower TOC values of up to 

approximately 9.0 g l-1 in comparison to effluent from grass cuttings, olive 

pomace and EFB where TOC reaches values above 9.0 g l-1. For BOD5 and 

COD similar observations can be made: COD values lie in a more narrow 

range of 15.4-34.6 g l-1. COD of HTC effluents seems to be determined by 

feedstock type rather than treatment temperature. BOD5 values follow the 

same trends and are in the range of 9.0-19.4 g l-1. For comparison typical 

COD and BOD5 values for municipal waste water are 0.25-0.8 g l-1 and 0.1-

0.35 g l-1 respectively [256]. This means that process water from HTC is 

heavily contaminated with organic matter. The organic load is comparable 

with animal manures that are in the range of 20-30 g l-1  for pig slurry and 

10-20 g l-1 for cattle manure, respectively [257]. Compared to the COD 

values the BOD5 values are relatively high. Figure 9.2 (a) shows the 

BOD5/COD ratio for HTC process water from different feedstock treated at 

temperatures ranging from 150-270 °C. If the BOD5/COD ratio is ≥ 0.5, the 

waste water is considered to be easily treatable by biological means [256]. 

The ratio varies between 0.52-0.71. This means a good biodegradability of 

the organic substances can be expected.  

A way to reduce the organic load in HTC process water, while at the same 

time accessing some of the chemical energy it contains is anaerobic 

digestion (AD). An indicator often used to estimate the bio-methane 

production potential (BMP) is the C/N ratio. A value of 20-35 provides 

optimal conditions for AD [258, 259]. A lower ratio indicates a protein rich 

substrate, with high pH causing methanogenic inhibition [260]. A higher 

ratio points towards a quick depletion of nitrogen, which also lowers biogas 

production. Typical values for C:N are e.g. 25:1 for grass silage and 13:1 for 

cattle manure [257]. Figure 9.2 (b) shows the C/N ratio of the obtained 

process water from HTC of different substrates.  
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Applying the optimum C/N criteria, an efficient AD conversion of effluent 

from EFB and fallen leaves can be expected. The C/N ratio in effluent from 

HTC of olive pomace is above the optimum range, while process water from 

grass cuttings and horse manure contain too much nitrogen and therefore 

possess a C/N ratio below the optimum range. However, C/N ratio can only 

serve as a preliminary indicator of BMP potential, the derived trends need 

to be verified by further experimental investigation. 

Nutrient concentration 

Table 9.2 shows the concentration of nitrogen nutrients (NO3-N, NH4-N, 

NO2-N) and total nitrogen (TN) as well as phosphorous (Ptot) determined in 

process water samples from HTC of the five investigated feedstock. 

Compared to the concentrations of organic matter their concentrations are 

significantly lower. 

The most abundant nitrogen nutrient is NO3-N with a concentration of  

71-103 mg l-1. No strong dependence of NO3-N concentration on feedstock 

type is observed. With increasing HTC treatment temperature the 

concentration of NO3-N decreases slightly for all substrates. 

F i g u r e  9 . 2 :  B O D 5 / C O D  r a t i o  ( a )  a n d  C / N  r a t i o  ( b )  o f  p r o c e s s  w a t er  
o b t a i n e d  a f t e r  H T C  o f  d i f f e r e n t  b i o m a s s  t y p e s  a t  t e mp e r a t u r e s  o f  1 5 0 -
2 7 0  ° C  f o r  4  h .  
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Ammonia-N (NH4-N) was found in high concentrations of 50-113 mg l-1 in 

process water from HTC of horse manure, as typical for manures and faeces. 

For the other feedstock smaller NH4-N concentrations of 0.6-4.8 mg l-1 were 

measured. With increasing HTC temperature NH4-N concentration 

decreases rapidly. For example in process water from EFB and fallen leaves 

34.4 mg l-1 and 25.6 mg l-1 was measured in effluent from HTC at 150 °C. In 

effluent obtained from HTC conducted at 180 °C and higher the 

concentration of NH4-N rapidly decreases to below 5 mg l-1 for all feedstock 

except horse manure. This might indicate the precipitation of ammonia salts 

under hydrothermal conditions at temperatures above 150 °C. 

Nitrite (NO2-N) was detected in low concentrations of 0.30-1.12 mg l-1. 

Fluctuations in NO2-N concentrations are observed with treatment 

temperature, but no coherent trend is observed. 

Overall, values obtained for TN in effluent are higher than measured NO3-N, 

NO2-N and NH4-N concentrations indicating the presence of more organic 

nitrogen species. In HTC effluent TN concentrations of 107-1022 mg l-1 are 

obtained. TN concentration is also feedstock dependent: The highest TN 

concentrations were measured in process water from grass cuttings, which 

is also the feedstock that has the highest fuel-N content of the investigated 

feedstock as presented in Table 7.1. During HTC nitrogen is released to the 

process water. The increase in TN at washing conditions can be explained 

by the dissolution of water soluble ammonium and nitrite salts and some 

nitrogen containing compounds to the washing water. At higher 

temperatures hydrolysis of nitrogen containing compounds leads to a 

further increase of TN in the effluent. 

Finally, Ptot values measured seem to be both temperature and feedstock 

dependent. Highest Ptot values are detected in process water from grass 

cuttings (up to 238 mg l-1), the lowest in effluent from fallen leaves (up to 

18 mg l-1). For all feedstock a decline in Ptot in effluent is observed with 

increasing treatment temperature. For example at 150 °C 53.4 mg ml-1 of 

phosphorous is detected in process water from grass cuttings. This value 

drastically decreases to 4.2 mg ml-1 at HTC conditions of 270 °C. This finding 



 Characterisation and Utilisation Options for HTC By-products 

141 

also supports the observations made for phosphorous concentration in the 

HTC fuels as discussed in Chapter 8.2 which, after an initial decline at low 

HTC temperatures, increases again for higher treatment temperatures at 

HTC conditions. This suggests that at higher treatment temperature 

phosphorous is precipitated and reincorporated to the hydrochar. 

 Valorisation and Treatment Options for Process Water 

As the findings in the previous sections demonstrate, process water from 

HTC contains various nutrient and is heavily contaminated with organics. 

Consequently, a cost efficient and environmentally friendly treatment for 

process water from HTC needs to be developed and is the key for its 

commercial success. Different approaches are discussed. An overview of 

possible treatment options is provided in Figure 9.3.  

 

Waste water treatment: Sending HTC process water to a regular waste 

water treatment plant (WWTP) is the easiest solution. However, this way 

the chemical energy contained in HTC process water is lost and the 

opportunity to gain higher thermal efficiency by its utilisation missed. 

Further, according to environmental standards the maximum allowed COD 

value in waste water is limited to e.g. 200 mg l-1 in Germany [261]. This 

value is exceeded many times in HTC process water with a COD of 15,400-

34,600 mg l-1. Additionally, process water from HTC contains non-

biodegradable (refractory) compounds that cannot be treated in a 

conventional WWTP. Consequently, excessive dilution and/or pre-

treatment is needed prior to waste water discharge. 

F i g u r e  9 . 3 :  O v e r v i e w  o n  p o s s i b l e  t r e a t m e n t  a n d  v a l o r i s a t i o n  o p t i o n s  f o r  
H T C  p r o c e s s  w a t e r .  
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Anaerobic digestion: AD offers the possibility to valorise the chemical 

energy contained in the process water by its conversion to biogas. AD is able 

to eliminate between 50-75 % of COD [61, 262]. Biogas production related 

to COD is about 0.5 L g-1 COD removed, corresponding to a methane 

production of roughly 0.35 L g-1 of COD removed [263]. For instance, for a 

70% conversion of COD to methane, AD of process water could produce 

enough methane to cover 11 % of the thermal energy need of the process. 

This calculation is based on the base case design from Chapter 10.1, where 

2.36 m3 of effluent are produced and a thermal energy consumption of 

1.5 MWh per ton of HTC fuel is needed. This way, the thermal efficiency of 

the process could be improved from 61 % to 63 %. Yet, AD of process water 

also faces several challenges: COD load of the process water is too high for a 

direct conversion, thus dilution is needed prior to AD. Second, phenols and 

other intermediates formed during biomass degradation can act as 

inhibitors during AD [264]. Further, the remaining COD content is mostly 

refractory, i.e. non-biodegradable and needs to be removed otherwise, for 

example by adsorption with activated carbon [69]. And in addition, COD 

after AD is still above the legal limits for discharge, and consequently, needs 

to be diluted further. 

Filtration: Filtration techniques aim to separate the refractory from the 

biodegradable COD by differences in molecular sizes. Applied technologies 

are membrane filtration, nano-filtration and reverse osmosis. The 

refractory compounds are retained and send back to the HTC reactor to 

increase solid and energy yield. Alternatively, they can be thermally utilised 

by combustion. The biodegradable permeate is send to AD for energetic 

valorisation or to biological waste water treatment. In some cases a 

membrane or nano-filtration is combined with reverse osmosis in a multi 

stage process: Organics are separated in the first filtration step, while 

reverse osmosis aims to retain a fraction of the salts present in the effluent, 

preventing the refeeding of inorganics to the HTC reactor [265, 266].  

Wet oxidation: Wet oxidation (WO) is another established method for the 

treatment of waste water. During WO pollutants contained in waste water 
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are oxidized using pure oxygen or air as oxidizing agent at temperatures 

around 100-320 °C and pressures of 5-200 bar. The process is exothermic 

and self-sustaining above a COD load of 20 g l-1 [267]. COD elimination of 50-

70 % can be reached with this technology [267, 268]. Synergy effects 

between HTC and WO result from the similar operating conditions used. 

With this technique the biodegradability of process water from HTC is 

improved since refractory compounds are degraded. Yet, similarly to AD 

COD load after WO is still above legal limits and therefore dilution of the 

process water is needed. 

All of the above treatment options are characterised by some short-comings. 

On the one hand, the COD reduction for some technologies is not sufficient 

for discharging effluent to WWTPs and refractory COD is not degraded upon 

treatment, while for others the chemical energy contained in the process 

water is not valorised. Thus, a combination of different treatment methods 

is needed for an efficient and economical process water disposal. One 

possible combination would be using filtration as a pre-treatment to 

separate refractory COD and valorising the remaining COD by AD. Another 

option would be WO as process water pre-treatment prior to AD. 

Chapter summary: To conclude, HTC produces a large amount of 

contaminated process water that needs treatment. Based on process 

modelling (see section 10.1) the volume of process water generated per t of 

HTC fuel is estimated to be in the range of 2.3-4.4 m3. Characterisation of 

HTC process water showed that its characteristics are strongly feedstock 

dependent. HTC effluent is acidic and its EC is dependent on the substrate 

ash content and composition. The organic load of HTC effluent determined 

by COD was found to be very high and in the range of 15-35 g l-1. Nutrients 

were found in much lower concentrations. To date several methods for the 

treatment of process water from HTC exists. However, a combination of 

different techniques has to be used to overcome the challenges in the 

treatment of process water from HTC that arise from the exceptionally high 

organic contamination and the presence of refractory, non-biodegradable 

compounds. 
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10 Techno-economic Evaluation of HTC 

This chapter discusses the technical and economic performance of HTC as a 

technology for fuel upgrading. Initially, the thermal and electrical energy 

demand of a HTC plant is assessed in a process simulation. In the base 

design, the modelled HTC plant processes 40.000 t a-1 EFB with a moisture 

content of 70 wt.-%. The impact of feedstock moisture and process 

temperature on specific energy consumption and thermal process efficiency 

is discussed. Subsequently, the total cost of production for HTC fuels are 

calculated in a techno-economic analysis for two different plant locations. 

 Results of Process Simulation 

The design of the modelled plant is introduced in detail in section 6.5.1. In 

short, HTC conversion in the modelled plant comprises heating of the 

biomass slurry, HTC conversion, cooling of the HTC slurry, liquid solid 

separation in a filter press and finally drying of the HTC fuels. Heat recovery 

is implemented through steam and process water recycling. 

Energy Consumption 

Table 10.1 shows the electric and thermal power requirements of the 

proposed plant layout for different process temperatures and reaction 

times. The electrical power requirements are considered for the main 

power consumers, i.e. pumps and filter press, while the electrical energy 

need of the mixer is neglected since its contribution is below 5 % of the total 

electricity consumption [64]. External thermal power is required for 

heating up biomass slurry to reaction temperature and for drying of the 

hydrochar.  

As seen in Table 10.1, the thermal power requirement is two orders of 

magnitude larger than the electrical power requirement. With increasing 

reaction temperature, both the electrical and thermal demand increase. The 

electrically operated components in the model are slurry pumps 1 to 3 and 

the membrane filter press. As the reaction temperature increases, so do the 

operational pressures, leading to increased electricity consumptions of the 
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pumps. The electrical demand of the membrane filter press correlates with 

the mass flow rate, which is lower at higher temperatures. This is, on the 

one hand, consequence of a lower mass yield after reaction at higher 

temperatures. On the other hand, in the given design, the amount of steam 

removed from the slurry in the third stage is higher at higher temperatures 

lowering the mass flow to the membrane filter press. 

Temperature 
(°C) 

Time 
(h) 

Electrical power (kW) Thermal power (kW) 

Pump Press Total Heater Dryer Total 

180 0.5 6.9 11.0 17.9 1426 1234 2660 

 2 7.1 11.2 18.3 1445 1143 2588 

 4 7.4 11.4 18.8 1468 1194 2663 

210 0.5 10.5 11.0 21.5 1611 1076 2686 

 2 11.0 11.2 22.1 1638 973 2611 

 4 11.4 11.4 22.8 1671 1020 2691 

240 0.5 18.1 10.0 28.2 1915 953 2867 

 2 19.4 10.3 29.7 1971 695 2666 

 4 21.8 10.8 32.6 2069 856 2924 

270 0.5 31.5 9.5 41.0 2231 705 2935 

 2 32.9 9.7 42.6 2274 667 2941 

 4 32.2 9.6 41.8 2254 634 2889 

Similar to the increase in the electrical demand of the slurry pumps, the 

heater also must provide more energy for biomass heating at elevated 

temperatures leading to higher thermal power demands with increasing 

HTC temperature. However, at higher reaction temperatures also a higher 

thermal flux is available for the pre-heating of biomass so the increase in 

thermal power demand is moderate. In contrast, dryer power consumption 

decreases due to the lower mass output at higher temperatures, as less filter 

cake needs to be dried. 

T a b l e  1 0. 1 :  E l e c t r i c  a n d  th e r m a l  p o w e r  r e q u i r em e n t s  a t  d i f f e r e n t  H T C  
p r o c e s s  c o n d i t i o n s  f o r  a  p l a n t  p r o c e s s i n g  4 0  k t  a - 1  ( 2 . 7  t  h - 1 )  E F B  a t  7 0  %  
m o i s t u r e .  
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Specific Energy Consumption and Process Efficiency 

Figure 10.1 (a) shows the specific thermal energy demand at different HTC 

temperatures in kWh per kg hydrochar produced. The specific thermal 

energy demand ranges between 1.34-2.63 kWh kg-1 hydrochar produced. It 

increases significantly with reaction temperature, which is on the one hand 

a consequence of the higher heat demand for heating up the slurry to 

reaction temperature. In addition, mass yield at higher HTC temperatures 

decreases significantly from 68 % at 180 °C to 39 % at 270 °C. This means 

that per kg of hydrochar, more thermal energy is necessary for production. 
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Figure 10.1 (b) shows the thermal efficiency of the HTC process at different 

reaction temperatures. The thermal efficiency is a measure of the thermal 

performance of a process and is provided by the ratio of energy contained 

in the hydrochar and the chemical energy input from the biomass feed 

stream plus the auxiliary thermal and electrical energy demand. The 

thermal efficiency decreases from 68 % at 180 °C to 50 % at 270 °C. One 

major influencing factor on thermal efficiency is the energy yield of the HTC 

process. At 180 °C, 67 % of efficiency losses are attributed to the loss of 

F i g u r e  1 0 . 1 :  ( a )  S p e c i f i c  a u x i l i a r y  t h e r m a l  e n e r g y  d e m a n d  p e r  k g  
h y d r o c h a r  p r o d u c e d  a t  d i f f e r e n t  r e a c t i o n  t e m p e r a t u r es ;  ( b )  N e t  t h e rm a l  
p r o c e s s  e f f i c i e n c y  o f  H T C  p l a n t  a t  d i f f e r e n t  r e a c t i o n  t e m p e r a t u r e s .  
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chemical energy contained in organic matter in the process water. This 

proportion increases to 92 % at 270 °C, since at higher temperature a higher 

proportion of the feedstock biomass is liquefied, leading to more losses in 

chemical energy. Auxiliary energy demand also rises at higher 

temperatures, since heating of biomass to higher temperatures consumes 

more thermal power, further decreasing thermal efficiency of HTC at high 

temperatures. 

In the base case design (T = 210°C and t = 2h), the energy yield of HTC was 

62 %, which means that 28 % of the energy input from EFB is lost as organic 

matter dissolved in the process water. For comparison, drying EFB to a 

moisture content of 10 wt.-% with a rotary dryer requiring typically  

3 MJ kg-1 water evaporated (see [269]), would consume 36 % of the EFB 

energy input. Therefore, despite the losses of chemical energy in the process 

water, the efficiency of HTC in providing a solid fuel is higher than the 

provision of fuel by drying. Additionally, researchers have proposed that a 

combination of HTC with anaerobic digestion could help to recover some of 

the chemical energy contained in the process water. Current research shows 

process water from HTC yields 0.25-0.30 L methane per g of COD input [81, 

270, 271]. With a COD of 25 g l-1  reported for EFB at 210 °C (see chapter 

9.2), in the base case 13 % of the auxiliary thermal energy need could be 

covered by methane from anaerobic digestion. However, this would only 

have a small impact on the overall thermal efficiency, which slightly 

increases from 62.0 % to 63.3 % with this measure. 

The impact of feedstock moisture content in the feed stream on specific 

thermal energy demand is shown in Figure 10.2 (a). The range from 55-

95 wt.-% moisture content corresponds to a range of roughly 1-20 

expressed as L/S ratio. The obtained specific thermal energy demands range 

from 0.9-7.3 kWh kg-1 and increases strongly for feedstock with water 

contents above 80 wt.-%. With increasing feedstock moisture content the 

proportion of water that needs to be heated up increases, raising the 

thermal energy demand of the process. At the same time, per unit volume, 

less hydrochar is produced. Starting from 80 % moisture the specific 
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thermal energy demand steeply increases. As shown in Figure 10.2 (b) 

thermal efficiency of the process also decreases with increasing feedstock 

moisture. For feedstock with 55 wt.-% water the obtained thermal 

efficiency is 65 % and decreases to 37 % if the feedstock moisture is 95 wt.-

%. Consequently, water management in HTC process design is critical. 

Biomass streams with high water content (> 80 %) should be mechanically 

dewatered prior to HTC. For an energy efficient process the water content 

of the feedstock should be as low as possible while still ensuring proper 

mixing in the reactor and a biomass slurry that can be easily pumped. 

However, determining the exact optimum moisture content that meets 

these criteria is beyond the scope of the present study and should be 

investigated in future work. 
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A comparison of the obtained results from the base case scenario, where 

EFB is processed at a temperature of 210 °C for 2 h with data reported in 

the literature and by commercial HTC companies is shown in Table 10.2. 

Although there are significant differences in key process parameters like 

plant capacity, feed moisture content or biomass type, the reported thermal 

F i g u r e  1 0 . 2 :  ( a )  S p e c i f i c  t h e r m a l  e n e r g y  d e m a n d  p e r  k g  h y d r o c h a r  a s  a  
f u n c t i o n  o f  f e e d s t o c k  m o i s t u r e ;  ( b )  N e t  t he r m a l  p r o c e ss  e f f i c i e n c y  o f  H T C  
p l a n t  a s  a  f u n c t i o n  o f  f e e d s t o c k  m o i s t u r e .  
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and electrical energy demands are in the same order of magnitude. For EFB 

treated at 210 °C for 2 h, the auxiliary thermal energy demand is 1.49 kWh 

per kg hydrochar produced. This is within the range of other modelling 

studies by Stemann et al. [62] and Lucian et al. [64] who reported 

1.74 kWh kg-1 and 1.17 kWh kg-1 respectively and also close to the value of 

1.38 kWh kg-1 that Ingelia reports for its commercial process [171]. The 

electrical energy demand per kg of hydrochar produced is 0.01 kWh kg-1 

and considerably smaller compared to the thermal energy demand. The 

calculated value in this study is lower than the reference values, since some 

consumers of electrical energy like a grinder prior to processing or 

pelletiser at the end of the process scheme were not considered. Overall, the 

thermal process efficiency HTC is 62 % for EFB treated at 210 °C and 2 h, 

which is slightly lower than the values of 66-78% for reported for 

lignocellulosic feedstock in the literature. This is probably a consequence of 

the conservative assumptions used in the modelling approach, like for 

instance, the low performance of the dewatering step to 50 wt.-% dry 

substance. 

 Base 
case 

Stemann  
et al. [62] 

Lucian  
et al. [64] 

Ingelia 
[171] 

Terra Nova 
[163] 

Process conditions 
210 °C,  

2 h 
220 °C,  

4 h 
220 °C,  

1 h 
200 °C, 

4 h 
180 C,  
2-4 h 

Plant capacity  
(t h-1) 

2.7 t h-1 5.7 t h-1 2.5 t h-1 1.0 t h-1 1.1 t h-1 

Biomass type EFB EFB 
Grape 
marc 

N/A 
Digested 

sludge 

Feed moisture  
(wt.-%) 

70 85 65 60 77  

Thermal energy 
demand (kWh kg-1) 

1.49 1.74 1.17 1.38 0.93 

Electrical energy 
demand (kWh kg-1) 

0.01 0.42 0.02 N/A 0.22 

Thermal efficiency 
(%) 

62 66 78 N/A 56 

*N/A = no information available 

T a b l e  1 0 . 2 :  H T C  p r o ce s s  sp e c i f i c a t i o n s  f o r  e n e r g y  d e m a n d  c a l c u l a t i o n s ,  
p r o c e s s  e n e r g y  d e m a n d  a n d  e f f i c i e n c y  o f  o w n  a n d  d a t a  f r o m  l i t e r a t u r e .  
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Using the thermal efficiency, a first indication of the energetic performance 

of HTC compared to other pre-treatment technologies like torrefaction or 

steam explosion can be made: For woody feedstock with moisture contents 

around 50 wt.-% torrefaction and steam-explosion outperform HTC with 

reported values for thermal efficiency being in the range of 75-95 % for 

torrefaction and around 86 % for steam-explosion [272–274]. However, for 

feedstock with higher moisture content of around 70 wt.-%, thermal 

efficiency of torrefaction decreases to 53-63 % [181]. This decrease is a 

consequences of higher energy demand for the drying step prior to 

torrefaction. Additionally, the energy yield of torrefaction for residual 

biomass streams like roadside grass (energy yield = 61 %) or wheat straw 

(energy yield = 71 %) is significantly lower compared to torrefaction of 

wood (energy yield  = 93-97 %) [181, 273]. Thus, for biomass with high 

water content, HTC exceeds the energetic performance of torrefaction, 

while also providing other significant fuel quality improvements through i.e. 

the removal of undesirable fuel constituents. Still, to the author’s knowledge 

no comprehensive study comparing the energetic performance of HTC, 

torrefaction and steam-explosion for residual biomass streams exists. This 

could be content of future work, further highlighting the strengths and 

weaknesses of each of the three thermochemical pre-treatment 

technologies. 

Process Mass Balance 

Figure 11.2 shows a simplified mass balance of the modelled HTC process 

with a biomass input of 1000 kgdb with data from EFB that is treated at 

210 °C for 2 h. 

In the presented scheme, EFB enters the process with 65 % moisture. The 

feed stream is further diluted with recycled water from the filter press and 

by recycling of steam from the flash tanks. The HTC reactor is operated at a 

solid concentration of 20 wt.-% which corresponds to a L/S ratio of 4. Mass 

yield after HTC is 60 % with the main losses being attributed to the 

dissolution of organic matter (TOC) in the process water. 13 % of the 

process water is recycled as steam in the flash tanks, 44 % is recirculated 
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and mixed with the biomass feed stream and 25 % need to be discharged as 

waste water. In this scenario, the amount of process water produced is 

2.29 m3 t-1 of hydrochar produced which corresponds to the data reported 

by Ingelia for a slightly lower moisture content of 60 % in the biomass feed 

[171]. 

 

 

If the solid concentration in the HTC reactor is to be kept constant 

irrespective of feedstock moisture content, the amount of process waste 

water increases with feedstock moisture content. The amount of water that 

can be recycled to the feed stream decreases and a higher proportion of 

water needs to be sent to treatment. For example, for a feed stream with 

80 % moisture the amount of waste water produced increases to  

4.33 m3 t-1. This also has an impact on the profitability of the process due to 

higher associated costs for process water treatment. Overall water 

management in HTC process design is critical. Future work should therefore 

consider the impact of process water recycling and management on the 

technical and economic performance in more detail. 

 Economic Evaluation 

The process model developed in the previous section was used to provide 

technical data for the economic study of the total cost of production of HTC 

fuels and their provision to a European market. Using cost correlations for 

capital and operational expenses a minimum selling price above which the 

F i g u r e  1 0 . 3 :  S i m p l i f i e d  m a s s  b a l a n c e  o f  t h e  m o d e l l e d  H T C  p l a n t  o p e r a t i n g  
a t  2 1 0  ° C ,  2  h .  
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production of HTC fuels is profitable is calculated. A case study considering 

two site locations is carried out. Table 10.3 contains key data, equipment 

cost as well as total fixed capital costs for both sites. For all other 

assumptions and framework conditions see section 6.5.  

 HTC plant Germany  HTC plant Malaysia 

Key data   

Plant Capacity (t a-1, ar)  40,000 80,000 

Operating time (h a-1) 7,000 7,000 

Workers per shift 2 3 

HTC conditions 180 °C, 2 h 180 °C, 2 h 

Feedstock type Green cut EFB 

Feedstock moisture (%) 65 65 

Biomass cost (€ t-1, ar) -25 3 

Fuel production (t a-1, db) 9,408 25,336 

Equipment cost   

Heat exchanger (€) 229,000 372,000 

Heater (€) 206,000 335,000 

Reactor (€) 1,588,000 2,580,000 

Flash tanks (€) 476,000 773,000 

Slurry Pumps (€) 422,000 685,000 

Filter press (€) 113,000 183,000 

Dryer (€) 350,000 568,000 

Grinder /Mixer (€) 81,000 131,000 

Pelletizer (€) 268,000 435,000 

Total fixed capital cost (Mio €) 7.6 12.3 

One site is located in Germany and converts 40 kt of landscaping materials 

per year. The other site is located in Malaysia and converts 80 kt of EFB from 

palm oil plantations per year. After production the HTC fuel is shipped to 

Germany by sea. Both plants operate at moderate HTC severity at 180 °C 

and a residence time of 2 h.  

T a b l e  1 0 . 3 :  K e y  d a t a  o n  b o th  c o n s i d e r e d  p l a n t  s i t e s  a n d  t o t a l  c o s t  f o r  o n -
s i t e  e q u i p m e n t .  
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The German plant produces approximately 9.5 kt, the Malaysian plant 

25.5 kt of HTC fuel per year. Table 11.3 also contains the bare-module costs 

for the equipment needed in the plant. The values are calculated using a 

sizing factor as introduced in section 6.5.2 following Erlach [178] and 

Towler and Sinnot [177]. Adding costs for other needed infrastructure, 

start-up and engineering work, the total capital investment is calculated as 

7.6 Mio € and 12.3 Mio € for the German and Malaysian plant, respectively. 

The plant location has no strong effect on total capital investment since the 

location factors are fairly similar (1.11 for Germany and 1.12 for Malaysia) 

[177]. The reported total fixed capital cost is slightly lower than investment 

values provided by commercial HTC technology providers: C-green states a 

budget of 5.5 Mio € for their commercial 16 kt plant converting paper mill 

sludge in Finland [275]. In another commercial project, Ingelia indicates a 

sum of 15 Mio € of investment for a plant processing 75 kt of municipal 

waste in Italy [276]. Adding costs for labour, utilities, waste management 

and shipping, as summarised in Table 10.4, the cost of production per ton of 

HTC fuel is calculated. 

Cost category HTC Plant Germany HTC plant Malaysia 

Annual capital cost (€ a-1) 833,888 1,344,819 

Personnel (€ a-1) 631,800 166,163 

Overhead (€ a-1) 325,629 227,917 

Maintenance (€ a-1) 149,285 242,514 

Insurance (€ a-1) 52,250 84,880 

Water (€ a-1) 51,600 52,413 

Electricity (€ a-1) 52,676 52,029 

Natural gas (€ a-1) 445,250 953,102 

Biomass procurement (€ a-1) -1,000,000 240,000 

Wastewater treatment (€ a-1) 350,981 880,583 

Shipping (€ a-1)  910,560 

HTC fuel price (€ t-1, db) 201 203 

HTC fuel price (€ GJ-1, HHV) 8.8 8.9 

T a b l e  1 0 . 4 :  A n n u a l  c a p i t a l  a n d  c a s h  c o s t s  o f  p r o d u c t i on  f o r  H T C  f u e l s  i n  
G e r m a n y  f r o m  a  l o c a l  p l a n t  a n d  a  M a l a y s i a n  p l a n t  i n c l u d i n g  d e l i v e r y .  
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In Figure 10.4 the proportion of the different cost categories for HTC fuel 

production are shown. In the German plant the biggest cost factor is capital 

depreciation cost (28 %) followed by labour costs (22 %) and utility cost 

(19 %). The overhead and waste water treatment costs each amount to 

12 %; maintenance to 7 % of the total production cost. The gate fee of 25 € t-

1 for landscaping material adds a big financial bonus to the production at the 

German site. For the production of HTC fuels in Malaysia the main cost 

factors are depreciation cost (25 %), utilities (23 %), shipping costs (17 %) 

and waste water treatment cost (18 %). Biomass supply contributes 5% to 

the production cost. Personnel costs are much lower in Asia and only 

account for 3 % of the production cost. 

(a) Green cut, Germany (b) EFB, Malaysia 

  

In Germany, the total cost of production for HTC fuels is 201 € t-1 

corresponding to 8.8 € GJ-1 on HHV basis. The production cost of HTC fuels 

in Malaysia, including delivery to Europe, is 203 € t-1 resp. 8.9 € GJ-1 on HHV 

basis. If HTC fuels were to be produced for the local market, fuel production 

cost in Malaysia would reduce to 168 € t-1 resp. 7.3 € GJ-1. In comparable 

techno-economic studies similar prices in the range of 6.1-9.7 € GJ-1 for HTC 

fuels are reported [62, 64]. As mentioned above, the production price in 

Germany relies heavily on the gate-fee provided for the disposal of green 

cut. Without this gate fee, the total cost of production would rise to  

308 € t-1 (resp. 15 € GJ-1). 

F i g u r e  1 0 . 4 :  P r o p o r t i o n a t e  c o s t s  o f  d i f f e r e n t  c o s t  c a t e g o r i e s  i n  t h e  c o s t  
o f  p r o d u c t i o n  o f  f u e l s  o r i g i n a t i n g  f r o m  a  H T C  p l a n t  p r o c e s s i n g  ( a )  g r e e n  
c u t  i n  G e r m a n y ,  ( b )  E F B  i n  M a l a y s i a .  
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For comparison, in 2019 fuel prices for commercial wood pellets were in the 

range of 100-200 € t-1 and 6-13 € GJ-1, respectively [277]. Even lower fuels 

costs are associated with fossil fuels, such as coal, that was around 79 € t-1 

(resp. 2.7 € GJ-1) in 2019 [278]. This means that in the current market 

situation, the production of HTC fuels is economically not competitive. HTC 

is also more expensive, when compared to other pre-treatment 

technologies. For example, Abelha et al. [181] reported a biocoal production 

cost between 2.9-6.2 € GJ-1 for washed and torrefied roadside grass.  

Yet, HTC might still be a viable upgrading route for challenging biomass. 

Neither torrefaction, nor steam-explosion are suitable for high moisture 

biomass and do not remove problematic ash components like K or Cl to the 

same extent as HTC. Therefore, they are not able to access the large 

energetic potential that these challenging biomass fuels offer. Additionally, 

the disposal of these feedstock often provides a gate-fee. Considering the 

framework of the HTC plant in Germany, a fuel price of 3.2 € t-1 (comparable 

to coal) could be achieved, if a feedstock with a gate fee of 55 € t-1 is 

converted. Another possibility is to use HTC solely as a waste reduction and 

treatment technology for sludges from industry or waste water treatment. 

For example, the treatment cost that occur in the German plant could be 

fully covered if the feedstock provides a gate-fee of 72 € t-1, assuming that 

the plant design remains unchanged. Municipal sewage sludge with a 

current disposal cost of roughly 100-200 € t-1 would satisfy this criteria 

easily. 

Another factor that could lead to the implementation of the HTC technology 

in the future is that the legal framework for the utilisation of fossil fuels is 

changing in Europe and other developed countries. Financial penalties for 

the combustion of fossil fuels add to the cost of their utilisation. Considering 

the price-spread of roughly 6 € GJ-1 a break-even point for CO2 pricing can 

be calculated above which the use of HTC fuels would be economically 

favourable towards fossil fuels. Hard coal emits 94 kg CO2 per GJ [279]. 

Thus, a CO2 price of 65 € t-1 would render HTC fuels competitive to coal. In 

2021, Germany introduced a CO2 price of 25 € t-1 that will gradually be 
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increased to 55-65 € t-1 by 2026 [280]. This offers a prospect for the 

technology to provide price-competitive and environmentally friendly fuels 

in the future. 

Chapter summary: The energetic efficiency of HTC was determined by 

process modelling of an HTC plant. Overall a thermal efficiency of 62 % was 

determined for a plant processing 40 kt a-1 of EFB with a moisture of 70 %. 

Thermal process efficiency is influenced by treatment temperature and 

feedstock moisture content. It was determined that the majority of losses 

are attributed to the loss of chemical energy in the process water. Higher 

treatment temperature was found to lead to lower thermal efficiency due to 

a higher thermal energy demand for biomass heating and increasing losses 

of chemical energy by the dissolution of organic material in the process 

water. It was demonstrated that a higher feedstock moisture leads to a 

greater thermal mass that needs heating for the same HTC fuel yield, thus 

decreasing thermal efficiency. For higher feedstock moisture also the 

amount of contaminated process water that needs treatment is increased. A 

techno-economic analysis of HTC fuel production from landscaping material 

and EFB revealed a minimum fuel price of 8.8-15 € GJ-1. Consequently, HTC 

currently does not offer an economically viable alternative to conventional 

and other renewable fuels such a wood pellets. HTC fuels are also more 

costly than fuels from other thermo-chemical pre-treatment such as 

torrefaction and steam-explosion. Competitive fuel prices could be reached 

for the conversion feedstock with a gate-fee above 55 € t-1 or by 

implementing higher CO2 taxation. 
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11 Summary and Recommendations 

The upgrading of residual biomass by hydrothermal carbonisation for the 

provision of fuels has been investigated in detail. The selection of suitable 

feedstock, fuel quality after upgrading, economic competitiveness as well as 

treatment options for process water, the main side product of HTC, have 

been assessed. A focus was set on the fate of inorganic elements during HTC, 

since ash-related problems pose the main challenges in biomass 

combustion. The main findings are summarised in the following.  

 Summary of Findings 

The transformation of energy systems towards climate neutrality requires 

renewable energy sources. Bioenergy is an important building block of 

renewable energy systems, since they are able to provide energy 

independent of season and weather conditions. With an increasing demand 

for biofuels and rising environmental concerns towards the utilisation of 

wood, new biomass streams need to be explored. Residual biomass waste 

streams from agriculture, forestry and other sources offer a great potential 

for energy use. Their use is environmentally friendly, since no additional 

land use is caused and GHG emissions from biological biomass degradation 

or on-site incineration is prevented. However, these feedstock often suffer 

from poor fuel quality. High moisture content, low energy density and high 

concentrations of inorganic pollutants that cause undesirable reactions in 

boilers being the most pressing issues preventing their widespread 

utilisation in power plants. Hydrothermal carbonisation is a new technology 

that allows upgrading of these residual biomass feedstock to high quality 

fuels. During HTC, biomass is treated in hot compressed water at 

temperatures between 150-300 °C to produce a lignite-like solid fuel. For 

the first time, a holistic assessment of HTC for the provision of solid fuels 

from residual biomass has been conducted. An initial screening of 19 

substrates was conducted to identify suitable feedstock for HTC based on 

current utilisation options, competing energetic valorisation pathways and 

performance of HTC in terms of energy densification and yield. Next, the 
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impact of HTC on fuel characteristic relevant for combustion was 

investigated in detail in a parameter study. The influence of feedstock type, 

reaction severity, solid concentration and additives on the inorganic 

composition of HTC fuels was examined. Subsequently, the energetic and 

economic performance of HTC for the provision of fuels from landscaping 

material and EFB, a residue from palm oil production, was assessed by 

process modelling and techno-economic analysis. Finally, HTC process 

water, which constitutes the main by-product of HTC, was characterised and 

subsequent utilisation and valorisation options were discussed. 

Selection of Suitable Feedstock for HTC 

In principle all biogenic material can be converted by HTC. To decide which 

substrates would be most suited for HTC conversion four criteria were 

applied in the selection of feedstock. An initial assessment of fuel quality of 

the untreated substrates revealed poor fuel quality considering ash- , 

chlorine- and nitrogen content for all substrates except spruce bark. 

Feedstock that is currently used as animal feed was deemed unsuited for 

HTC. The quality of carbonisation was assessed by means of mass- and 

energy yield as well as energy densification. Energy yield is a preliminary 

indicator of the efficiency of the hydrothermal conversion of any feedstock. 

The lignocellulosic composition was found to have a strong effect on mass 

yield, with lower mass yields being linked to high protein and hemi-cellulose 

content of the substrates. Similarly, the energy densification of the organic 

dry matter was also found to correlate with lignocellulosic biomass 

composition with the lowest energetic compaction being observed for 

feedstock with high lignin content. A comparison of the efficiency of direct-

combustion of the substrates with HTC demonstrated that HTC prior to 

combustion is energetically favourable for feedstock with a moisture 

content exceeding 50 wt.-%. The exact threshold moisture is feedstock 

specific and primarily depends on energy yield of HTC conversion and the 

initial LHV prior to upgrading. Finally, a conversion by HTC was compared 

to a conversion by anaerobic digestion (AD), which is a competing 

technology for the valorisation of wet feedstock. AD of micro algae and grass 

cuttings was found to perform better than HTC due to the higher proportion 
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of bio-available carbon in these feedstock. Contrarily, HTC was favoured for 

the conversion of poorly fermentable fuels with high proportion of 

lignocellulosic material. Taking into account all of the abovementioned 

aspects, AD digestate, digested sewage sludge, EFB, fallen leaves, fir needles, 

horse manure, orange peels, seaweed and spruce bark were identified as 

well suitable substrates for HTC. 

Impact of HTC on Fuel Quality 

During HTC, the organic and inorganic composition of the treated biomass 

feedstock is changed dramatically. A parameter study including eight 

different feedstock that were treated at temperatures ranging from 150-

270 °C for 0.5-4 h was performed. It was demonstrated that HTC increases 

LHV of the fuels by 13-35 % at a typical treatment temperature of 210 °C. 

Increasing reaction severity (i.e. higher temperature and longer treatment) 

further increases LHV by up to 60 %. On the downside, mass yield declines 

for increasing reaction severity due to partial biomass liquefaction and mass 

loss to the process water. Energy yield, i.e. the amount of chemical energy 

recovered in the solid fuel was found to be in the range of 57-94 %. Overall, 

temperature was determined to be the main factor affecting LHV, mass- and 

energy yield. Different observations were made for HTC of digested sewage 

sludge: HTC slightly decreased LHV of this feedstock due to the high ash 

content of above 30 wt.-%. Ash analysis revealed a strong impact on HTC on 

ash content and composition. Ash content was found to decrease after HTC 

for substrates that possess a large proportion of soluble species such as 

potassium or chlorine in their ash. At higher treatment severity, organic 

material is removed to the same or to a larger extent than inorganic matter, 

consequently ash content often was found to increase after severe HTC 

treatment. Further, the impact of feedstock type, process condition, L/S 

ratio as well as CO2 additive on the fate of inorganics was investigated. Over 

all, HTC proved to be effective in reducing K, Mg, Cl and S in hydrochar ash, 

while the concentration of Ca, Al and Si increased. P removal was feedstock 

dependent but in most HTC fuels increased P concentrations were found in 

the ash. Temperature was discovered to have a strong effect on the removal 

efficiencies of individual elements: K, Cl, and S extraction from the biomass 
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matrix increased steadily with temperature, while for Mg and Ca the 

strongest reduction was observed at intermediate HTC temperatures. 

Temperature had limited impact on Si and Al extraction. For P, a decline in 

removal efficiency was found with increasing treatment temperatures for 

most feedstock. The influence of residence time on the removal of inorganics 

was small. L/S ratio was determined as another major factor influencing 

inorganic removal: Lower removal efficiencies were found for higher solid 

concentrations. An impact of CO2 addition on inorganic composition of HTC 

fuels, as postulated in other studies could not be confirmed. Ash melting 

temperatures of alkali-rich substrates were discovered to increase 

significantly after HTC, while little effect of HTC on ash fusion characteristics 

was found for Ca and P rich substrates. Overall, fuel quality assessed by fuel 

indices suitable for biofuels revealed that HTC fuels reduce corrosion, 

deposit formation and PM emission risk compared to untreated fuels. The 

improvements are mainly due to the high removal of K and Cl during HTC. 

On the downside, higher NOx emissions have to be expected due to higher 

fuel-N and lower volatile content. All in all, the biggest improvements 

concerning fuel quality were observed for alkali- and chlorine-rich 

feedstock. 

Valorisation Options for HTC Process Water 

Process water is the largest by-product of HTC. The process model was used 

to calculate the amount of process water generated per ton of HTC fuel. 

Feedstock moisture and process water recycling were determined to be the 

main influencing factors for the amount of process water generated. At 65 % 

feedstock moisture 2.3 m3 of process water are produced per ton of HTC 

fuel. This increases to 4.3 m3 t-1 for lower solid concentration at 80 % 

feedstock moisture. Without process water recycling even higher amounts 

of process water are generated: 2.6 m3 t-1at 65% moisture and 5.7 m3 t-1at 

80 % moisture. Experimental investigations showed that HTC process 

water is highly contaminated with organic matter. COD values between 15.-

35 g l-1 were obtained. An energetic valorisation by AD of the chemical 

energy contained in HTC effluent could contribute around 10 % of the 

thermal energy demand of the process. Several treatment methods for HTC 
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process water exist. However, the valorisation and treatment of HTC 

process water is challenging due to its exceptionally high organic load and 

the presence of non-biodegradable, refractory compounds. An optimal 

treatment method or combination of several treatment steps is yet to be 

identified. 

Techno-economic Evaluation of the Technology 

A process model of a HTC plant has been developed in Aspen Plus. The 

thermal efficiency of the process was determined to be 62 % for a plant 

treating 40 kt a-1 of EFB at a temperature of 210 °C and a moisture content 

of 70 %. Treatment temperature and solid concentration were found to 

have major impact on the thermal efficiency of the process. Higher 

treatment temperature leads to higher energy demand for biomass heating 

and causes higher losses of chemical energy to the process waster. The latter 

was determined to be the main source of efficiency losses accounting for 67-

92 % of the losses depending on treatment temperature. Higher water 

content in the feedstock also lead to lower thermal efficiencies. At lower 

solid concentrations a larger amount of thermal mass needs to be heated for 

the same output of HTC fuels. Thus, mechanical dewatering should be 

considered to increase HTC efficiency. The fuel production cost was 

calculated in a techno-economic analysis of two plant sites: a plant 

processing landscaping material in Germany and a plant processing EFB in 

Malaysia were considered. The calculation showed that in both scenarios 

HTC, with a fuel production cost of 8.8-15 € GJ-1 is currently not a 

competitive technology for the production of solid fuels. However, 

economically viable fuel costs of 3.2 € GJ-1 could be achieved treating 

feedstock that provides considerable gate-fees of 55 € t-1 and more. 

Alternatively, introducing a CO2 tax of 65 € t-1 would render HTC fuels 

competitive to fossil fuels, if renewables are utilised to provide the auxiliary 

energy demand of HTC. 
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 Recommendations for Future Work 

The presented work includes an in-depth assessment of HTC as a technology 

for the provision of fuels. A decision tree has been developed which 

facilitates the selection of suitable feedstock for HTC. Further, the impact of 

HTC on fuel quality has been discussed in detail. Especially fuel quality of 

feedstock suffering from high moisture content, high alkali and chlorine 

content can be greatly improved by HTC. A techno-economic analysis 

revealed current bottlenecks for the market introduction of HTC fuels: 

Either feedstock with a considerable gate-fee should be treated or a CO2 tax 

needs to be introduced for HTC fuels to become economically competitive. 

The efficient treatment and management of HTC process water still 

constitute the biggest challenge on the path to commercialisation of the 

technology. 

Future work therefore should investigate efficient treatment strategies for 

process water originating from HTC. Developing effective water 

management strategies during HTC process design are key to an 

economically and environmentally viable process. At best, an energetic 

valorisation of the organic matter contained in HTC process water should 

be implemented. In addition, the findings of this work considering 

improvements of fuel quality need verification. Although fuel indices 

provide a first indication on biomass related challenges during combustion, 

investigations in real systems on pilot- and full-scale are needed for reliable 

risk assessment. Apart from changes in ash-chemistry, HTC also improves 

other physio-chemical fuel properties that have not been quantified within 

the scope of this work. However, evaluating these properties in depth like 

e.g. dewatering characteristics, storage properties, bulk density and 

pelletisation of HTC fuels constitutes an important contribution in 

demonstrating advantages that HTC fuels have over traditional biomass 

fuels. 
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Appendix 

A. Repeatability of HTC Experiments 

Temp.  Ash Volatiles Fixed-C N C S H O Cl HHV Ym 

(°C)  (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (MJ kg-1) (%) 

180 Exp. 1 7.93 73.43 18.65 1.06 56.49 0.25 7.01 27.26 0.26 23.44 69.18 

 Exp. 2 7.36 71.30 21.34 1.23 55.74 0.15 7.01 28.19 0.20 23.23 70.09 

 Exp. 3 7.29 71.10 21.61 0.93 57.59 0.09 6.22 27.89 0.38 23.29 65.97 

Average value 7.52 71.94 20.53 1.07 56.60 0.17 6.75 27.78 0.28 23.32 68.42 

Std. Dev. 0.35 1.29 1.64 0.15 0.93 0.08 0.46 0.48 0.09 0.11 2.16 

230  Exp. 1 8.29 62.43 29.28 1.54 65.55 0.25 7.02 17.35 0.19 27.78 50.99 

 Exp. 2 7.71 61.48 30.81 1.72 66.59 0.37 7.00 16.61 0.17 28.65 50.70 

Average value 8.00 61.96 30.05 1.63 66.07 0.31 7.01 16.98 0.18 28.21 50.84 

Std. Dev. 0.41 0.67 1.08 0.13 0.73 0.08 0.01 0.52 0.01 0.62 0.21 

230  Exp. 1 9.57 55.17 35.26 1.89 71.71 0.27 7.02 9.53 0.05 30.58 38.32 

 Exp. 2 9.08 52.46 38.46 1.87 70.50 0.33 7.03 11.19 0.04 30.28 40.26 

Average value 9.33 53.81 36.86 1.88 71.11 0.30 7.03 10.36 0.04 30.43 39.29 

Std. Dev. 0.35 1.91 2.26 0.02 0.86 0.04 0.00 1.18 0.01 0.21 1.37 

T a b l e  A 1 :  L o w e r  h e a t i n g  va l u e ,  m a s s  y i e l d ,  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s i s  o n  d r y  b a s i s  m e a s u r e d  f o r  3  d i f f e r e n t  
r e p e t i t i o n s  o f  t h e  H T C  e x p e r i m e n t  t r e a t i n g  E F B  a t  1 8 0 ,  2 3 0  a n d  2 8 0  ° C  f o r  4  h .  T h e  o b t a i n e d  s t a n d a r d  d e v i a t i o n  ( S t d .  
D e v )  i s  i n  t h e  e x p e c t e d  r a n g e  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n .  
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Temp.  Ash Volatiles Fixed-C N C S H O Cl HHV Ym 

(°C)  (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (MJ kg-1) (%) 

180 Exp. 1 3.10 74.36 22.53 3.89 61.16 0.56 6.99 24.30 0.01 31.25 60.00 

 Exp. 2 3.09 72.93 23.97 3.89 62.33 0.44 7.02 23.22 0.02 26.69 61.85 

Average value 3.10 73.65 23.25 3.89 61.74 0.50 7.01 23.76 0.02 28.97 60.92 

Std. Dev. 0.01 1.01 1.02 0.00 0.83 0.08 0.02 0.76 0.00 3.23 1.31 

230  Exp. 1 3.50 62.25 34.25 4.60 70.51 0.53 7.03 13.83 0.01 30.95 47.65 

 Exp. 2 3.13 61.30 35.57 4.44 70.24 0.48 7.04 14.68 0.01 30.23 48.39 

Average value 3.31 61.78 34.91 4.52 70.37 0.51 7.03 14.26 0.01 30.59 48.02 

Std. Dev. 0.26 0.67 0.93 0.12 0.19 0.04 0.00 0.60 0.00 0.51 0.52 

280  Exp. 1 3.78 57.79 38.43 4.08 66.46 0.42 7.03 18.23 0.01 32.47 44.84 

 Exp. 2 4.12 55.70 40.17 4.53 72.99 0.42 7.02 10.91 0.02 31.58 45.55 

Average value 3.95 56.75 39.30 4.30 69.72 0.42 7.03 14.57 0.01 32.03 45.20 

Std. Dev. 0.25 1.47 1.23 0.32 4.62 0.00 0.01 5.18 0.00 0.63 0.50 

  

T a b l e  A 2 :  L o w e r  h e a t i n g  va l u e ,  m a s s  y i e l d ,  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s i s  o n  d r y  b a s i s  m e a s u r e d  f o r  3  d i f f e r e n t  
r e p e t i t i o n s  o f  t h e  H T C  e x p e r i m e n t  t r e a t i n g  B r e w e r s  s p e n t  g r a i n s  a t  1 8 0 ,  2 3 0  a n d  2 8 0  ° C  f o r  4  h .  T h e  o b t a i n e d  s t a n d a r d  
d e v i a t i o n  ( S t d .  D e v )  i s  i n  t h e  e x p e c t e d  r a n g e  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n .  
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Temp.  Ash Volatiles Fixed-C N C S H O Cl HHV Ym 

(°C)  (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (MJ kg-1) (%) 

180 Exp. 1 2.64 71.61 25.75 0.48 60.08 0.26 7.01 29.54 0.01 23.35 74.42 

 Exp. 2 3.14 71.42 25.44 0.56 58.50 0.21 7.02 30.58 0.02 23.25 72.30 

Average value 2.89 71.52 25.60 0.52 59.29 0.23 7.02 30.06 0.02 23.30 73.36 

Std. Dev. 0.36 0.13 0.22 0.05 1.11 0.04 0.01 0.73 0.01 0.07 1.50 

230  Exp. 1 3.32 60.18 36.50 0.56 68.07 0.19 7.01 20.85 0.01 26.95 61.97 

 Exp. 2 3.50 56.49 40.01 0.69 68.37 0.24 7.00 20.21 0.01 27.41 61.17 

Average value 3.41 58.34 38.25 0.62 68.22 0.22 7.01 20.53 0.01 27.18 61.57 

Std. Dev. 0.13 2.61 2.49 0.09 0.21 0.04 0.01 0.46 0.00 0.32 0.57 

280  Exp. 1 2.99 50.38 46.63 0.74 74.35 0.34 7.03 14.55 0.01 30.04 50.00 

 Exp. 2 2.95 49.40 47.66 0.82 74.95 0.23 7.00 14.05 0.01 30.58 51.49 

Average value 2.97 49.89 47.14 0.78 74.65 0.28 7.02 14.30 0.01 30.31 50.74 

Std. Dev. 0.03 0.69 0.72 0.06 0.43 0.08 0.02 0.36 0.00 0.38 1.05 

  

T a b l e  A 3 :  L o w e r  h e a t i n g  va l u e ,  m a s s  y i e l d ,  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s i s  o n  d r y  b a s i s  m e a s u r e d  f o r  3  d i f f e r e n t  
r e p e t i t i o n s  o f  t h e  H T C  e x p e r i m e n t  t r e a t i n g  s p r u c e  b a r k  a t  1 8 0 ,  2 3 0  a n d  2 8 0  ° C  f o r  4  h .  T h e  o b t a i n e d  s t a n d a r d  
d e v i a t i o n  ( S t d .  D e v )  i s  i n  t h e  e x p e c t e d  r a n g e  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n .  
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 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 

 (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) (wt.-%) 

Experiment 1 0.45 4.39 6.34 46.04 5.30 2.09 22.12 8.35 0.23 4.41 

Experiment 2 0.69 4.41 6.21 44.47 5.89 1.99 22.99 9.03 0.19 3.87 

Experiment 3 1.06 3.55 7.14 46.65 5.54 1.45 20.64 8.10 0.25 5.30 

Average value 0.73 4.12 6.56 45.72 5.58 1.84 21.92 8.50 0.22 4.53 

Std. Dev. 0.31 0.49 0.50 1.12 0.29 0.34 1.19 0.48 0.03 0.72 

T a b l e  A 4 :  A s h  c o m p o s i t io n  d e t e r m i n e d  b y  X R F  f o r  t h r e e  d i f f e r e n t  r e p e t i t i o n s  o f  t h e  H T C  e x p e r i m e n t  t r e a t i n g  E F B  a t  
1 8 0  ° C  f o r  4  h .  T h e  o b t a i n e d  s t a n d a r d  d e v i a t i o n  i s  i n  t h e  e x p e c t e d  r a n g e  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n .  
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B. Feedstock Data 

Biomass type Moisture content (wt.-%) Ref. 

Brewer's spent grains 75-80 [281] 

Corn cobs 20-55 [282] 

Dewatered sewage sludge 55-70 [178] 

AD Digestate 90-95 [188] 

Empty fruit bunches  60-65 [188] 

Fallen leaves 48-74 [188] 

Fir needles 63-76 [283] 

Grass cuttings 65-80 [178] 

Horse Manure 45-80 [188] 

Micro algae 80-90 [284, 285] 

Miscanthus 26-45 [286, 287] 

Olive pomace 45-72 [208] 

Orange peels 73-87 [288] 

Rice husk 7-18 [289] 

Seaweed 74-89 [290, 291] 

Spent coffee grounds 60-75 [292] 

Spruce bark 50-65 [293] 

Sugar beet pulp 78-85 [294] 

Wheat straw 10-20 [178] 

Wood  [178] 

 

  

T a b l e  B1 :  T y p i c a l  mo i s t u r e  c o n t e n t s  u p o n  c o l l e c t i o n  o f  d i f f e r e n t  b i o m a s s  
s u b s t r a t e s .  
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Biomass type 
Cellulose 

(wt.-%) 

Hemi-
cellulose 
(wt.-%) 

Lignin 

(wt.-%) 

Proteins 
(wt.-%) 

Ref. 

Spent grains 16-25 20-29 11-25 15-25 [295] 

Corn cobs 40-44 31-33 16-18 4-5 [296] 

AD Digestate 34 16 21 - [297] 

EFB  28-37 15-36 31-35 - [298] 

Fallen leaves 30 26 24 - [299] 

Fir needles 29 21 32 - [300] 

Grass cuttings 15 5 5 - [301] 

Horse Manure 34 22 17  [302] 

Micro algae - 24 - 62 [303] 

Miscanthus 32-37 29-35 24-25 - [304] 

Olive pomace 32-37 20-23 19-24 3-5 [305] 

Orange peels 34 10 7 30 [306] 

Rice husk 25-35 18-21 26-31 3 [304] 

Seaweed - 5-75 - 5-15 [307] 

Coffee grounds 12 28 24 17 [308] 

Spruce bark 42 27 26 - [309] 

Sugar beet pulp 5 67 6 46 [310] 

Wheat straw 38-48 23-29 17-20 - [304] 

Soft Wood 27-30 35-40 25-30  [304] 

  

T a b l e  B 2 :  L i g n o c e l l u l o s i c  co m p o s i t i o n  o f  i n v e s t i g a t e d  b i o m a s s  f e e d s t o c k .  
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Feedstock 

AD data HTC Data 

Ref. BMP 

(m3 CH4 t-1 Inputdb) 

HHV 

(MJ kg-1) 

Mass 
yield 

(%) 

Energy 
densification 

(-) 

Brewer's grains 115.6 21.37 50.6 1.30 [311] 

Coffee grounds 298.0 22.79 56.1 1.33 [312] 

Corn cobs 146.0 17.50 56.5 1.29 [313] 

AD Digestate 106.9 18.86 63.1 1.20 [314] 

EFB 55.0 20.58 60.5 1.18 [188] 

Fallen leaves 105.5 19.31 61.0 1.22 [188] 

Fir needles 5.5 21.30 58.2 1.24 [315] 

Grass cuttings 352.1 18.40 52.8 1.22 [316] 

Horse manure 171.9 18.35 57.0 1.23 [317] 

Micro algae 339.3 21.57 20.3 1.46 [318] 

Miscanthus 247.0 19.61 64.7 1.16 [319] 

Olive pomace 90.9 21.96 62.1 1.22 [320] 

Orange peels 242.9 17.99 44.5 1.46 [188] 

Rice husk 47.8 18.26 59.5 1.11 [321] 

Seaweed 89.4 15.41 38.3 1.57 [322] 

Sewage sludge 29.0 16.70 54.1 0.86 [69] 

Spruce bark 59.2 20.57 67.2 1.15 [323] 

Sugar beet pulp 139.2 17.99 44.1 1.34 [324] 

Wheat straw 89.5 17.55 62.0 1.16 [69] 

 
  

T a b l e  B 3 :  L i t e r a t u r e  d a t a  on  b i o m e t h a n e  p r o d u c t i o n  p ot e n t i a l  ( B M P )  a n d  
o w n  e p x e r i m e n t a l  H T C  d a t a  f o r  d i f f e r e n t  f e e d s t o c k .  
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C. Additional Data on HTC Fuels 

Temperature 
(°C) 

Residence 
time (h) Digestate 

Digested 
Sludge EFB 

Fallen 
leaves 

Grass 
cuttings 

Spruce 
bark 

Wheat 
straw 

150 0.5 0.86 1.07 0.87 0.99 1.59 0.97 0.88 

 4 0.89 1.12 0.59 0.97 0.89 1.04 0.88 

180 0.5 0.79 1.25 0.84 1.01 0.96 0.93 0.96 

 4 0.89 1.54 0.88 1.04 1.07 0.91 1.06 

210 0.5 0.75 1.63 0.78 1.04 1.58 0.87 1.14 

 4 0.85 1.68 0.77 1.07 1.16 1.00 1.19 

240 0.5 0.90 1.69 0.85 1.06 1.73 0.96 1.23 

 4 1.16 1.79 0.70 1.16 1.51 1.09 1.45 

270 0.5 1.30 1.81 0.96 1.16 1.92 0.97 1.49 

 4 1.37 1.88 0.68 1.27 1.62 0.81 1.35 

 

  

T a b l e  C 1 :  R e l a t i v e  a s h  co n t e n t  o f  d i f f e r e n t  s u b t r a t e s  a f t e r  H T C  a t  t e m p e r a t u r e s  b e t w e e n  1 5 0 - 2 7 0  ° C  a n d  r e s i d e n c e  
t i m e s  o f  0 . 5  a n d  4  h .   
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Biomass Sample 0.5h 2 h 4 h 

  IDT DT HT FT IDT DT HT FT IDT DT HT FT 

AD digestate HTC, 150 °C 947 1124 1143 1152 1007 1156 1164 1176 910 1150 1172 1199 

 HTC, 180 °C 1004 1188 1213 1252 957 1130 1259 1286 935 1207 1280 1302 

 HTC, 210 °C 944 1187 1282 1311 963 1119 1300 1320 951 1217 1308 1327 

 HTC, 240 °C 954 1258 1301 1319 940 1231 1312 1328 918 1199 1293 1319 

 HTC, 270 °C 915 1240 1273 1297 781 1208 1256 1291 787 1207 1235 1274 

Digested sludge HTC, 150 °C 637 1182 1253 1275 646 1180 1241 1261 653 1197 1245 1267 

 HTC, 180 °C 647 1188 1238 1259 666 1151 1218 1231 679 1142 1225 1240 

 HTC, 210 °C 670 1093 1219 1236 663 1169 1218 1232 673 1096 1223 1237 

 HTC, 240 °C 676 1104 1225 1242 680 1133 1223 1243 680 1152 1227 1240 

 HTC, 270 °C 676 1160 1224 1242 741 1142 1227 1248 791 1162 1230 1246 

EFB HTC, 150 °C 967 1127 1171 1204 818 1057 1155 1253 823 1053 1230 1285 

 HTC, 180 °C 857 1063 1254 1326 835 1142 1282 1347 945 1109 1292 1373 

 HTC, 210 °C 969 1194 1390 1396 915 1177 1344 1383 949 1191 1358 1381 

 HTC, 240 °C 914 1048 1364 1390 948 1235 1349 1430 941 1226 1362 1405 

 HTC, 270 °C 960 1243 1393 1465 940 1205 1365 1385 946 1210 1347 1393 

Fallen leaves HTC, 150 °C 1099 1343 1407 1443 1042 1401 1441 1463 ND ND ND ND 

 HTC, 180 °C 1054 1408 1458 1477 994 1298 1490 1502 1097 1428 1494 1503 

 HTC, 210 °C 1100 1448 1513 1528 1037 1442 1524 1519 ND ND ND ND 

 HTC, 240 °C 1017 1493 1488 1498 1044 1442 1522 >1500 1045 1495 1495 1505 

 HTC, 270 °C 1060 1278 1524 1526 1070 1410 1509 >1500 1025 1472 1486 1560 

 

T a b l e  C 2 :  C h a r a c t e r i s t ic  a s h  m e l t i n g  t e m p e r a t u r e s  o f  h y d r o c h a r  a s h  o b t a i n e d  f r o m  c o m p l e t e  c o mb u s t i o n  o f  t h e  
s a m p l e s  a t  5 5 0  ° C  a c c o r d i n g  t o  D I N  1 4 7 7 5 .   



 Appendix 

205 

Biomass Sample 
0.5h 2 h 4 h 

IDT DT HT FT IDT DT HT FT IDT DT HT FT 

Grass cuttings HTC, 150 °C 1174 1126 1219 1230 1176 1210 1225 1260 1132 1177 1212 1253 

 HTC, 180 °C 1151 1208 1255 1298 1155 1209 1227 1255 1148 1167 1237 1303 

 HTC, 210 °C 1122 1223 1232 1288 964 1203 1231 1296 1137 1225 1281 1342 

 HTC, 240 °C 1145 1217 1240 1281 1065 1195 1239 1294 1117 1234 1257 1313 

 HTC, 270 °C 830 1237 1245 1293 781 1206 1233 1282 786 1217 1228 1267 

Spruce bark HTC, 150 °C 1045 ND ND ND 1043 1478 >1550 >1550 1059.5 1532 1525 1534 

 HTC, 180 °C 1033 ND ND ND 1016 842 >1550 >1550 1070 1478 1480 1506 

 HTC, 210 °C 1040 ND ND ND 1074 1341 >1550 >1550 1056 ND ND ND 

 HTC, 240 °C 1040 ND ND ND 1360 1241 >1550 >1550 1029.5 ND ND ND 

 HTC, 270 °C 1080 1397 ND ND 1313 1478 1502 1519 1094.5 1362.5 1385.5 1457.5 

Wheat straw HTC, 150 °C 754 1485 >1550 >1550 753 1525 >1550 >1550 755 1196 ND ND 

 HTC, 180 °C 748 1500 >1550 >1550 815 301 >1550 >1550 820 317 >1550 >1550 

 HTC, 210 °C 834 304 >1550 >1550 852 1086 >1550 >1550 ND ND ND ND 

 HTC, 240 °C 882 930 >1550 >1550 919 525 >1550 >1550 ND ND ND ND 

 HTC, 270 °C 946 313 >1550 >1550 932 1118 >1550 >1550 ND ND ND ND 

T a b l e  C 3 :  C h a r a c t e r i s t ic  a s h  m e l t i n g  t e m p e r a t u r e s  o f  h y d r o c h a r  a s h  o b t a i n e d  f r o m  c o m p l e t e  c o mb u s t i o n  o f  t h e  
s a m p l e s  a t  5 5 0  ° C  a c c o r d i n g  t o  D I N  1 4 7 7 5 .  
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Sample 
DFT surface area  

(m2 g-1daf) 

robs 

(s-1) 

rint 

(g s-1 m-2) 

EFB, raw 562 4.62∙10-2 9.78∙10-5 

EFB, 180 °C, 0.5 h 631 7.12∙10-2 7.20∙10-5 

EFB, 180 °C, 2 h 511 4.47∙10-2 4.61∙10-5 

EFB, 180 °C, 4 h 628 3.61∙10-2 3.68∙10-5 

EFB, 210 °C, 0.5 h 485 4.54∙10-2 3.68∙10-5 

EFB, 210 °C, 2 h 591 2.35∙10-2 2.94∙10-5 

EFB, 210 °C, 4 h 626 2.31∙10-2 2.14∙10-5 

EFB, 240 °C, 0.5 h 489 1.79∙10-2 2.17∙10-5 

EFB, 240 °C, 2 h 565 1.74∙10-2 2.27∙10-5 

EFB, 240 °C, 4 h 609 1.34∙10-2 6.62∙10-6 

EFB, 270 °C, 0.5 h 511 1.06∙10-2 8.99∙10-6 

EFB, 270 °C, 2 h 500 1.28∙10-2 5.54∙10-6 

EFB, 270 °C, 4 h 470 4.62∙10-2 4.52∙10-6 

T a b l e  C 4  S u b s t r a t e  a n d  h y d r o c h a r  p r o p e r t i e s  a n d  r e a c t i o n  d a t a  f o r  c h a r s  
f r o m  i s o t h e r m a l  m e a s u r e m en t s  i n  5  %  O 2  a t m o s p h e r e  a t  4 2 0  ° C .  
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D. Experimental Data for Process Modelling 

T t Moisture Ash Volatiles Fixed-C C H O N S Cl LHV HHV Mass yield 

(°C) (h) (wt.-%) (wt.-%) (MJ kg-1) % 

raw 7.7 9.0 81.0 10.0 50.6 5.9 33.1 1.13 0.34 0.57 19.1 20.6 - 

180 0.5 4.4 7.6 80.7 11.7 55.2 5.6 30.7 0.83 0.11 0.16 18.9 20.2 72.0 

180 2 4.1 7.0 79.0 14.1 56.5 5.6 30.0 0.81 0.10 0.06 21.6 23.0 66.6 

180 4 2.5 7.9 73.4 18.6 56.5 6.7 27.5 1.06 0.25 0.26 21.9 23.4 69.2 

210 0.5 4.5 7.0 76.3 16.7 59.5 5.8 26.7 0.89 0.12 0.16 21.7 23.0 62.6 

210 2 3.9 6.8 74.4 18.8 59.5 5.6 26.9 0.97 0.11 0.10 23.0 24.3 60.5 

210 4 4.2 6.9 60.5 32.6 61.4 5.7 24.9 1.03 0.09 0.24 24.1 25.4 57.1 

240 0.5 3.5 7.6 72.9 19.5 62.3 5.9 23.0 1.01 0.13 0.12 24.9 26.2 55.7 

240 2 3.4 7.7 63.2 29.1 71.2 6.3 13.2 1.43 0.12 0.09 26.3 27.7 50.9 

240 4 3.5 6.3 68.3 25.4 71.5 6.2 14.5 1.45 0.10 0.21 28.7 30.1 41.3 

270 0.5 3.3 8.6 68.8 22.6 68.7 6.3 15.0 1.29 0.13 0.04 28.4 29.8 42.0 

270 2 3.1 7.7 67.4 24.9 66.6 6.1 18.2 1.24 0.12 0.09 28.9 30.4 37.9 

270 4 3.1 7.1 61.1 31.8 73.9 6.6 10.9 1.43 0.10 0.11 30.4 31.9 39.5 

T a b l e  D 1 :  E x p e r i m e n t a l  H T C  d a t a  f r o m  E F B  u s e d  f o r  As p e n  P l u s  m o d e l .  A l l  v a l u e s  e x c e p t  m o i s t u r e  c o n t e n t  r ep o r t e d  
o n  d b .  
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E. Additional Process Water Characterisation 

Feedstock type 
HTC 

condition 
EC  

(mS cm-1) 
pH  
(-) 

AD digestate 210 °C, 2 h 6.2 4.6 

Coffee grounds 210 °C, 2 h 2.2 4.2 

Corn cobs 210 °C, 2 h 1.9 3.9 

Digested sludge 210 °C, 2 h 7.2 7.2 

EFB 210 °C, 2 h 3.9 4.1 

Fallen leaves 210 °C, 2 h 3.8 4.6 

Fir needles 210 °C, 2 h 3.6 4.0 

Grass cuttings 210 °C, 2 h 3.8 4.7 

Micro algae 210 °C, 2 h 4.8 5.2 

Miscanthus 210 °C, 2 h 1.6 3.9 

Olive pomace 210 °C, 2 h 2.0 3.7 

Orange peels 210 °C, 2 h 2.3 4.3 

Rice Husk 210 °C, 2 h 1.5 3.9 

Seaweed 210 °C, 2 h 6.2 4.8 

Spent grains 210 °C, 2 h 2.6 4.7 

Spruce bark 210 °C, 2 h 1.9 3.7 

Sugar beet pulp 210 °C, 2 h 1.9 4.2 

Wheat straw 210 °C, 2 h 2.5 3.8 

 

T a b l e  E 1 :  M e a s u r e d  e l e c t r i c a l  c o n d u c t i v i t y  ( E C )  a n d  p H  o f  e f f l u e n t s  f r o m  
H T C  o f  d i f f e r e n t  f e e d s t o c k  t r e a t e d  a t  2 1 0  C  f o r  2  h .  


